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1
Introduction

Astronomy, and in particular observational astronomy, holds a unique position within
the physical sciences. Unable, in most cases, to design and perform laboratory experiments, astronomers are condemned to observe whatever processes occur in the
Universe, measure their properties, and deduce their underlying mechanisms. While
this is not unique to science – think of a biologist studying wildlife – astronomers
lack the opportunity to recreate or interact with their studied environments. As a
result, observational astronomy is often limited to, for instance, characterising astronomical objects, cataloguing their populations, and exploring previously unobserved
processes. This thesis, entitled ‘the extremes of magnetic accretion’ is an example
of this approach to research, in which I will report on a plethora of astronomical
observations of a specific type of object.
The objects at the core of the research in this thesis are stellar binary systems, in
particular so-called X-ray binary systems. At least half of the stars in the Universe
do not live in isolation, as the Sun for instance does, but instead reside in stellar
binaries (Duchêne & Kraus 2013): two stars orbiting around their combined centre
of mass. Such binary systems are also observed to be more common among more
massive (M ≥ 8M⊙ ) stars (Sana et al. 2012; Moe & Di Stefano 2017). Massive stars
end their lives as degenerate stellar remnants, also known as compact objects: neutron
stars or black holes, where the type depends on the initial stellar mass, composition,
and possible interactions with their binary companion. Therefore, if their stars are
massive enough, stellar binaries can evolve over time into systems containing one and
eventually even two compact objects, possibly merging into a single compact object
at the end of the binary system’s evolution.
Depending on the combination of the stellar masses, the binary orbit separation,
and eccentricity, the two stars can interact beyond orbiting around each other, even
exchange mass. When one of the the stars has evolved into a compact object and
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mass is transferred from the stellar companion, such systems are referred to as X-ray
binaries: during the mass transfer process, the gas heats up to temperatures where its
emission peaks at X-ray wavelengths (Shakura & Sunyaev 1973). This process of mass
transfer onto the compact object, liberating gravitational energy, is called accretion.
Not all of the material that is lost by the star, necessarily reaches the surface of the
neutron star or the event horizon of the black hole: a significant fraction of the matter
and liberated energy can also be lost to the environment through outflows. While Xray binaries were first discovered with space-based X-ray observatories (Giacconi et al.
1962, 1971), their name paints an incomplete picture: between the star, the compact
object, and the accreting and outflowing material, these systems emit over the entire
electromagnetic spectrum.
While black holes have since their observational discovery (Bowyer et al. 1965)
fascinated scientists and the general public alike, neutron stars add more complexity
due to their stellar nature. This difference emerges clearly when neutron stars play
the role of compact object in an X-ray binary: while black holes interact with the flow
of accreting material through gravity alone, neutron stars have two additional means
of interaction: firstly, the neutron star surface emits radiation that can either heat
or cool the inflowing material, depending on the relative temperatures of the surface
and the accretion flow. Secondly, neutron stars possess a magnetic field that rotates
with the star and can channel, halt, or even expel ionised accreting material. In this
thesis, I present an observational effort to characterise this latter interaction across
sub-classes of X-ray binaries. I will focus in particular on cases where the magnetic
field prevents efficient accretion and affects the formation and power of outflows from
the binary system.
This introduction covers four parts, with the first three increasing in complexity:
firstly, I will describe the basic phenomenology and sub-classes of X-ray binaries
relevant for this work in Section 1.1. In Section 1.2, I will discuss theoretical models
of accretion and outflows, before turning to their detailed observed properties across
the electromagnetic spectrum in Section 1.3. Finally, I will provide a reading guide
to this thesis in Section 1.4.

1.1

The anatomy of an X-ray binary

X-ray binary systems consist of two objects, but three building blocks: the compact
object, the stellar companion, and the orbit that connects them. Varying these three
constituents, a zoo of X-ray binary types can be created. Indeed, a large number of
sub-classes has been observed and classified in the past decades (see, e.g., Liu et al.
2006, 2007; Done et al. 2007; Reig 2011; Gusinskaia 2019, for two catalogues of Xray binaries, two reviews, and a recent classification overview, respectively). In this
section, I will first introduce their three basic building blocks in more detail, before
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defining the X-ray binary sub-classes relevant for this thesis.
The compact object: black holes and neutron stars
The first step in crafting an X-ray binary, is to choose a compact object type: a
1
stellar-mass black hole or a neutron star . Both types of object are created in a
2
supernova explosion at the end of a massive star’s live , although black holes might
also form through direct collapse (Begelman et al. 2006). During the star’s evolution,
it has maintained a balance between its gravity and the outward pressure generated
by nuclear fusion, finding different equilibria as it goes through phases with different
fusion cycles (i.e. hydrogen into helium, helium into carbon). Once the star exhausts
its fuel, however, the outward pressure disappears and the star collapses, leaving
behind a degenerate object (e.g. Weiler & Sramek 1988). Depending on the remaining
mass in the contracting core, a black hole or a neutron star is formed: in a neutron
star, the collapse is finally halted by neutron degeneracy pressure, while in black holes,
the mass (and therefore gravity) is too large and the core contracts further.
Black holes are the vacuum solution to Einstein’s equations of General Relativity
(Einstein 1915), where all the mass is concentrated in a single point. They were
first derived by Schwarzschild (1916), and it was found later that black holes can be
characterised using only three properties: their mass, spin, and electric charge (Israel
1968). Assuming that, on average, the charge of the material forming and accreted
by the black hole is neutral, leaves only the mass and spin as astrophysically relevant
properties. For a non-spinning black hole of mass M , the event horizon – the surface
2
beyond which both matter and light cannot escape – has a radius of 2GM /c , where
G is the Newtonian gravitational constant and c equals the speed of light. The event
horizon radius depends on the black hole’s rotation, decreasing with increasing spin.
The non-spinning event horizon radius is equal to two gravitational radii, defined as
2
Rg = GM /c , a measure that can also be calculated for objects without an event
horizon. Therefore, it is often used as a distance scale to compare between X-ray
binaries where the compact objects have different masses (i.e. neutron stars versus
black holes). Black holes residing in X-ray binaries have estimated masses between
∼ 5 and several tens of Solar masses (Corral-Santana et al. 2016). For a 10 M⊙ black
hole, the gravitational radius equals Rg = 14.77 km.
Neutron stars are defined by more fundamental properties than simply their mass
and rotation. Firstly, as neutron stars do not have an event horizon, their observational appearance is affected by their composition. While I simplistically alluded
1

In this work, I will not include accreting white dwarf systems in the definition of an X-ray binary.
Such systems do, however, provide interesting comparisons to the neutron star systems studied in
this thesis, particularly in Parts II and III. Therefore, the relevant properties of the accreting white
dwarfs will be introduced where necessary in later chapters.
2
Although the minimum stellar mass leading to a supernova remains poorly known, for instance
due to the effects of metallicity, outflows, and binary interaction (Doherty et al. 2015).
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to neutron degeneracy pressure balancing gravity in neutron stars earlier, the actual state and properties of matter inside neutron stars is poorly known. In fact,
understanding the behaviour of matter under extreme pressure, for instance via the
equation of state, i.e., the relation between pressure and density, or the superfluid
properties of the neutron star interior, remains a key question in modern astrophysics
(Özel & Freire 2016; Degenaar & Suleimanov 2018). The absence of an event horizon
also implies that neutron stars posses an observable surface. Finally, with this solid
stellar surface can come the presence of an anchored magnetic field, rotating with the
neutron star.
The observed masses of neutron stars span a range from approximately 1 at the
low end to between 2 and 3 M⊙ at the high end, although the masses of neutron
stars are difficult to measure and often model-dependent in X-ray binaries. Their
radii are typically constrained to the range of 10–15 km (see e.g. Özel & Freire 2016,
for a recent overview). Historically, however, when unknown, the mass and radius
were typically assumed to be 1.4M⊙ (i.e. close to the Chandrasekhar mass, or the
maximum mass that can be supported by electron degeneracy pressure) and 10 km.
Therefore, scaling relations with respect to these values can be found throughout this
work, and we often repeat this assumption. However, I do note that, based on more
recent equation-of-state studies, a larger radius of 11–12 km is also used nowadays. For
a ‘standard’ neutron star mass of 1.4 M⊙ , the gravitational radius equals Rg = 2.07
km; as the event horizon equals maximally twice the gravitational radius, in the case
of zero spin, neutron stars exceed the size of their event horizon.
While the mass and radius of neutron stars are inferred from other measurements,
their spin frequencies can be measured more directly. When the magnetic and rotational poles of the neutron star are offset, the magnetic poles’ emission – whether,
for instance, powered by the spin down energy loss in isolated neutron stars, or by
accreted material channeled along the magnetic field and hitting the neutron star
surface – rotate in and outside of the observer’s view periodically. This signature of
neutron stars allowed for their discovery by Jocelyn Bell Burnell in 1968 (Bell Burnell
2017) and functions as an important tool to distinguish black hole from neutron star
accretors in X-ray binaries. Based on their spin frequency ν, neutron stars are often
classified as fast pulsars (i.e. ν > 1 Hz) or slow pulsars (ν < 1 Hz). The fastest
spinning known neutron star has a 716 Hz spin frequency (Hessels et al. 2006), while
the fastest spinning neutron star in an X-ray binary (4U 1608-52) has a 619 Hz spin
(Hartman et al. 2003). Neutron stars in X-ray binaries span an enormous range of
seven orders of magnitude in spin frequency: the slowest spinning example shows
−5
pulsations at a ∼ 10 hour period (∼ 2.7 × 10 Hz; Sidoli et al. 2017).
Finally, neutron stars can possess an anchored magnetic field. The strength of
this magnetic field can be measured directly by detecting the energy of the cyclotron
resonant scattering feature, often shortened as cyclotron line: a set of one or multiple,
harmonically-related absorption features caused by electrons spiralling in quantised

4

1.1 The anatomy of an X-ray binary

energy levels, called Landau levels, around the magnetic field lines. Similar to orbital
transitions in atoms, these electrons interact with photons having the energy of transitions between the energy levels, causing absorption features (see, e.g., Staubert et al.
2019, for a recent review of cyclotron lines). Cyclotron lines are typically observed in
12
13
the ∼ 10–100 keV energy range, implying magnetic field strength of ∼ 10 –10 G.
For other cases, only indirect methods can be used to estimate the magnetic
field strength: these include modelling the angular momentum exchange between
the rotating magnetic field and the accretion flow, then comparing this with the
observed evolution of the neutron star’s spin frequency (see Section 1.2); measuring
the radius where the magnetic field is able to truncate the accretion flow (See Chapters
2 and 3); or, in non-interacting neutron stars, measuring their spin down due to the
conversion of rotational energy to radiation. Combining these methods for accreting
neutron stars, one finds that these objects span at least seven orders of magnitude
7
in magnetic field strengths: from strengths inferred down to ∼ 10 G (Mukherjee
et al. 2015, although the different approaches applied in this work do not always yield
14
3
consistent constraints) up to ∼ 10 G (Rea et al. 2005; Staubert et al. 2019) .
The donor star
Continuing our endeavour to create an X-ray binary, let us briefly turn to the donor
star, also known as the companion. Observed X-ray binaries host a large variety of
donor star types, which often drives their classification into sub-classes. These range
from massive, early-type O/B companion stars to sub-solar mass K and M-type stars,
and also cover various evolutionary stages: from main sequence companions to evolved
star, such as giants, supergiants, and even stellar remnants such as white dwarfs.
Several X-ray binaries are also known to host a brown dwarf donor, which likely
started out more massive but lost a significant fraction of its mass in the accretion
process (Bildsten & Chakrabarty 2001).
One property of the donor star that is particularly relevant to this thesis, is their
mass loss rate in the form of stellar winds. Firstly, a fraction of the mass lost in the
wind might be captured by the compact object’s gravity, causing it to be accreted
(see below). Secondly, the ejected material, when ionised, can contribute to the
observed radio emission from the X-ray binary. The latter property was historically
often ignored in X-ray binaries, as for a main-sequence donors, the mass loss rate
and resulting radio emission is negligible. However, in this thesis, I will present radio
detections of several systems with either an evolved low-mass or massive donor star,
both launching strong stellar winds. Therefore, these donor winds become important
−5
−1
to take into account. The mass loss rates from donor stars range from > 10 M⊙ yr
3

Brightman et al. (2018) suggested that the extragalactic super-Eddington accreting pulsar
15
NGC5194 X-8 might possess a 10 G magnetic field, assuming the observed cyclotron feature is
caused by protons instead of electrons.
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for massive, evolved donors such as Wolf-Rayet stars, to ≪ 10
M⊙ yr for ∼Solar
mass main sequence stars (Lamers 1998a,b; Espey & Crowley 2008). The terminal
velocities of these stellar winds typically lie between several tens to thousands of km
−1
s , for e.g. evolved K or M-type giants to O/B supergiants, respectively.
Several chapters in this work (Chapters 8, 9, and 10) regard X-ray binary systems
with a Be-type donor star. Be stars are non-supergiant B (or O) type stars that
rotate quickly and show emission lines, that the ‘e’ in their classification alludes to
(Slettebak 1988; Balona 2000; Porter & Rivinius 2003). Be stars are surrounded by
an ‘equatorial’ or ‘decretion’ disc, which is thought to explain both the emission lines
and the infrared excess observed in these objects with respect to classical B stars. The
presence of this equatorial disc provides another mass transfer mechanism in X-ray
binaries, with the compact object moving through it during parts of the orbit (Reig
2011).
−10

−1

The orbit: when can accretion occur?
The combination of a compact object with a companion star alone does not make
an X-ray binary system. Indeed, the defining characteristic of an X-ray binary is
the presence – either transient or continuous – of accretion. The first requirement
for accretion to set on, is that part of the donor star material is captured by the
compact object’s gravity. Generally, this can occur via three mechanisms: i) Rochelobe overflow (RLOF; Paczyński 1971), where the donor star is larger than the region
where its own gravity dominates and matter can transfer onto the compact object
through the inner Lagrange point (see Figure 1.1), ii) wind capture, where the star
loses material in a stellar outflow, a part of which is subsequently captured by the
compact object, or iii) the movement of the compact object through a decretion
disc around the Be donor star. Whether or not these mechanisms set in, and which
ones dominate, is determined by the orbital parameters, masses, and evolution of the
system. Here, we will briefly review the main criteria on the orbit for accretion to set
on, based on the extensive treatment of this question in Frank et al. (1992).
Let’s first consider Roche-lobe overflow. In the scenario below, we assume that the
orbits of two stars in the binary system are circular. A test particle (whose mass, we
assume, has a negligible effect on the two stellar components) in the binary is subjected
to the Roche potential, which is depicted in Figure 1.1 (adapted from Frank et al.
1992). This figure shows lines of constant Roche potential for a system containing
two stars, with masses M1 and M2 , and a mass ratio q = M2 /M1 = 0.25. In between
the two stars, the inner Lagrange point L1 represents the location where mass can
be transferred from the donor (star 2) to the accretor (star 1). The location of L1 ,
expressed as a distance R2 from the donor star (with mass M2 ), can be approximated
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Figure 1.1: A schematic of the Roche-potential, showing several equipotentials, numbered in order
of increasing potential. The Langrange-points are depicted with L1 to L5 , and CM denotes the
centre of mass. Adapted from Frank et al. (1992).

in terms of the orbital separation a as (Eggleton 1983; Frank et al. 1992):

R2 =

0.49q

2/3

0.6q 2/3 + ln(1 + q 1/3 )

a

(1.1)

If the size of the donor star exceeds R2 , matter can start to transfer. However,
once mass transfer sets on, the mass ratio q of the binary changes. In addition,
the redistribution of angular momentum as mass moves between the stars, alters the
period and separation a between the stars. As the location of the inner Lagrange point
depends on both q and a, the question is whether the mass transfer remains stable: if
R2 increases, or the donor star shrinks faster than R2 decreases, the transfer of mass
will halt. Under the simplifying assumption that the mass transfer is conservative
(i.e. no mass is lost from the system), one can derive that R2 changes as (see, e.g.,
Chapter 4 of Frank et al. 1992, for a full derivation)
Ṙ2
2J˙ −2Ṁ2 5
( − q)
=
+
6
R2
J
M2

(1.2)

where J is the total angular momentum and dots imply time derivatives. Assuming
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no angular momentum losses, we can consider two cases: q is either larger or smaller
than 5/6. In the former case, unless the star contracts quickly enough, the donor star’s
Roche lobe shrinks and causes unstable and violent mass transfer, stopping once the
donor has transferred enough mass to reduce the mass ratio below the critical value.
In the latter case, the Roche-lobe increases in size, meaning that stable mass transfer
requires the donor star to expand, for example as it moves from the main sequence
to become a (sub)giant. Alternatively, stable mass transfer can be achieved if the
binary loses angular momentum (i.e. J˙ < 0), for instance through the emission of
gravitational radiation, preventing the growth of the Roche lobe.
The second mechanism, stellar wind capture, depends on the combination of orbital and wind properties: depending on the orbital separation, the orbital velocity,
and wind velocity, the wind can be captured more or less efficiently. From the point
of the view of the compact object, moving along its orbit with velocity vco , the stellar
2
2
1/2
wind passes by with a relative velocity vrel ≈ (vco + vwind ) . Assuming the wind is
supersonic, and therefore treating it as a set of test particles, we expect that particles
with a kinetic energy smaller than the potential energy (in the frame of the compact
object) are accreted. This implies that matter passing within the accretion radius
2
Racc ≈ 2GM1 /vrel are captured.
What fraction of the stellar wind is captured through this mechanism? Often,
wind accretion occurs in binary systems where the donor does not fill its Roche-lobe,
meaning the orbit is large and the wind velocity greatly exceeds the compact object’s
orbital velocity. Under that assumption, i.e. vrel ≈ vwind , one can derive (again, see
Frank et al. 1992, for the derivation) that the captured fraction approximately equals
−2
2
1/4q (R2 /a) . Therefore, typically only a small fraction of the wind is accreted: for
a binary with a black hole and massive companion of the same mass, and the latter
having a radius of 10% of the orbital separation (therefore not filling its Roche lobe),
−3
only a fraction ∼ 2.5 × 10 of the wind mass is captured by the black hole.
Finally, in eccentric orbits, that are for instance often seen in X-ray binaries with
a Be donor, mass can be transferred as the compact object moves through either
the donor star’s outer layers or decretion disc around periastron passage. This can
lead to periodic phases of mass capture, and subsequent accretion, by the compact
object. While this behaviour can occur in sub-classes of X-ray binaries studied in
this work (for instance, systems with a Be star companion), we do not study these
systems during the phases where this specific periastron mass transfer channel occurs.
Instead, we study them during other types of accretion episodes, that I will further
introduce in Section 1.3.
X-ray binary classification schemes and sub-classes studied in this thesis
Based on the three components discussed in the previous sections – compact object,
donor, and orbital parameters – a varied zoo of X-ray binaries can be constructed.
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Indeed, many different types have been identified in the Galaxy in the past decades.
Here, we will discuss some popular schemes to classify X-ray binaries, and define the
resulting sub-classes that will play a role in this work to familiarise the reader with
the terminology. A visual summary of this section is shown in Figure 1.2, where the
red numbers indicate the chapters in which objects from these sub-classes show up,
while the blue dashed parts indicate the three parts of this thesis (see Section 1.4)
and their connection.
The main, first level of X-ray binary classification, is in terms of the relative masses
of the donor and the accretor. In low-mass X-ray binaries, or LMXBs, the mass of the
donor star is either smaller than that of the compact object, or in the case of stellarmass black holes, smaller than ∼ 10 M⊙ . In high-mass X-ray binaries, or HMXBs,
the donor mass is instead larger than ∼ 10 M⊙ . The known populations of X-ray
binaries in the Galaxy and the Small and Large Magellanic Clouds is divided roughly
equally between the LMXB and HMXB categories (Liu et al. 2006, 2007). In between
these categories lies the stage of intermediate mass X-ray binaries (IMXBs), which are
short-lived due to run-away mass transfer in the case of RLOF (Podsiadlowski et al.
2002; Pfahl et al. 2003). With their brief existence, IMXBs are rare (Chandar et al.
2020). The most famous Galactic example is Hercules X-1 (Her X-1), which consists
of a neutron star accretor and a 2.2 M⊙ donor star (Reynolds et al. 1997; Leahy &
Abdallah 2014). While the donor star in Her X-1 is most likely more massive than
the neutron star, it does not classify as a massive star – hence the separate category.
I do note that the exact mass separations between these classes is not universal, and
slightly different definitions, with the same final grouping of sources, are sometimes
used.
Beyond the donor star mass, the type of mass transfer – both the transfer channels
and the transient versus persistent nature – provides a second level of classification.
This is often related to the stellar type of the donor, as only a subset of stellar
types can sustain non-RLOF mass transfer. Most low-mass X-ray binaries are RLOF
systems: the lack of stellar winds with substantial mass loss rates in most low-mass
donors, implies that accretion can only occur in orbits close enough to support stable
RLOF mass transfer. The exception is the sub-class of Symbiotic X-ray binaries, or
SyXRBs, where the donor star is an evolved, late-type K or M-giant (e.g. Masetti
et al. 2006). These companion stars have slow winds, with low terminal velocities
−1
−10
of the order of ∼ 100 km s and mass loss rates that can range from 10
up to
−5
−1
10 M⊙ yr (Espey & Crowley 2008; Enoto et al. 2014). The low wind velocity
facilitates larger wind capture fractions, which, in combination with the relatively
high possible mass loss rate, can power substantial accretion onto the compact object.
In all know SyXRBs – ten confirmed and three candidate sources (Bahramian et al.
2014b; Kuranov & Postnov 2015; Bahramian et al. 2017; Bozzo et al. 2018b; Shaw
et al. 2020) – the accretor is a neutron star.
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Figure 1.2: A basic classification scheme of X-ray binaries, based on the properties of the donor star: the first division is based on the donor
mass, in comparison with the compact object. Secondly, sub-classes are defined based on the type of mass transfer, which heavily depends on the
stellar type of the donor. This overview is far from complete and only shows sub-classes relevant in this work. The shown sub-classes, especially
in the RLOF LMXB category, can also overlap. The red numbers indicate the chapters of this thesis where the sub-class is discussed.

1.1 The anatomy of an X-ray binary

The RLOF LMXB systems contain various different, and sometimes overlapping
classes. Relevant classes for this thesis are (i) the very-faint X-ray binaries and transients (VFXBs and VFXTs, respectively), which are X-ray binaries that never reach
36
beyond X-ray luminosities of 10 erg/s (e.g. Wijnands et al. 2015); (ii) ultracompact
X-ray binaries (UCXBs), which have an orbital period less than 1 hour; (iii) accreting millisecond X-ray pulsars (AMXPs), which are accreting neutron stars that spin
at millisecond frequencies (Wijnands & van der Klis 1998b; Patruno & Watts 2012;
Patruno et al. 2017, typically defined to exceed 100 Hz); (iv) the Atoll and Z-sources,
which are accreting neutron stars showing different types of X-ray spectral and variability evolution as a function of mass accretion rate (Hasinger & van der Klis 1989;
Homan et al. 2007; Lin et al. 2009, see Section 1.3.2 for a more detailed introduction); and (v) the slow LMXB pulsars, which are a rare sub-class of slowly-rotating
(< 1 Hz) neutron stars with a low-mass donor. This list of LMXB sub-classes is far
from exhaustive, and these classes are introduced more thoroughly in their respective
chapters and Section 1.3.
In the famous Galactic intermediate-mass X-ray binary, Hercules X-1, mass transfer occurs via RLOF – the low-mass donor in this system does not launch a substantial
stellar wind that could be captured. Finally, the high-mass X-ray binaries can display all three of the previously discussed types of mass transfer. In supergiant X-ray
binaries (SgXBs), the donor is an O/B supergiant, which, depending on the orbital
parameters, can transfer mass either through RLOF or wind capture. As noted before, in Be/X-ray binaries, matter can instead be accreted from the Be star’s decretion
disc, as the compact object passes through it.
The above classification scheme is commonly used but relies heavily on the donor
properties, mostly ignoring the compact object. Therefore, one can wonder if there is
any relation between these classifications and the properties of the accretor. However,
it turns out to no such one-to-one relation exists. There are, however, some general
trends that are useful to keep in mind. For instance, in LMXBs in general, both
neutron stars and black holes commonly occur. More neutron star than black hole
LMXBs have been identified unambiguously (Patruno & Watts 2012; Corral-Santana
et al. 2016), through the detection of X-ray pulsations or thermonuclear burning on
the surface, although the observational bias toward neutron star identification skews
this comparison. In HMXBs, the great majority of sources hosts a neutron star, with
only a handful of exceptions (such as, i.e., Cyg X-1 or MWC 656; Bregman et al. 1973;
Ribó et al. 2017). Considering the neutron stars in more detail, we can identify further
systematics: for instance, all neutron stars in confirmed high-mass X-ray binaries are
12
strongly-magnetised (e.g typically B ≥ 10 G) and slowly spinning (ν < 1 Hz). In
LMXBs, the majority of neutron stars spin more rapidly (ν > 1 Hz, when measured),
with the exception of the aforementioned slow LMXB pulsars (per definition) and
SyXRBs; all neutron stars in the latter sub-class also rotate slowly (again, when
measured). The fast spinning neutron stars typically have relatively weak inferred
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magnetic field strengths (e.g. B < 10 G), while slowly spinning sources fall into the
strongly-magnetised category. I stress that these are merely general trends that are
convenient to keep in mind reading this thesis, but that exceptions might exist.
Having combined a compact object and a stellar companion in a configuration that
allows for mass transfer, we can complete our mental picture of a typical X-ray binary.
On top of the two stellar components, an X-ray binary contains an accretion flow, that
can take many forms: for instance, a spherical inflow, a geometrically thin accretion
disc, or a hot, vertically extended inflow (discussed in the next section). However,
not all the material and released energy plunges into the black hole or is deposited on
the neutron star surface: significant fractions of the material lost by the donor can
be launched away through wide-angled wind outflows (Begelman et al. 1983; Shields
et al. 1986; Muñoz-Darias et al. 2016; Tetarenko et al. 2018b). Launched closer to the
compact objects, relativistic jets can carry away large amounts of the gravitational
energy liberated in the accretion process (Hjellming & Wade 1971a,b,c; Fender et al.
2004). The final picture of an X-ray binary, including the accretion flow and types of
ejections from the systems, can be seen in the artist impressions in Figures 1.3 and
1.4. These figures both show an example of an X-ray binary, including the accretion
flow with, respectively, a jet and wind outflow. In the next section, I will shift focus
from the binary system to the in- and outflow, starting with their basic physics.

1.2

A crash course in the physics of accretion and
ejection

Having discussed when accretion in binary systems sets in, I will now turn to the
physics of the accretion flow and the outflows that can be launched from it. While
the observed properties of X-ray binaries are the subject of Section 1.3, I note that
the theoretical and observational knowledge historically developed in tandem and are
only presented separately for clarity.
Angular momentum loss and effective accretion
If the donor star transfers mass to the compact object via RLOF, the material will
initially maintain the angular momentum it possesses as it passes through the inner
Lagrange point. Its orbit will also be elliptical initially, precessing due to the presence
of the donor star that alters the gravitational potential, from the standard 1/r dependence into the Roche potential. Intersecting and shocking with itself due to this
precession, the gas stream loses energy and will settle into the lowest energy orbit
for its angular momentum: a circular orbit around the primary. However, this is not
a stable situation: dissipative processes such as shocks in the circularised stream of
gas heat the material, causing it to lose energy through radiation. In order to spi-
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Figure 1.3: Artist impression of an X-ray binary launching a jet from the inner accretion flow.
Image credit: NASA

Figure 1.4: Artist impression of an X-ray binary launching a wind outflow from the inner disc.
Image credit: ESA – C. Carreau
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ral deeper within the gravitational potential of the accretor, the gas is required to
lose angular momentum. The typical time scales for angular momentum loss greatly
exceed those of radiative energy losses, which implies that the radiative efficiency is
limited by the rate at which angular momentum is lost.
What causes the actual loss of angular momentum is a complicated problem, in
which viscous torques in the accretion flow are likely to play a role. Adjacent radii of
gas rotate at different speeds, as they follow Keplerian orbits. Shear viscosity between
these rings transports angular momentum outwards, causing the circularised ring of
material to spread out: the inner regions move in while the outer regions, gaining
angular momentum, move out. While the original description of such accretion discs
by Shakura & Sunyaev (1973) does not make any assumption about the source of the
shear viscosity, it possibly originates from magnetohydrodynamic turbulence, through
the magneto-rotational instability (MRI; Balbus & Hawley 1991, 1992; Hawley &
Balbus 1991, 1992). While the details of this instability are beyond the scope of this
introduction, it is important to emphasise that the material needs to be sufficiently
ionised for this magnetohydrodynamic effect to be efficient. In addition to the MRI,
earlier theoretical considerations (e.g. Konigl 1989) and recent observational evidence
(e.g. Tetarenko et al. 2018b) have suggested that outflows from the accretion flow can
also carry away angular momentum, therefore contributing to angular momentum
losses once material has started to flow in..
Due to the magnetic nature of MRI, assuming it operates as the main mechanism
of angular momentum loss, we can envision two stable ionisation states (Gammie
& Menou 1998): an un-ionised, cold (i.e. with a temperature below the hydrogen
ionisation temperature) accretion disc with low viscous shear, and an ionised, hot
disc with efficient viscous shear. An accretion flow could switch between these states
via the so-called disc instability model (Cannizzo 1993; Hameury et al. 2000; Lasota
2001): the cold disc slowly heats up due to its limited viscosity, until a radius in the
disc hits the ionisation temperature of hydrogen, causing a local increase in viscosity
and the MRI to set in. This material therefore heats up more efficiently ánd spreads
out, spreading this ionisation instability across the disc. As the disc becomes ionised,
material accretes efficiently onto the compact object and increases in brightness due to
its high temperature. If the disc is depleted because material accretes faster than it is
replenished, or cools due to radiation, the opposite effect sets in: hydrogen recombines,
which decreases the viscous shear and therefore further cools the material, causing
more recombination, and so forth. As a result, the disc returns to its cold state, filling
up with material from the donor again until the next hydrogen ionisation instability is
triggered. Some X-ray binaries persistently reside in the ionised state, which requires
that the disc is replenished at a rate comparable to or higher than the rate at which
material is accreted or ejected.
In addition to the self-regulatory nature of the disc instability model, a second
mechanism prevents the rate of accretion from increasing indefinitely: radiation pres-
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sure. As the accretion rate and the temperature of the gas increase, it emits more
4
brightly (since, e.g., L ∝ T for blackbody emission), which increases the radiation
pressure onto the infalling material. This balancing act between gravity and radiation
implies that matter can not accrete faster than the so-called Eddington accretion rate,
which is reached when the accretion luminosity L equals (Frank et al. 1992):
38

LEdd = 4πGM mp c/σT = 1.3 × 10 (M /M⊙ ) erg/s

(1.3)

where M is the compact object mass, mp the mass of the proton, c the speed of
light, and σT the cross-section for Thompson scattering. In deriving this equation, it
is assumed for simplicity that accretion is spherical and the accreted material consists
purely of ionised hydrogen. However, the theoretical Eddington limit for a 1.4 M⊙
38
neutron star (i.e. 1.82 × 10 erg/s) matches to a factor ∼ 2 with observational
38
measurements of this limit (i.e. (3.79 ± 0.15) × 10 erg/s; Kuulkers et al. 2003).
It should be stressed that, due to the assumptions in its derivation, the Eddington
luminosity is best used as an order-of-magnitude concept, signalling a luminosity
regime where significant changes in the accretion flow properties and geometry can be
expected; super-Eddington accretion (i.e. L ≫ LEdd ) is observed from, for instance,
so-called Ultra-Luminous X-ray sources (ULXs; see e.g. Kaaret et al. 2017, for a
review) and less frequently from Galactic X-ray binaries (see e.g. Penninx et al. 1988;
Wijnands & van der Klis 2000; Motta et al. 2017).
The above accretion flow model holds for optically thick and geometrically thin
accretion discs. However, the inner parts of the accretion flow can take on different
geometrical and radiative properties as well (Rees et al. 1982). In a radiatively inefficient accretion flow, or RIAF, energy is not lost via radiation as efficiently as in
the Shakura & Sunyaev (1973) disc. Therefore, the inner flow puffs up or evaporates
into a more vertically extended, lower density accretion flow. Unlike the geometrically thin disc with the Shakura & Sunyaev (1973) description, one standard, commonly accepted RIAF model does not exist. One prominent model is the so-called
advection-dominated accretion flow or ADAF, wherein the energy that is not lost
through radiation, is instead advected across the black hole event horizon or onto the
neutron star surface (Narayan & Yi 1994, 1995). In this scenario, at a radius often
called the inner disc or disc truncation radius, the accretion disc transitions between
the RIAF and geometrically-thin configurations. However, many alternative RIAF
models exist (e.g. outflow, convection, or magnetically-dominated RIAFs; Blandford
& Begelman 1999; Quataert & Gruzinov 2000; Bisnovatyi-Kogan & Ruzmaikin 1974;
Narayan et al. 2003). In addition to the formation of a RIAF, the accretion flow
can alternatively take on a more vertically extended configuration due to radiation
pressure, especially at (very) high accretion rates (Frank et al. 1992).
In the above discussions of accretion flows, we have focused solely on disc-accreting
systems. However, as seen in the previous section, in many X-ray binary sub-classes
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mass transfer occurs via wind capture instead (i.e. SyXRBs and wind-fed SgXBs).
On first glance, whether or not an accretion disc forms in such cases, depends on
whether the material captured by the compact object’s gravity possesses enough angular momentum to do so; or, in more mathematical terms, whether the radius where
the materials orbit circularises, given its angular momentum, exceeds the neutron
star radius (or even the magnetospheric radius; see below). Other effects also play a
role: for instance, the velocity profile of the wind outflow with respect to the binary
separation affects the angular momentum of the captured material and therefore the
possibility of disc formation (El Mellah et al. 2019). If no disc is formed, accretion
can proceed instead via quasi-spherical accretion, modified to account for the relative
movement of the gas and the compact object . However, in many observed wind-fed
X-ray binaries, it remains unclear if an accretion disc is present.

Interactions between neutron star magnetic fields and accretion flows
In this thesis, I investigate the effects that interactions between the accretion flow
and the neutron star’s magnetic field have on both the inflow and outflow. Therefore,
let me introduce here several modes of interaction between magnetic field and inflow
that can play a role in X-ray binary systems. For this purpose, it is convenient to first
introduce several radii within the accretion flow, whose relative position determines
what types of interactions can take place. I do caution that below, I discuss the purely
theoretical principles, while these processes might not be as clean cut in observations of
astrophysical X-ray binaries as the description suggests (a challenge within astronomy
that is of course not unique to this topic).
Firstly, there are four radii that are solely determined by the neutron star itself,
regardless of its magnetic field: firstly the neutron star radius; secondly, the innermost
stable circular orbit, which is the smallest radius in the general relativistic potential
where a test particle can orbit in a stable fashion. The third and fourth radii are
defined for magnetic neutron stars: the light cylinder radius, RLC and the co-rotation
radius, Rco . The former is defined as the radius where the neutron star’s magnetic field
lines, rotating at the spin frequency of the star (assuming a purely dipolar field; but
see e.g. Riley et al. 2019), would rotate faster than the speed of light: i.e. RLC = c/ν.
Therefore, beyond this radius, the field lines (of an isolated neutron star) can not
form a closed loop between the two magnetic poles. The co-rotation radius is the
radius where the Keplerian orbital frequency of an orbiting test particle equals the
rotational frequency of the neutron star, and thus also of the magnetic field. From
the neutron star’s spin period P and mass M (propagating through the equation for
Kelperian orbits), the co-rotation radius can be calculated as (e.g. Tsygankov et al.
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2017b):
2

Rco

1/3

GM P
=(
)
4π 2

(1.4)

The final radius, named the magnetospheric radius, explicitly encapsulates both
the properties of the accretion flow and the neutron star magnetic field. It describes
the radius where the ram pressure from the in-falling material equals the outwards
pressure of the magnetic field. The latter is determined uniquely by the neutron star,
while the former depends on the mass accretion rate. Therefore, contrary to the fixed
4
RLC and Rco , the magnetospheric radius can vary on short (viscous) time scales.
From balancing the accretion flow and magnetic pressure, the magnetospheric radius
can be estimated in gravitational radii as (e.g. Ibragimov & Poutanen 2009; Cackett
et al. 2009):

Rm = k (
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(1.5)

In this equation, B, M , and R are the magnetic field, mass and radius of the
neutron star. As a parameterisation of the accretion rate, this equation uses the
bolometric luminosity – introduced via the bolometric flux Fbol combined with the
distance D – divided by the radiative efficiency η. Finally, the fang is an anisotropy
correction factor, while the geometry factor k encodes whether the accretion flow is
spherical (k ≡ 1) or disc-shaped (k ≡ 0.5; meaning a smaller Rm as the total accreted
mass is confined to a smaller space, increasing the inwards pressure). It is important
to note that, while this equation returns a single value of Rm , several factors in
the equation are usually only estimated (i.e. η ≈ 0.1, k, and fang ≈ 1; Ibragimov
& Poutanen 2009; Degenaar et al. 2017b). Therefore, the use of this and similar
equivalent equations should be regarded with caution of systematic uncertainties.
As I wrote, these radii and their relative sizes set the types of interaction between
magnetic field and accretion flow. If one assumes that the magnetic field truncates
the accretion flow at the magnetospheric radius, there are several possible scenarios
for the matter as it reaches the inner edge of the flow. Here, we highlight a number of
those relevant for this thesis, shown schematically in Figure 1.5: if Rco is smaller (i.e.
closer to the neutron star) than Rm , the magnetic field is rotating more quickly than
4

Although, as the neutron star spins up or down over time, these radii evidently also change.
However, on the time scales of variations in accretion rate, these changes are typically significantly
smaller as they arise more slowly that those in Rm .
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the material at truncation (since the Keplerian frequency increases inwards). Therefore, the magnetic field can create a centrifugal barrier that the material cannot pass.
If Rm ≫ Rco , and therefore the magnetic field spins much faster than the material,
angular momentum transferred to the material can expel the gas in a so-called propeller outflow (Illarionov & Sunyaev 1975; D’Angelo & Spruit 2010). Alternatively,
if the two radii are more similar, the inner disc can get trapped instead (D’Angelo
& Spruit 2010, 2012): material does not pass the centrifugal barrier but neither is
it expelled, causing it to pile up and form a reservoir. The increased pressure of
the accumulated material might then ocassionally overcome the magnetocentrifugal
barrier and accrete onto the neutron star (see also Chapter 2). Finally, Tsygankov
et al. (2017b) propose the idea of a cold disc: if the accretion flow in not sufficiently
ionised even within the magnetospheric radius, the above interactions between the
material and the magnetic field do not take place efficiently. Therefore, in the cold
disc model, no propeller outflow is expected if the disc recombines before decreasing
in mass accretion rate into the propeller regime.
If instead the co-rotation radius is larger than the magnetospheric radius, the gas
has a higher angular momentum than the magnetic field. As a result, matter can be
channeled along the field lines, plunging down onto the neutron star polar caps in an
accretion column. This process gives rise to bright X-ray radiation from the poles and
column, causing X-ray pulsations as they periodically move in and out of view. If the
ram pressure greatly exceeds the magnetic barrier, the disc might also extend down
to the neutron star surface, enabling direct surface accretion (Ludlam et al. 2019).
The relative sizes of the co-rotation and magnetospheric radii also influence the
rate and direction of angular momentum exchange between the accretion flow and
the neutron star. At low mass accretion rates, and therefore low inward pressure
from the material, Rm ≫ Rco and the neutron star can lose angular momentum to
the gas, spinning down as a result. At high mass accretion rates, when Rco moves
inwards of Rm and matter is channeled to the magnetic poles, the neutron star can
gain angular momentum and therefore spins up, instead. Over time, in efficiently
accreting systems, the neutron star can therefore be spun up so that it becomes
an accreting millisecond pulsar. In the so-called ‘recycling scenario’ (Alpar et al.
1982; Radhakrishnan & Srinivasan 1982), such systems started out as young, slowlyspinning (high-mass) X-ray binaries, that over time accumulated mass and angular
momentum and were spun up to their current millisecond periods.
In the previous section, I noted that slowly spinning neutron stars are most often
strongly magnetised, while their faster spinning counterparts have orders of magnitude
weaker magnetic fields. Indeed, it is thought that the magnetic field of the neutron
star is either buried by the accreting material, decreasing its strength temporarily, or
decays in strength through another poorly-understood mechanism (Bhattacharya &
Srinivasan 1995; Cumming et al. 2004). However, through the recyling scenario, we
can understand why HMXBs have only been observed containing strongly-magnetised
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Case 1: channeled accretion

Co-rotation
radius

Case 2: trapped disk

Case 3: propeller outflow

Figure 1.5: Schematic view of the three types of interactions between the neutron star magnetic
field and the accretion flow relevant for this thesis – note that other interactions are also possible,
as discussed in the text. The flow is truncated at the magnetospheric radius Rm , which depends
on the mass accretion rate and magnetic field strength. The relative location of Rm with respect
to the co-rotation radius Rco , defined uniquely by the neutron star spin and mass, determines what
scenario applies: channeled accretion (Rm < Rco ; top), a trapped disc (Rm ≥ Rco , middle; where the
build-up of trapped matter can episodically move Rm inside Rco ), or a propeller outflow (Rm ≫ Rco ;
bottom). For these scenarios, we assume that the disc is ionised – if the disc recombines down to Rm
during an outburst decay before Rm ≫ Rco , a propeller might not set in (Tsygankov et al. 2017b)
– and that the light cylinder radius exceeds all depicted radii.

and slowly spinning neutron stars: these are young systems, that have not had the
time to either spin up the neutron star or bury/decay the magnetic field.
The formation of outflows
Not all matter that is lost by the donor star is necessarily accreted onto the neutron
star or across the black hole event horizon; a significant fraction, that can even greatly
exceed the accreted mass, can be lost from the binary system through disc winds
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(Muñoz-Darias et al. 2016; Higginbottom et al. 2018, 2019, 2020). These disc winds
are wide-angled outflows, that can be launched from a large range in disc radii and
reach non-relativistic terminal velocities. While in extraordinary circumstances, such
as super-Eddington accretion rates, disc winds can reach substantial fractions of the
speed of light (i.e a few to tens of per cent; Pinto et al. 2016, see also Chapter 10),
−1
they are most often observed with velocities of hundreds to thousands of km s
(e.g., Díaz Trigo & Boirin 2013; Ponti et al. 2012; Muñoz-Darias et al. 2016). Three
complementary mechanisms are thought to be responsible for the launch of disc winds:
thermal, radiative, and magnetic driving. These mechanisms likely vary in importance
with varying accretion rates and between individual sources, and can sometimes even
counteract each other. Below, we briefly discuss their basic characteristics.
Thermal driving, first explored by Begelman et al. (1983) and Shields et al. (1986),
is caused by heating of the outer accretion flow by X-ray emission from either the
compact object or the inner accretion flow (Woods et al. 1996; Proga et al. 2000). As
the thermal velocity of the upper disc layers exceeds the local escape velocity, a slow
wind is launched. As the escape velocity is lower at larger distances from the compact
object, these winds are preferably expected from large disc radii and in X-ray binaries
with wide orbital periods (Díaz Trigo & Boirin 2016) – even when accounting for the
decreased irradiation at these larger distances.
In radiation driven winds, material is launched as it gains momentum from a radiation field through either bound-bound scattering (also called line driving) or Compton
scattering (Castor et al. 1975; Gayley & Owocki 1995). The efficiency of line driving
depends heavily on the ionisation state of the material, which for X-ray binaries appears more favourable for Compton scattering (Díaz Trigo & Boirin 2016). Radiationdriven winds are especially likely to contribute at high/super-Eddington mass accretion rates, where it might even suppress thermal wind driving: as a radiation-driven
wind is launched from the inner accretion flow, it could block the irradiation of outer
radii, preventing those from being heated.
Finally, magnetic wind driving (e.g., Tout & Pringle 1992; Hawley et al. 1995;
Proga & Kallman 2002; Simon et al. 2015) is independent of the radiation fields in
the accretion flow. Instead, it requires the presence of large-scale magnetic fields (not
necessarily from the neutron star, but also within the accretion flow itself, making this
mechanism viable for both black hole and neutron star X-ray binaries). For a sufficient
local misalignment between this magnetic field and the disc, centrigugal forces can
launch disc material into an outflow (Blandford & Payne 1982). Magnetically-driven
winds can be launched from all radii and at both low and high mass accretion rates.
Therefore, they have for instance been inferred in the black hole X-ray binary GRO
J1655–40 (e.g. Miller et al. 2006b): a wind was observed in this system from small radii
at low accretion rates (∼ 4% LEdd ), arguing against thermal and radiation driving,
respectively, as explanations.
In addition to disc winds, X-ray binaries can launch relativistic jets from the inner
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accretion flow. Such jets are highly-collimated and powerful streams of matter and
energy. The power of X-ray binary jets is thought to be mostly in kinetic energy (Gallo
et al. 2005), while it remains unclear in most sources how large the baryonic content
of jets is (Margon et al. 1979; Wardle et al. 1998; Dunn et al. 2005; Gallo et al. 2005).
Jets can reach velocities close to the speed of light, reflected in their ‘relativistic’
designation, draining energy from the X-ray binary system and depositing it on large
scales in the surrounding interstellar medium (Fabian 2012; Fender 2016). Jets are
observed in all accreting systems, including young-stellar objects (Ellerbroek et al.
2011), accreting white dwarfs (Körding et al. 2008; Russell et al. 2016), and active
galactic nuclei (Merloni et al. 2003; Falcke et al. 2004). Here, I first focus on the two
main jet launching models: the Blandford-Znajek and Blandford-Payne models.
Both models, formulated by Blandford & Znajek (1977) and Blandford & Payne
(1982), pose that the relativistic jet is powered by rotation, as rotating magnetic field
lines in the inner accretion flow are coiled up to create a magnetic spring that launches
the jet. The main difference between both models lies in the source of the rotation:
in the Blandford-Znajek model, the magnetic field lines thread the ergosphere of a
rotating black hole, powering the jet from the black hole’s spin. For any object without
an ergosphere – i.e. any object that is not a black hole – the Blandford-Payne model
can be applied instead: here, the field lines are located the inner accretion flow,
whose differential rotation coils up the field. The latter model can applied to any
system containing an accretion flow: this includes accreting black holes, but extends
to young-stellar objects, accreting white dwarfs, and accreting neutron stars.
Let’s turn our focus more to neutron star X-ray binaries. As jet formation is,
in most models, a magnetically driven process, the magnetic fields of the neutron
star itself can affect the jets. In fact, the neutron star magnetic fields have been
hypothesised to both enable additional jet launch avenues (e.g. Romanova et al. 2009;
Migliari et al. 2012; Parfrey et al. 2016) and to disable the Blandford-Payne mechanism. The latter effect, articulated based on the decade-long absence of jets detected in strongly-magnetised neutron stars (see Section 1.3), was explored by Massi
& Kaufman Bernadó (2008) in detail. In the Blandford-Payne model, the pressure
in the ionised accretion flow needs to exceed that of the magnetic field, in order to
spin up the field lines. In accreting neutron star systems, the magnetic field pressure can be dominated by the neutron star’s field itself. Introducing the requirement that the accretion flow pressure dominates down to the neutron star surface,
i.e. Rm ≤ RNS , implies that for observed mass accretion rates, the Blandford-Payne
9
mechanism can only operate in neutron star X-ray binaries with B ≤ 10 G – i.e.
the weakly-magnetised neutron stars. In Part II of this thesis, I explicitly revisit this
prediction using state-of-the-art observations of more strongly-magnetised accreting
neutron stars.
Besides possible halting it, several simulation-based models suggest that neutron
star magnetic fields might also actually contribute to jet formation. Romanova et al.
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Figure 1.6: The basic accretion and magnetic field configuration in the jet launch model by Parfrey
et al. (2016) and Parfrey et al. (2017) (figure adapted from the former publication). Using the
parameter definitions from the text, the four indicated radii, in order of increasing size, correspond
to the neutron star radius RNS , magnetospheric radius Rm , co-rotation radius Rco , and light cylinder
radius RLC . In this figure, Ω depicts the neutron star spin.

(2009) performed hydrodynamical simulations of an accretion flow onto an unspecified
magnetised, spinning object, finding that two types of outflows could be present
simultaneously: a higher-density conical wind and a low-density, fast polar outflow.
The former somewhat reminds one of a propeller outflow predicted for low mass
accretion rates. However, the simulations suggest it is instead more transient and can
be launched both when Rm is inside and outside Rco (see also, e.g., Migliari et al.
2012). The faster and more collimated outflow more clearly resembles a jet, launched
within the confinement of the more wide-angled wind.
More recently, Parfrey et al. (2016) and Parfrey et al. (2017) analytically developed
and computationally tested a new approach to jet launching by neutron stars. Where
the above neutron star jet models are of so-called magneto-centrifugal nature, tapping
into the angular momentum of the accreting material, the model by Parfrey et al.
(2016) has the jet tap directly into the neutron star spin as its power source. Therefore,
one could regard it more as a Blandford-Znajek-type jet, with an explicit dependence
between its power and the neutron star spin (as investigated by other authors as
well; e.g. Migliari et al. 2011a). Conceptually, the jet is launched by magnetic energy
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liberated as the accreting material intersects closed rotating magnetic field lines of the
neutron star and thereby opens them up (see Figure 1.6). This predicts a dependence
of jet power PJ on the magnetic field strength, accretion rate, and neutron star spin:
2 6/7
4/7
PJ ∝ ν B Ṁ . Importantly, the jet power increases with magnetic field strength
– the opposite of the existence of a maximum magnetic field allowed in the BlandfordPayne model, predicted by Massi & Kaufman Bernadó (2008).

1.3

Observing X-ray binaries: emission processes,
outburst evolution, and observatories

Let us now finally return to the observed characteristics of X-ray binary systems, and
their variation with mass accretion rate and binary sub-class. In this section, I will
first introduce the plethora of emission processes in X-ray binaries with their resulting
spectral energy distributions. Secondly, I will summarise the body of observed X-ray
binary behaviour throughout the electromagnetic spectrum. Finally, I will briefly
highlight the observatories and software used in this research.

1.3.1

Emission processes across the electromagnetic spectrum

X-ray binaries are named after the bright X-ray emission originating from their inner
accretion flow. Indeed, these sources were originally discovered with the first X-ray
instruments launched in the 1960s and 1970s, with the accreting neutron star Sco X-1
being the first X-ray source detected outside the Solar system (Giacconi et al. 1962).
However, with their different components – from donor stars to compact objects,
accretion flows to stellar winds, and jets to disc winds – X-ray binaries emit across
the entire electromagnetic spectrum. Below, I review the different emission processes
and their resulting spectra. A graphical summary, including the observatories used in
this work, is shown in Figure 1.7. I note that the discussed emission processes – per
definition – do not include absorption by the interstellar medium between the binary
and the observer. However, as explained in every following chapter, absorption can
strongly affect the X-ray band and is therefore always modelled in our X-ray analysis.
Accretion-driven emission: inflows and reprocessing
Let us start with the emission driven by the accretion of material, that would not be
observed in a non-interacting binary system. In disc-accreting systems, the emission
from the accretion flow is generally divided into three components, observed in varying
degrees of contribution: thermal emission from a geometrically thin, optically thick
disc, Comptonised emission from a population of hot electrons up-scattering the thermal emission, and the latter reprocessed or ‘reflected’ by the disc. The thermal disc
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emission consists of local blackbody spectra, emitted at each disc radius with the local disc temperature. From the standard thin-disc description by Shakura & Sunyaev
(1973), the dependence of disc temperature on radius can be derived. As the accretion
flow in X-ray binary systems remains unresolved at all wavelengths, we observe the
superposition of the individual blackbody spectra. Summing these individual spectra according to the expected radial temperature profile, the combined disc-blackbody
spectrum is constructed. Therefore, for the expected radial temperature profile of a
Shakura & Sunyaev (1973) disc, this spectral shape is defined uniquely by the temperature of the inner disc radius (Frank et al. 1992). The complete spectrum of the
disc can cover many wavebands, extending from the X-rays at the smallest radii up
to UV, optical, and IR wavelengths at the outer radii (Hynes et al. 2000).
Close to the compact object, in both black hole and neutron star systems, a
hot cloud of electrons creates the second accretion flow spectral component. The
existence of this optically thin electron population is inferred from X-ray spectral
observations, showing a non-thermal component at higher X-ray energies than the
disc, but its nature and geometry remains poorly known: for instance, this electron
population might take the form of a hot inner flow located within the inner radius of
the geometrically thin disc (Done et al. 2007), an electron population in the base of
the jet (Matt et al. 1991; Markoff et al. 2003), or more extended electron clouds above
the thin disc (Haardt et al. 1994), to name just three possibilities. It is also unclear
how exactly this component is related to the hot inner flow (Done et al. 2007), that has
been suggested to appear in X-ray binaries at (very) low accretion rates (i.e. ≤ 0.1–
1% LEdd ) as the thin disc evaporates and that might be radiatively inefficient (for
instance, a RIAF). I will introduce this low-level accretion process more thoroughly
at the end of Section 1.3.2.
Regardless of the nature and exact geometry of the electron population, it is
thought to emit via the inverse-Compton process, where electrons lose energy to
photons in a Compton scattering event. The seed photons are emitted by the accretion
disc, the neutron star surface, or the boundary layer (see below) – which are all
thermal processes with temperatures of maximally a few keV. The hotter electron
population up-scatters these photons (therefore cooling itself) into a non-thermal
spectral energy distribution, which extends from a few keV up to a cutoff energy of
tens to hundreds of keV due to the finite temperature of the electron cloud (e.g. García
et al. 2015a).
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Figure 1.7: Overview of the main X-ray binary emission processes studied in this thesis, divided over the electromagnetic spectrum. Colors
indicate the type of process: stellar-driven in red, accretion-driven in green, and outflow-driven in blue. The dashed jet line indicates that the
break frequency of the optically thick synchrotron emission changes during outbursts. Above the break frequency, the jet spectrum falls off rapidly,
although jet emission might contribute up to the X-ray band (e.g. Markoff et al. 2003). The observatories used in this work are also shown: in
radio, the Australia Telescope Compact Array (top; credit CSIRO) and the Very Large Array (bottom; credit NRAO). In X-rays, clockwise from
the top left: Chandra X-ray Observatory, Neil Gehrels Swift Observatory, Nuclear Spectroscopic Telescope Array, Monitor of All-sky X-ray Image,
Neutron Star Interior Composition ExploreR, and XMM-Newton (credits NASA, NASA, NASA/JPL, JAXA, NASA, ESA, respectively).
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The Compton-up-scattered X-ray photons, together with centrally emitted photons from the neutron star surface and boundary layer, can subsequently be reprocessed by other components in the X-ray binary. Firstly, the emission can interact
with the geometrically thin accretion disc in a process called ‘X-ray reflection’: the
incoming X-ray photons are either absorbed by highly-ionised elements is the disc,
such as oxygen and iron, or lose energy due to the Compton scattering. X-ray photons are re-emitted or scattered into the line-of-sight of the observer, either at energies
corresponding to transitions in the highly-ionised atomic species (most prominently
the iron Kα line around 6.4 keV), or between 10–30 keV due to Compton scattering
(the ‘Compton hump’). This reflection spectrum, and in particular the line emission,
is however heavily influenced by three processes (Fabian et al. 1989; Dauser et al.
2016): (i) the rotation of the disc, red- and blue shifting the narrow emission lines
into double peaked profiles, (ii) special-relativistic effects, boosting the approaching
(blue-shifted) side of the disc and de-boosting the receding (red-shifted) side, creating an asymmetric line profile, and (iii) general-relativistic effects, introducing a
gravitational redshift.
The resulting broad-band reflection spectrum, extending across the full X-ray
band, therefore depends on a large set of parameters: the geometry of the system,
i.e. the binary orbit inclination, the inner radius of the disc, the geometry of the
Comptonising electron cloud; the incoming radiation, i.e . the Comptonised radiation versus thermal emission from the neutron star surface and boundary layer; and
the properties of the disc itself, i.e. the density profile, ionisation, and composition.
Detailed numerical ray-tracing calculations for grids of those parameters have been
performed to compute the expected broad-band reflection spectrum. Fitting these
spectra can therefore, reversely, yield constraints on all the above parameters, as far
as the observational signal-to-noise, systematic uncertainties, and parameter degeneracies allow. In this thesis, we use the detailed broad-band reflection models from
the relxill (Dauser et al. 2014; García et al. 2014) and reflionx (Ross & Fabian
2005) types wherever possible, but also employ the more simpler diskline model –
which only models a single atomic transition (Fabian et al. 1989) – for spectra of
lower quality.
Not only the inner accretion disc reprocesses the centrally-emitted photons, however. Other components, for instance disc winds (Titarchuk et al. 2009), the outer
accretion disc, or the donor star can also intersect this emission. As a result, the latter
two can be heated and therefore brighten. Since the outer accretion flow and the donor
star typically emit at lower energies, in the UV to IR wavebands, such re-processing
reveals itself via correlations between wavebands: when the X-ray flux increases, the
re-processing increases and therefore the UV/optical/IR emission brightens as well
(see e.g. van Paradijs & McClintock 1995; Russell et al. 2006, 2007). It should also
be noted that re-processing is just one example of interactions between the radiation
and components in the system. Other examples, that I will not discuss in detail here,
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are for instance the interaction between jet emission and the stellar wind, as observed
in the black hole high-mass X-ray binary Cyg X-1 (Brocksopp et al. 2002). Alternatively, an extreme example are eclipses of the inner accretion flow by the donor,
causing dips in the X-ray flux at the orbital period if the X-ray binary is observed at
a sufficiently high inclination.
Finally, in neutron star X-ray binaries, as explained in Section 1.2, the neutron
star’s magnetic field might truncate the accretion flow and channel the material along
its field lines. What additional emission mechanisms does such channeled accretion
give rise to? Firstly, the channeled material is deposited onto the neutron star surface
in a relatively small region in the vicinity of the magnetic poles. At low mass accretion
rates this will create an emission hot spot around the magnetic pole, but at sufficiently
high rates, radiation pressure will halt material above the surface in a radiationdriven shock (Lyubarskii & Syunyaev 1982; Mushtukov et al. 2015), creating socalled accretion columns. Below the shock, material settles down onto the surface,
with high temperatures in the X-ray and higher energy bands (Wang & Frank 1981).
At extremely high mass accretion rates, such as the super-Eddington rates observed
in pulsating ULXs (e.g. Bachetti et al. 2014), the channeled material might form an
optically-thick envelope around the magnetosphere, emitting as a multi-color black
body in the X-ray band (Mushtukov et al. 2017).
Ejection-driven absorption and emission
Disc winds are not typically observed via their emission, but instead through the
detection of either blue-shifted narrow absorption lines (in X-rays; Ponti et al. 2012)
or P-Cygni profiles (in UV to IR; Bandyopadhyay et al. 1999; Ioannou et al. 2003;
Muñoz-Darias et al. 2016). The velocity of the wind can be determined from the
measured blue-shift or the extend of the blue wing of the P-Cygni profile. In Xrays, by modelling the absorption features, as well as any detected narrow emission
lines from the same material, physical properties such as ionisation state and type
(shock or photo-ionisation) can be derived. Prominent lines in X-rays to search for
wind outflows are the transitions of highly-ionised iron (at energies of ∼ 7–9 keV,
typically, depending on the wind velocity) or neon, magnesium, oxgyen, silicon, and
sulphur (below 2 keV). The latter lines can be distinguished as they are covered by
the high-resolution X-ray grating spectrometers aboard XMM-Newton and Chandra.
The former lie in a region of the spectrum devoid of other absorption features, making
their detection possible also with CCD-based detectors. P-cygni profiles are most
often observed in prominent hydrogen and helium lines, such as Hα, Hβ, He-I, or
He-II.
Jets are instead observed directly via their non-thermal, low-frequency emission.
Threaded by magnetic fields and containing ionised particles, jets emit synchrotron
radiation as free electrons spiral around the magnetic field lines. A single electron

27

1 Introduction

population emits a single-peaked spectrum, with its peak frequency depending on
the energy in the population. For jet outflows that consist of individual, discrete
blobs of material travelling from the compact object at (up to) relativistic speeds – so
called discrete ejecta – we observe the optically thin, steep section of this synchrotron
spectrum in the radio band, with negative spectral indices α ≈ −0.6 (where the flux
α
density Sν ∝ ν ; Blandford & Königl 1979). For a continuously outflowing jet – a
steady or compact jet – we instead observe the superposition of many synchrotron
spectra: as the electrons move away from the accretor, they cool and lose energy,
resulting in a shift of their synchrotron emission to lower frequencies. As compact
jets have not been resolved in X-ray binaries, contrary to discrete ejecta, we observe
the sum of the spectra from the electron populations at different distances down the
jet. This results in a flat to inverted spectrum (α ≥ 0) up to the break frequency
νbreak , which corresponds to the synchrotron peak of the highest energy electrons in
the base of the jet (Blandford & Königl 1979). A measurement of this break frequency
therefore contain information about the location where the particle acceleration begins
(Markoff et al. 2001, 2005; Migliari et al. 2010; Russell et al. 2014; Romero et al. 2017;
Díaz Trigo et al. 2018).
These two basic jet types produce different levels of linear polarisation: with
the electrons spiralling around an ordered magnetic field, the individual synchrotron
spectra can be strongly linearly polarised. However, super-imposing the synchrotron
spectra of many electron populations, each with a different polarisation angle, can
wash out the net linear polarisation in the unresolved emission. Therefore, higher
levels of polarisation are expected for discrete ejecta than for compact jets.
The complete optically thick spectrum of a compact jet can extend from radio,
through sub-mm and IR, up to optical wavelengths. With the smallest number of
other processes contributing to the observed emission, the radio band is most convenient to search for jets and measure their properties. The jet break frequency has
been constrained in a handful of neutron star X-ray binaries (see e.g. Migliari et al.
2010, for the first measurement). While it is usually constrained to lie in the IR
band, monitoring of the source Aql X-1 shows it can change dramatically between
observations (Díaz Trigo et al. 2018, see Chapter 11 for a more quantitative discussion). The optically thin part of the spectrum above the jet break falls off quickly in
intensity, but the jet might contribute to the higher-energy spectrum via synchrotron
self-Compton emission: the Compton up-scattering of synchrotron photons by the
same electron population, which has been proposed as an alternative origin for the
non-thermal Comptonised component in the X-ray spectrum (Markoff et al. 2003).
Stellar-driven emission
The donor star in X-ray binaries is usually most easily detected in the UV, optical,
and/or IR bands, depending on the exact stellar type and its evolutionary stage. It
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also contributes to the radio and X-ray bands, but at such low levels that it cannot
be detected in the actively accreting and jet-launching systems studied in this work
(see for reviews e.g. Güdel 2002; Güdel & Nazé 2009; Kurapati et al. 2017). While the
black hole does, per definition, not radiate, the neutron star surface can be observed
in the soft X-rays. The surface emits thermally, either dominated by its temperature
or due to accretion onto the surface. In the latter case, the resulting spectrum can
deviate from a blackbody spectrum due to the interaction between the thin neutron
star atmosphere and the accretion flow (Zampieri et al. 1995). Additionally, if the
accretion flow extends down to the neutron star surface (i.e. for weak magnetic fields),
the rotating gas decelerates due to the friction with this surface, spreading out over
the neutron star to form a boundary layer. This boundary layer can also be observed
in soft X-rays (Sunyaev & Titarchuk 1986; Sibgatullin & Sunyaev 1998; Babkovskaia
et al. 2008).
Finally, let us now turn to stellar winds in X-ray binaries. Stellar winds contribute
to the low-frequency parts of the spectral energy distribution, particularly from the
IR down into the radio band (Runacres & Blomme 1996). The luminosity of the
wind depends strongly on the mass loss rate, terminal velocity, and ionisation state
(Lamers 1998a,b; Güdel 2002): it increases for higher mass loss rates and ionisation,
and lower terminal velocities. Therefore, stellar wind emission has a negligible effect in
those X-ray binaries where the donor does not launch a strong stellar wind: LMXBs
accreting via RLOF, and the IMXB Her X-1. In wind-accreting sources, such as
SgXBs or SyXRBs, any observed IR and radio emission should instead be compared
with the expectations for stellar wind emission: while this is standard practice for IR
observations of such sources, where detections are typical, HMXBs have rarely been
detected in radio (Fender & Hendry 2000). Therefore, such comparisons are rare in
the literature (Pestalozzi et al. 2009).
In Parts II and III of this thesis, I present a large set of radio detections of HMXBs
and SyXRBs. Understanding the origin of this emission requires an understanding
of stellar wind radio emission. So what are their properties, especially regarding
their luminosity and spectrum? Let’s start with the emission process in the wind
itself. Radio emission from stellar winds is typically attributed to either thermal
Bremsstrahlung emission from ionised gas, or non-thermal shock emission from the
outer wind. In isolated massive stars, both these processes are thought to produce a
positively sloped spectrum in the radio band (α > 0, i.e. inverted ): thermal emission
is theoretically predicted to follow α ≈ 0.6 (Wright & Barlow 1975), which is regularly
observed (van Loo 2007). While the shocks locally produce optically thin, steep (i.e.
α < 0) spectra, their cumulative unresolved spectrum is inverted: as the shocks move
out, they weaken and cool, shifting their peak to lower frequencies. Similarly to the
cumulative spectrum of a compact jet, this results in a combined inverted spectrum
(Dougherty & Williams 2000; van Loo 2007). That is not to say steep spectra are never
observed from stellar winds: however, these are thought to originate from massive
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stellar binaries, where the radio emission traces the (steep-spectrum) shock between
the two stellar winds.
How bright are the stellar winds at radio wavelengths? For the thermal emission,
assuming a fully ionised wind, the radio flux density Sν can be estimated using the
formalism presented in Wright & Barlow (1975):
4/3
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In this equation, Te is the electron temperature, Ṁ is the mass loss rate in the
stellar wind, µe v∞ is the multiplication of mean atomic weight per electron and terminal wind velocity, and D is the source distance. These stellar winds have typical
4
5
brightness temperatures of 10 –10 K. For the shocked, non-thermal emission, a comparable formalism does not exist. However, observational constraints can be used
instead. At current sensitivities, for instance, radio and sub-mm studies of the stellar
cluster Westerlund 1 only detect 7 out of at least 100 OB supergiants. These all
show shocked emission, with a negative spectral index, indicating that they reside in
stellar binaries (Fenech et al. 2018; Andrews et al. 2019). That none of the other
OB supergiants are detected at radio wavelengths, shows that at distances similar to
those of Westerlund 1 (∼ 5 kpc; Clark et al. 2019), stellar winds remain challenging
to detect – at least in the absence of an ionising source.

1.3.2

The behaviour of X-ray binaries in outburst

In the previous section, I reviewed the relevant emission processes of the different
components of an X-ray binary. However, their relative contribution to the full spectral energy distribution, and their connection, depends on the mass accretion rate and
accretion state of the system. X-ray binaries can either be persistently accreting or
transient: going through phases of accretion-powered outbursts lasting anywhere between days and years, interspersed by periods of quiescence. In either case, persistent
or transient, the mass accretion rate can vary and the X-ray binary can go through
different states of behaviour. Here, I will first review these states and their associated multi-wavelength properties for Roche-lobe overflowing LMXBs, before turning
to non-RLOF systems, and ending on the cases of extremely high and low accretion
rate.
The canonical accretion states of accreting black holes and neutron stars
The behaviour of RLOF X-ray binaries in outburst is usually described in terms of different accretion states, that represent a common set of X-ray spectral and variability
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properties. Given the common physical origin of the X-ray spectrum and (aperiodic)
sub-second X-ray variability in the inner accretion flow, these two types of characteristics change in tandem. Accurately determining the accretion state of a source
therefore often requires measuring both the spectral and timing properties. Here, I
will briefly review these states for both black hole and neutron star (RLOF) LMXBs,
starting with their spectral and ending with their timing properties.
The spectral behaviour of transient black hole LMXBs in outburst is best summarised in their hardness-intensity diagram (e.g. Fender et al. 2004). This diagram
shows the intensity of the source – typically expressed as a count rate – as a function
of the hardness, which is the intensity ratio of two energy bands. The ‘standard’
framework of behaviour of black hole LMXBs is to trace out a q-shaped track: rising
in flux and mass accretion rate in the hard state, then transitioning at a relatively
constant intensity (typically a few to tens per cent of LEdd ) via the intermediate states
to the soft state, then decreasing in intensity and returning to the hard state during
the outburst decay. As shown in Figure 1.8, adopted from Belloni et al. (2005), the
return to the hard state often occurs at lower intensity (typically below one per cent
of LEdd ) than the hard-to-soft transition: a phenomenon called hysteresis (Miyamoto
et al. 1995).
The changing X-ray hardness during the outburst is the result of significant
changes in the X-ray spectral shape. During the hard state, the spectrum is dominated by the non-thermal Comptonised emission from the hot electron cloud, while in
the soft state, the thermal disc emission becomes stronger (Done et al. 2007; Gilfanov
2010). This spectral change is often interpreted as a change in the inner radius of the
geometrically thin disc, moving inwards as the source transitions into the soft state –
although this interpretation is not beyond debate (e.g. García et al. 2015b; Kara et al.
2019). In tandem, the hot electron cloud becomes weaker, although the uncertainty
about its geometry makes it harder to interpret this change physically: if it takes the
form of a hot flow within the inner radius of the thin disc, it might condense into
the in-moving thin disc during the transition. If it is instead located above the black
hole, its weakening could be associated with the disappearance of compact jet during
the soft state (see below).
The above evolution of the X-ray spectrum between hard and soft state holds for
black hole X-ray binaries. A more detailed look at weakly-magnetised, RLOF neutron
star systems, however, reveals a more complex pattern of behaviour – with a larger
number of accretion states. At very high accretion rates (up to the Eddington rate),
these systems trace out Z-shaped tracks in their hardness-intensity and X-ray colorcolor diagram (Hasinger & van der Klis 1989), where an X-ray color is defined as the
ratio of count rates or fluxes in two X-ray energy bands. The Z-shapes consist of
different branches: the three main branches are the Horizontal, Normal, and Flaring
Branch, corresponding to different accretion states (see e.g. Figure 1.9, top panels; van
der Klis 2006). In addition, the dipping flaring branch and the horizontal-branch up-
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Figure 1.8: Top: the hardness-intensity diagram for the 2002/2003 outburst of the black hole
LMXB GX 339-4, as observed with the Rossi X-ray Timing Explorer. The source traverses the
diagram in counterclockwise direction, starting in the hard state on the right, across the horizontal
intermediate states, into the soft state on the left. The intensity difference between the rise and
decay intermediate states is referred to as hysteresis. Bottom: the rms variability as a function of
hardness, showing how the harder states are systematically more variable. Adapted from Belloni
et al. (2005).

turn are sometimes observed. At lower accretion rates, these neutron stars instead
trace atoll-shaped tracks in the color-color diagram (bottom panels in Figure 1.9;
Homan et al. 2010): these tracks can be subdivided into the extreme island state,
the island state, and the lower and upper banana branches, which are also sometimes
referred to as hard (Comptonisation-dominated), intermediate/transitional, and soft
(thermal-dominated) states, respectively (e.g. Homan et al. 2010). The dependence
of the Z- and atoll-tracks on mass accretion rate is convincingly illustrated by the
transient neutron star LMXB XTE J1701-462, which showed Z-track behaviour at
the peak of its outburst but atoll-track behaviour during the decay (Lin et al. 2009;
Homan et al. 2010). Example spectra showing hard and soft atoll spectra are shown
in Figure 1.10 for the atoll 1RXS J180408.9-342058, based on the work by Marino
et al. (2019).
As stated at the start of this section, different states also show different (aperiodic)
X-ray variability properties. In black hole LMXBs, the strongest aperiodic variability
is seen in the hard state, with root-mean-square (rms) variability amplitudes up to
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Figure 1.9: The typical color-color (left) and hardness-intersity (right) diagrams of the of a Z
source (top) and atoll source (bottom), measured from Rossi X-ray Timing Explorer observations,
adapted from Homan et al. (2010). For the Z source GX 5-1, the horizontal, normal, flaring branch
are indicated with HB, NB, and FB, respectively, while the HB-upturn and ‘dipping’ FB are also
indicated. For the atoll source 4U 1636-53, the extreme island state, island state, lower banana and
upper banana branch are indicated as EIS, IS, LB, and UB, respectively. We refer to the original
analysis for the exact energy band definitions per panel.

several tens of %. This level of variability decreases in the intermediate states, to
reach its minimum in the soft state (e.g. Casella et al. 2005; Uttley et al. 2014).
Similar behaviour is observed in the atoll and Z sources: the former show decreasing
levels of rms variability from 30-40% in the (hard) extreme island state to maximally
a few % in the (soft) banana branch (van Straaten et al. 2002; van der Klis 2006;
Wijnands et al. 2017). In the Z sources, the level of rms variability decreases from
the Flaring via the Normal to the Horizontal Branch (van der Klis 2006).
While neutron stars display more complex behaviour in the hardness-intensity
diagram, they are more similar to black hole LMXBs once one switches to the rms
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Figure 1.10: The hard and soft state X-ray spectra of neutron star LMXB 1RXS J180408.9-342058,
observed with Swift (the XRT in black, the BAT in red) and NuSTAR (FPMA&B in blue and green;
see Section 1.3 for acronym definitions). Note the difference in plotted energy range, highlighting
the fading of the hard X-ray component in the soft state. The dash-dot model component shows the
thermal emission, while the dotted component represents the Comptonised emission. Adapted from
Marino et al. (2019).

variabiability-intensity diagram (Muñoz-Darias et al. 2014). Replacing the hardness
by rms variability – which trace each other monotonically for black holes but not for
neutron stars (van der Klis 2006) – creates q-shaped tracks for both source classes.
A complete explanation for the different Z- and atoll-shaped tracks of neutron stars
remains elusive. However, since these do not appear in black hole systems, this behaviour is likely related to the presence of a stellar surface and/or anchored magnetic
field in neutron stars (van der Klis 2006; Muñoz-Darias et al. 2014).
Outflows during the different accretion states
Between these different source states, not only the accretion flow evolves: the outflows
also strongly respond to the changes in accretion flow morphology (and might even
trigger them; Tetarenko et al. 2018b). In the hard state, compact jets are typically
observed in both black hole and weakly-magnetised neutron star systems (Fender et al.
2004; Migliari & Fender 2006; Gallo et al. 2018). While black hole LMXBs transition
to the soft state, the radio emission from the compact jet quenches (Hjellming & Wade
1971c) and discrete, resolvable ejecta are launched instead (e.g. Mirabel & Rodriguez
1994; Fender et al. 2004; Miller-Jones et al. 2019). During the soft state of black
holes, no core radio emission from a compact jet is observed, but individual ejecta
launched during the intermediate states might continue to be detected as they move
out, especially when they re-flare due to interactions with surrounding material (see
e.g. Russell et al. 2019, for an example).
Again, the picture is more complicated for neutron stars: compact jets are typically
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observed during their harder spectral-timing states (Migliari & Fender 2006; Migliari
et al. 2012; Tudor et al. 2017; Gusinskaia et al. 2017; Gallo et al. 2018), and jet
quenching is observed in a subset of soft state Atolls (Migliari et al. 2003, 2004;
Miller-Jones et al. 2010; Migliari et al. 2011b; Gusinskaia et al. 2017; Díaz Trigo et al.
2018). While it is clear that some neutron star LMXB jets quench, it remains unclear
why this behaviour is not observed in all sources: possibly, the neutron star boundary
layer can act as a dynamo to sustain soft-state jets (e.g Maccarone 2008; Russell et al.
2016, see Part III of this thesis for a discussion on this topic).
Three of the Z-source branches – horizontal, normal, and flaring branch – also
show different radio properties. During the horizontal branch, a compact radio jet is
launched, brightening as the source moves towards the normal branch. Having arrived
on the latter, the compact jet weakens and discrete ejecta are launched instead. On
the flaring branch, possibly corresponding to the highest mass accretion rates, radio
emission is quenched all together (Migliari & Fender 2006). As Migliari & Fender
(2006) note, this behaviour is reminiscent of the hard-intermediate-soft state transition in black holes. The discrete ejecta are associated with strong radio variability
and flaring (Hjellming et al. 1990a,b; Cooke & Ponman 1991) and have been resolved
in, for instance, the Z-source Sco X-1 (Fomalont et al. 2001a,b; Motta & Fender 2019).
When considering only the compact, hard-state jets, a correlation between the
X-ray and radio luminosity is observed (Hannikainen et al. 1998; Corbel et al. 2000,
2003; Migliari & Fender 2006; Gallo et al. 2018, see Figure 1.11), which extends up
to supermassive black holes when correcting for the black hole mass (Merloni et al.
2003; Falcke et al. 2004). This correlation signals a coupling between the in- and
outflow of material, directly linking the mass accretion rate to the radiative power
of the jet. Both the black hole and neutron star systems show a global correlation
when grouping all sources, with similar (to 3σ) correlation indices. Individual sources,
however, can show differences in slope and normalisation in their correlation, as both
the black hole and neutron sample show considerable scatter (Gallo et al. 2018). As a
sample, the weakly-magnetised neutron star systems are systematically radio fainter
than the black holes by a factor ∼ 20–30 at the same X-ray luminosity, which is not
fully explained by differences in accretor mass, bolometric correction, or boundary
layer emission (Fender & Kuulkers 2001; Migliari & Fender 2006; Gallo et al. 2018).
For individual neutron star systems, it is often difficult to establish and measure the
coupling between X-ray and radio luminosity: at least two dex in X-ray luminosity are
advised for a reliable measurement (Corbel et al. 2013), which is rarely available for
neutron stars. Also, their radio faintness makes it challenging to track the compact
jet during late outburst decay (Gusinskaia et al. 2020a).
One might wonder whether the X-ray – radio luminosity plane reveals any effect of
the accretor’s properties on the jet power: for instance, the Blandford-Znajek model
for black holes predicts a relation between black hole spin and jet power. Such a
correlation between black hole spin and radio luminosity has not been established be-
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Figure 1.11: The 1–10 keV X-ray – 5-GHz radio luminosity plane for hard-state X-ray binaries,
divided only by compact object, adapted from Gallo et al. (2018). While both the 36 black holes
and the 41 neutron stars show a global correlation between the two luminosities, the neutron stars
are systematically radio fainter at the same X-ray luminosity by a factor ∼ 20. The solid lines show
β
a fit to the coupling with LR ∝ LX , where β is the coupling index, while the hatched areas show
the 3σ uncertainties.

yond doubt (Fender 2016; Migliari et al. 2012), despite several claims in the literature
(McClintock et al. 2014; King et al. 2016, even including neutron stars in the latter).
The effect of the neutron star magnetic field is – amongst the weakly-magnetised
neutron stars at least – similarly unclear (Migliari & Fender 2006; Massi & Kaufman
Bernadó 2008; Migliari et al. 2012): although these neutron stars show considerable
scatter in the X-ray – radio luminosity plane (e.g. Figure 1.11) that might be related
to differences in spin and magnetic field (although black holes show similar scatter
despite a lack of magnetic field), the current observational constraints do not show
this quantitatively (Gallo et al. 2018). Detecting these effects is also fundamentally
challenging for weakly-magnetised neutron stars, for several reasons: firstly, their
magnetic fields are not measured directly but only inferred. Secondly, the measured
(millisecond) spins of these neutron stars span only a factor ∼ 6 (Patruno et al. 2017).
Finally, any degeneracies between the spin and magnetic field effect would make it
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challenging to separate them in the best case, and would cause them to counteract
each other in the worst case.
The clearest effect of the neutron star spin and magnetic field on jet formation
actually appears when we compare weakly- and strongly-magnetised (i.e. fast and
slow-spinning) neutron star systems: the former are routinely detected in radio observations, albeit as a sample at lower luminosity than black holes, while jets where not
detected from the latter before the work presented in this thesis (Duldig et al. 1979;
Nelson & Spencer 1988; Fender & Hendry 2000; Migliari & Fender 2006; Migliari
et al. 2011b). While both the spin and magnetic field are different between these
source classes, Massi & Kaufman Bernadó (2008) showed how a strong magnetic field
can indeed inhibit the Blandford-Payne jet launching mechanism that is typically assumed for neutron stars. While much of the work presented in this thesis revisits
this paradigm (see Parts II and III and the end of this introduction), these nondetections do show that even if strongly-magnetised, slowly-spinning neutron stars
launch jets, these have to be significantly fainter than their counterparts from the
weakly-magnetised millisecond pulsars.
Now let us briefly turn to the disc winds: does a similar relation between accretion
state and wind properties exist? Disc winds are preferably observed in high-inclination
systems, an observational bias that arises because then the wind is obscuring the inner
accretion flow most effectively (Ponti et al. 2012; Higginbottom et al. 2017). In Xrays, winds are typically seen during the soft state, suggesting winds and jets are
mutually exclusive (Fender et al. 2004; Miller 2007; Neilsen & Lee 2009; Ponti et al.
2012). However, optical disc winds have recently been observed in hard states of black
hole transients, showing that the picture is more complicated (Jiménez-Ibarra et al.
2019; Charles et al. 2019; Muñoz-Darias et al. 2019). Z-sources also show evidence
for disc winds, during epochs where a jet is launched simultaneously (Homan et al.
2016; Allen et al. 2018). Whether the same wind is responsible for both the X-ray
and optical signatures simultaneously, remains unclear: while these signatures are not
observed simultaneously for sub-Eddington accreting systems, the wind’s ionisation
state strongly affects its detectability. In particular the X-ray absorption lines can
disappear for very high or low ionisation states – meaning that a wind might be
launched but remain undetected.
A similarly unified picture for high-mass X-ray binaries?
The above standard pictures for black holes and neutron stars apply to RLOF LMXBs.
A natural follow-up question is therefore: has a similar standard picture been formulated for other types of X-ray binaries? Unfortunately, the short answer to this
question is no. These source classes are diverse, in terms of the accretor, donor, orbit,
and mass transfer types. Hence it is challenging to capture the outburst behaviour of
all high-mass and/or wind-fed X-ray binaries in a single summarising picture. Here,
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I will briefly introduce observational properties of these sources that are relevant for
this thesis and highlight the added complexity when categorising their behaviour.
Firstly, LMXBs (with the exception of SyXRBs) accrete via a standard, ionised
Shakura & Sunyaev (1973). For HMXBs, a large variety of alternative outburst
triggers is possible instead. For instance, in BeXRBs, two types of outbursts are
observed (Stella et al. 1986): firstly, Type-I or periastron outbursts where the neutron
star moves directly through the donor’s circumstellar disc (Okazaki & Negueruela
2001), that last a fraction of the orbit; secondly, Type-II or giant outbursts, unrelated
to orbital phase and often lasting multiple orbits, where through a poorly-understood
trigger mass transfer sets on and a disc forms around the neutron star (Moritani et al.
2013; Martin et al. 2014; Monageng et al. 2017; Laplace et al. 2017). Both these types
of outbursts are fundamentally connected to the presence of the decretion disc of the
Be donor, which is unique amongst X-ray binaries. SgXBs, with their massive O/B
donor stars, accrete from the wind of the donor instead, providing a continuous stream
of inflowing material. However, as I discussed in Section 1.2, depending on the wind
velocity and orbital parameters, a disc might or might not form in the system. The
same holds for SyXRBs, where it remains observationally unconfirmed whether a disc
forms (Lü et al. 2012; Kuranov & Postnov 2015). With such a variety of accretion
flow morphologies, even within sub-classes, HMXBs are not easily captured in a single
framework.
Another complicating factor is that the great majority of known HMXBs and
all SyXRBs host a neutron star (Liu et al. 2006; Kuranov & Postnov 2015; CorralSantana et al. 2016), which all possess strong magnetic fields and spin slowly (Shi
et al. 2015, although, see Shaw et al. 2020 and below for a recent discovery of a
weakly-magnetised neutron star in a potential SyXRB). With magnetic field strengths
12
3
4
exceeding 10 G, the magnetospheric radius extends to 10 –10 Rg and accreting
matter is channeled onto the poles (due to their slow neutron star spins, these systems
rarely reside in the propeller regime during outburst, despite their extreme magnetic
fields). Therefore the inner regions, where the hot flow and the geometrically thin
accretion disc alternate during the standard state changes in LMXBs, are completely
dominated by the magnetic field of the neutron star (Mushtukov et al. 2017). The
accretion column, where channeled material plunges onto the magnetic poles, also
adds a strong emission component, further complicating the picture.
Finally, observational challenges exacerbate these difficulties, especially regarding
the connections between in- and outflow. In radio, wind-fed and HMXB systems are
only detected in a handful of studies: the black holes Cyg X-1 (Braes & Miley 1971)
and MWC 656 (Ribó et al. 2017), and the neutron star GX 301-2 (where the stellar
5
wind is detected; Pestalozzi et al. 2009) Other HMXB systems remained undetected
5

Here, I ignore the famous but unique systems Circinus X-1 and SS 433: while both clearly launch
compact and resolved jets (Haynes et al. 1978; Fabrika 2004; Tudose et al. 2008; Miller-Jones et al.
2008), it remains unclear whether these are HMXBs (Jonker et al. 2007; Schulz et al. 2020).
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before the work presented in this thesis (Migliari & Fender 2006), as discussed earlier.
Regardless of whether these non-detections are due to the fundamental inhibition of
jet formation by strongly-magnetised neutron stars (Massi & Kaufman Bernadó 2008)
or due to sensitivity constraints, one cannot connect jets and accretion flows without
detecting both.
The picture is similarly challenging considering disc winds: in the optical to UV
bands, HMXBs are dominated by emission from the massive donor star (which also
prevents searches for jet contributions in the IR band), although a contribution from
the accretion disc might be visible during outburst. In X-rays, the stellar wind poses
two problems: it obscures the accretion flow, often blocking all soft X-ray photons
in the bands where wind absorption lines are usually detected (e.g. Torrejón et al.
2010). Secondly, the ionised wind also produces X-ray absorption lines itself. SyXRBs,
hosting a low-mass donor instead, are often too X-ray faint for high-resolution X-ray
spectroscopy. Therefore, no X-ray disc winds have been detected from high-mass
and/or wind-fed X-ray binaries, leaving the same issue in establishing an inflowoutflow connection as the radio band.
The special cases of low and extremely high accretion rates
To finish this introduction to accretion states, I will briefly discuss what happens to
X-ray binaries at either very high or very low accretion rates. Once X-ray binaries
accrete near or above the Eddington limit, they diverge from the ‘standard’ outburst
behaviour. We have already seen an example of the complicated X-ray and radio
behaviour when approaching this regime, when considering the different branches of
the Z-sources. At super-Eddington accretion rates, due to strongly enhanced radiation
pressure, the geometrically thin accretion disc puffs up into a vertically extended flow.
While jets are not seen during the X-ray bright soft states of black holes and some
weakly-magnetised neutron stars, strongly-variable optically thin radio emission from
discrete ejecta is again observed during the super-Eddington state (Kaaret et al.
2017; Tetarenko et al. 2017, 2019; Miller-Jones et al. 2019). Radiation pressure is
also thought to launch the strong, often mildly-relativistic disc winds observed during
this state (Muñoz-Darias et al. 2016; Pinto et al. 2016). For sources viewed at a high
inclination, the variable absorption of these clumpy winds can cause rapid (minutetime-scale) flaring in the X-ray, UV, and optical bands (Muñoz-Darias et al. 2016;
Motta et al. 2017; Reynolds et al. 2018).
Turning instead to low accretion rates, we find another interesting type of Xray binary: the very-faint X-ray transients and binaries (e.g. persistently accreting),
or VFXTs and VFXBs, respectively. These sub-classes consist of low-mass X-ray
36
−2
binaries that do not reach 2–10 keV X-ray luminosities above 10 erg/s, or < 10
LEdd , either during outburst or as they are accreting persistently (see e.g. Wijnands
et al. 2006, 2015; Heinke et al. 2009). These sources therefore peak at the typical
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Eddington fractions where, during outburst decay, the accretion flow of brighter Xray binaries changes from the disc-dominated to Comptonisation-dominated state.
VFXBs therefore offer a complementary view of this fast transition.
What could explain the X-ray faintness of VFXBs and VFXTs? Firstly, they might
be UCXBs, which have an orbital period less than one hour and can therefore fit only
small accretion discs (Nelemans et al. 2004, 2006; in ’t Zand et al. 2007; Wijnands
et al. 2015; Degenaar et al. 2017b). In order to fit in the small orbit, UCXBs typically
harbor hydrogen-depleted evolved donor stars, such as white dwarfs (Nelson et al.
1986). Alternatively, if the accretor is a neutron star, it might posses a relatively
strong magnetic field (but still within the range of weak magnetic fields, i.e. of the
9
order 10 G) that inhibits effecient accretion onto the neutron star (Wijnands 2008;
Heinke et al. 2009; Degenaar et al. 2017b). Both mechanisms could also be at play at
the same time in a single object – one can even imagine how in a small disc, the lower
mass accretion rate reduces the magnetic field strength required to prevent efficient
accretion. Very recently, a third explanation was proposed for a single VFXT: Shaw
et al. (2020) presented the identification of the known VFXT IGR J17445-2747 as a
potential SyXRB, where a weakly-magnetised neutron star accretes from the wind of
6
an evolved K-type giant . In that scenario, the low X-ray luminosity is associated
with a low wind capture rate.

1.3.3

Observatories used in this work

This thesis presents an observational study of neutron stars in X-ray binaries, focusing
particularly on the interaction between their magnetic field and the in- and outflows. The observations analysed in this work are performed using X-ray and radio
observatories, with the former taking centre stage in Part I, while the latter are the
focus of Part II and III. In addition, I present optical data from the Gaia observatory
in Chapter 8 and from the All-Sky Automated Survey for Supernovae (ASAS-SN) in
Chapter 10. Here, I will briefly introduce the main characteristics and instruments of
each observatory.
X-rays
In this thesis, I analyse data from six X-ray observatories, that each employ one
or multiple instruments. Firstly, the Monitor for All-sky X-ray Image, or MAXI
(Matsuoka et al. 2009), is an X-ray monitoring instrument aboard the International
Space Station (ISS), mounted on the Japanese Experimental Module. It monitors
the full X-ray sky between 2–20 keV during the 96 minute ISS orbit. Light curves
7
for known X-ray sources (persistent and transient) are available online . Light curves
6

The attentive reader might recall an earlier claim that all SyXRBs host strongly-magnetised and
slow-spinning neutron stars. This rule of thumb is indeed challenged by this work.
7
http://maxi.riken.jp/top/index.html
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and spectra can also be generated for any point in the sky, for data gathered during
any period of time since MAXI ’s first light in 2009 (barring visibility constraints).
All-sky X-ray monitoring is also performed by the Neil Gehrels Swift Observatory
or Swift (Gehrels et al. 2004). The Swift satellite hosts three instruments: the Burst
Alert Telescope (BAT; Barthelmy et al. 2005), the X-ray Telescope (XRT; Burrows
et al. 2004), and the Ultraviolet and Optical Telescope (UVOT; Roming et al. 2004).
Swift was originally designed to detect gamma-ray bursts using BAT, rapidly slew
to the observed position, to then improve the X-ray position and perform followup observations in X-rays, UV and optical. It is however also extensively used as
a monitoring instrument for X-ray binaries, combining the high sensitivity of the
XRT compared to monitoring instruments such as MAXI with the short pointing
exposures made possible by Swift’s fast slew times. The X-ray instruments, BAT and
XRT, are sensitive in the 15–150 keV and 0.2–10 keV range, respectively. The BAT is
8
a monitoring instrument, with an online light curve repository similar to MAXI. The
XRT is a pointed CCD-based instrument instead, with two observing modes relevant
for this thesis: the 2d-imaging mode called Photon Counting (PC) mode, suitable
for faint sources (≤ 1 count/second), and the 1d Windowed Timing (WT) mode. In
the latter, all spatial information is collapsed into a 1-dimensional image, allowing for
observations at higher time resolution and higher fluxes to prevent pile-up effects.
Originally designed to observe isolated X-ray pulsars and constrain their equation
of state through mass and radius measurements, the Neutron Star Interior Composition Explorer, or NICER (Gendreau et al. 2016), is mounted on the ISS and offers
a < 100 ns time resolution across an unresolved field-of-view. Its single instrument,
the X-ray Timing Instrument (XTI), consists of 56 X-ray detectors, which can be
regarded as individual detectors that are subsequently combined. NICER is sensitive
in the 0.2–12 keV energy band, with an effective area peaking at lower energies than
most other X-ray observatories. It offers CCD-like spectral resolution, allowing for
detailed analysis of the iron line regions above 6.4 keV.
The Nuclear Spectroscopic Telescope Array, or NuSTAR (Harrison et al. 2013), is
a hard X-ray focusing telescope, sensitive between 3–79 keV. While it is not the only
observatory capable of detecting X-rays at several tens of keV, it is the most sensitive
and the only imaging telescope at those energies. With a large spectral range covering
both the iron line between 6.4 and 6.97 keV and the Compton hump, it is well suited
to study X-ray reflection spectra. NuSTAR is also an efficient observatory to search
for cyclotron lines, as these appear between ∼ 10 and ∼ 100 keV for typical magnetic
fields of slow X-ray pulsars. Since it is unknown a priory at what energy the cyclotron
line appears and the line can be broad (> 10 keV), the wide bandpass is essential to
search for cyclotron lines effectively. NuSTAR flies two detectors of the same type,
the Focal Plane Modules A and B (FPMA and FPMB).
8

https://swift.gsfc.nasa.gov/results/transients/
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Let me finish with the two complementary X-ray flagship missions of the past two
decades: the ESA mission XMM-Newton (Jansen et al. 2001) and NASA’s Chandra
X-ray Observatory or Chandra (Weisskopf et al. 2000). The XMM-Newton satellite hosts three types of instruments: the three European Photon Imaging Cameras
(EPIC) instruments, the two Reflection Grating Spectrometers (RGS), and the Optical Monitor (OM). EPIC, and in particular the EPIC-pn camera, is sensitive in the
0.15–10 keV energy range. Similar to the XRT aboard Swift, the EPIC-pn offers different observing modes to accommodate different source fluxes and scientific objectives.
In this thesis, I analyse only data taken in its 1d Timing mode, which is designed
to handle high count rates with limited pile-up. The other two EPIC instruments –
two MOS CCD detectors – and the OM are not used in this work. Finally, the RGS
consists of two gratings spectrometers that are sensitive in the soft X-rays, between 5
– 35 Å (0.33 – 2.5 keV), with high resolving power (150 to 800). Therefore, the main
use of RGS in X-ray binary studies is to study narrow emission and absorption lines
and edges.
Finally, Chandra harbours multiple X-ray instruments: four imaging instruments,
the Advanced CCD Imaging Spectrometer (ACIS) containing two arrays of CCDs
(ACIS-S and ACIS-I), and the two High Resolution Cameras (HRC-S and HRC-I).
In addition, it carries high-resolution spectrometers: the High Energy Transmission
Grating Spectrometer (HETGS) and the Low Energy Transmission Grating Spectrometer (LETGS), both with two arms. Chandra’s high spatial resolution and sensitivity
to extremely faint X-ray sources is provided by the HRC and, mostly, ACIS. The
LETGS and HETGS operate when inserted into the focused X-ray path, where they
disperse the light onto the ACIS and HRC. As this dispersion depends on photon energy, measuring the precise locations on these detectors returns a spectrum. Thereby,
the HETGS and LETGS yield high-resolution X-ray spectra similar to the RGS. The
LETGS, in combination with HRC-S, covers the 0.08 – 2 keV (155 – 6.2 Å) energy
band, while the HETGS combined with ACIS-S extends between 0.4 – 10 keV (31
– 1.24 Å). This allows an observer to simultaneously study both the highly-ionised
transitions in species such as magnesium, silicon, or neon, in soft X-rays with the
LETGS and the iron transitions with rest wavelengths between 6.4–6.97 keV with
the HETGS. In this thesis, I only analyse data acquired with the two high-resolution
spectrometers and do not use ACIS or HRC in imaging mode.
Radio
The radio observations presented in this work are performed with either the Karl G.
Jansky Very Large Array, typically referred to as Very Large Array or VLA, and the
Australia Telescope Compact Array, or ATCA. Both observatories are interferometric
arrays of radio telescopes, called ‘aperture synthesis radio interferometers’: six telescopes in the case of ATCA, oriented in an East-West array, and twenty-seven for the
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VLA, placed in a Y-shape. The VLA is located in New Mexico, USA, covering the sky
from declinations of ∼ −35 deg upwards. It has four different configurations, ranging
from the most extended (A; baselines up to 36.4 km) to most compact (D; baselines
up to 1.03 km). The VLA covers frequencies from 0.058 GHz to 50 GHz, although in
this work, I only discuss VLA observations between 4 and 26 GHz. ATCA is instead
located in the Southern hemisphere, near Narrabri, Australia, covering the Southern
declinations. ATCA has more configurations than the VLA, as five of its telescopes
can be placed in any of 44 possible positions while the sixth one is fixed. Its most
extended 6-km configurations are preferably used in X-ray binary studies, to reduce
the confusing effects of large-scale diffuse emission and nearby sources. ATCA can observe between 1.1 and 105 GHz. In this thesis, observations performed simultaneously
at 5.5 and 9 GHz are analysed and presented.
In an interferometric array, each pair of telescopes forms a baseline that probes
a single position in the ‘uv-plane’: the 2D-Fourier Transform of the sky. Longer
baselines probe smaller physical scales, since angular resolution scales inversely with
distance. Therefore, different array configurations yield different angular resolutions
and fields of view. Combining all the N × (N − 1)/2 baselines for an array of N telescopes creates a more complete cover of the UV-plane, especially as the Earth rotates
and each baseline therefore traces a track in the uv-plane over time. To produce a
radio image of the observed field of view, the visibilities recorded by each telescope
pair are first cleaned from Radio Frequency Interference (RFI) and other data issues
(such as malfunctioning antennas). Then they are calibrated using two calibrator
sources to scale the observation to physical fluxes, and to correct for atmospheric
effects and the frequency-dependent sensitivity of the telescope. Finally, the Fourierplane data is inverse-Fourier transformed, also correcting for the incomplete sampling
of the uv-plane by the telescope array. As I will discuss in Chapter 5, the Y-shaped
configuration and resulting instanteneous uv-plane coverage of the VLA eases the final step on short time scales, allowing for the generation of sensitive radio images on
shorter time scales than using an East-West array such as ATCA.
Optical
Finally, I briefly turn to the two optical observatories used in this thesis. Firstly,
Gaia, short for Global Astrometric Interferometer for Astrophysics (Gaia Collaboration et al. 2016, 2018), aims to maps out the Galaxy down to magnitude 20. For
this purpose, it is equipped with an optical instrument that performs astrometry to
map out objects and compute parallaxes, photometry in two bands to measure colors, and radial velocity measurements for bright objects (down to magnitude 17). In
chapter 8 of this work, I use the parallax measurement of the donor in a BeXRB
from the second data release (Gaia Collaboration et al. 2018), to infer a lower limit
on its distance. Secondly, the All-Sky Automated Survey for Supernovae (ASAS-SN;
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Shappee et al. 2014) is an optical survey with an online database of daily monitoring
(https://asas-sn.osu.edu; Kochanek et al. 2017). In Chapter 10, I present a light curve
of the same BeXRB mentioned above to place a Chandra observation in the context
of a full outburst.
A note on software
In order to convert the observed data files into science products (i.e. light curves,
spectra, images) and to further analyze those into the results presented in this work
(i.e. flux (densities) and luminosities, polarisation measurements, etc.), several pieces
of dedicated software were indispensable. In X-rays, these are the tools provided
by NASA’s high-energy astrophysics science archive research centre (HEASARC),
bundled in the heasoft package, especially the xspec software to fit and analyze
X-ray spectra (Arnaud 1996). For the ESA observatory XMM-Newton, I used ESA’s
Science Analysis Software instead to extract data products; similarly, I used
Chandra Interactive Analysis of Observations (ciao) to reduce Chandra
observations. Additionally, as mentioned above, many observatories and monitoring
surveys provide basic data products online (Swift-BAT and MAXI light curves, ASASSN, Gaia) or allow for their creation through an automated online pipeline (SwiftXRT light curves and spectra, MAXI spectra). Finally, all radio data analysis in
the work was performed using the common astronomy software application
(casa; McMullin et al. 2007), developed to analyse interferometric observations from
radio to sub-mm wavelengths, and miriad (Sault et al. 1995). Further analysis of the
science products and the generation of data figures was done in python, in particular
using the packages numpy (Oliphant 2006), scipy (Virtanen et al. 2020), astropy
(Astropy Collaboration et al. 2013, 2018), matplotlib (Hunter 2007), and aplpy
(Robitaille & Bressert 2012).

1.4

A guide to reading this thesis

In this introduction, we have seen many aspects of the field of X-ray binary research,
connecting and discussing a wider range of subjects than usually covered in the introductions of research papers. However, these efforts to include many different parts
(though far from all) of the X-ray binary zoo, served a purpose. The main objective
of this thesis is to study the interplay between the neutron star magnetic field and
both the inflow and outflows in X-ray binary systems. In that sense, it is far from
unique and builds upon a long legacy of studies with the same goal dating back to
the early seventies, when X-ray pulsars were discovered (Giacconi et al. 1971). However, this work makes two general contributions: firstly, in terms of research setup,
I will not focus on one particular class of X-ray binaries – low or high-mass X-ray
binaries, for instance – explaining the necessity of this broad introduction. Secondly,
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in terms of results, I present the first systematic detections of radio emission from
strongly-magnetised neutron stars, opening new avenues to approach the aforementioned objective.
Before summarising the topics of the individual chapters, let me explain how the
title of this thesis is reflected in the topics and structure of this book: what do I mean
by ‘extremes’ and ‘magnetic accretion’ ? Most of the X-ray binary behaviour observed
and studied in this work is extreme in one of three fashions: (i) in rarity of the studied
behaviour, particularly the X-ray bursts central to Chapter 2; (ii) in mass accretion
rate, which is remarkably low in the very-faint X-ray binary studied in Chapter 3 and
(possibly) super-Eddington in the objects at the centres of Chapters 5, 8, and 10;
12
or (iii) in neutron star magnetic field strength (B ≥ 10 G), as in Parts II and III
9
of this book . With magnetic accretion, I refer to the various types of interactions
between the magnetic field, accretion flow, and outflows: for instance, the gating of
the accretion flow by a magneto-centrifugal barrier that causes accretion to occur in
sudden bursts, the role that magnetic fields might play in very-faint X-ray binary
behaviour, or the effect of the magnetic field on the existence and properties of radio
jets.
To provide some structure within this set of topics, this thesis is divided into
9
three parts. In Part I, all chapters focus on weakly-magnetised (B ≤ 10 G) accreting
neutron stars, predominantly using X-ray observations to study the inner accretion
flow around the magnetospheric radius. In Chapter 2, I revisit the origin of Type-II
bursts in the accreting neutron star LMXB The Rapid Burster. These second-tominutes-long bursts, associated with a sudden jump in accretion rate, are only seen
in two X-ray binaries. Known for over four decades, the bursts are possibly caused by
magneto-centrifugal gating of a trapped accretion flow. In order to test this scenario,
I use X-ray reflection spectroscopy to measure the inner disc radius in between bursts,
and find that it is indeed larger than seen in other neutron star LMXBs. This result
fits with the expectation of the trapped accretion disc explanation for the bursts.
In Chapter 3, I turn to the (persistent) VFXB IGR J17062-6143. Combining
observations from three X-ray observatories (XMM-Newton, NuSTAR, and Swift),
I perform a broad-band/reflection spectroscopy, high-resolution spectroscopy, and
coherent-timing study in order to understand origin of the faint X-ray luminosity
of the system. The results suggest both that the magnetic field inhibits the accretion
flow and that the donor is a white dwarf, which requires an ultra-compact orbit for
accretion to occur. As this short orbit was later confirmed by others (Strohmayer &
Keek 2017; Strohmayer et al. 2018b), this VFXB might combine these two explanations for its very-faint X-ray luminosity.
The third and final chapter dealing with reflection spectroscopy is Chapter 4,
where I study the reflection spectrum of the LMXB 4U 1608-52. To be more precise,
9

Note that these field strength are extreme in the context of X-ray binaries; in general, neutron
15
stars can have magnetic fields up to ∼ 10 G (see e.g. Rea 2014, for a review).
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I investigate why a NuSTAR observation does not reveal any reflection features during
the outburst decay towards quiescence, despite such features powerfully showing up
at ∼ten times higher X-ray luminosity. Simulating synthetic observations for a grid
of accretion flow parameters, I find that the disappearance of reflection can be explained by an increased disc ionisation parameter. As this parameter scales inversely
with particle density, this increase can be interpreted as the onset of a low-density,
evaporated inner accretion flow, such as a RIAF.
Part I ends with the first coordinated radio and X-ray study of this thesis in
Chapter 5, presenting long-term monitoring of the discovery outburst of the neutron
star LMXB Swift J1858.6-0814. Here, I analyse both the long-term changes between
and the short-term (minute) variability within radio observations. While the source
shows strong flaring at both X-ray and optical wavelengths, suggesting it might be
accreting at super-Eddington rates, I find that these flares are not associated with the
observed radio variability. Instead, the radio variability could originate from intrinsic
variations in accretion flow propagating into the jet.
The focus of this thesis then shifts in both binary type and method during Part
12
II: here, strongly-magnetised neutron stars (B ≥ 10 G) take centre stage, and the
observational approach shifts to the radio band. In Chapters 6 and 7, I present the
first radio detections of the two strongly-magnetised neutron stars GX 1+4 and Her
X-1, respectively. While this SyXRB and IMXB both do not host a massive donor
whose stellar wind can account for all observed radio emission, the single-epoch singlefrequency observations do not allow me to infer the origin of the emission beyond
doubt.
However, the possibility that GX 1+4 and Her X-1 could launch a jet – despite
their strong magnetic field – did inspire the work presented in Chapters 8 and 9. In the
former, I present the first discovery of a jet launched by a strongly-magnetised neutron star. I analyse radio and X-ray monitoring observations of the super-Eddington
giant outburst of the BeXRB Swift J0243.6+6124. While no radio emission is detected during the very early outburst, a radio counterpart appears at the outburst
peak that subsequently fades in tandem with the X-rays. The radio brightness, spectrum, spectral evolution, and coupling to the X-rays point towards a jet origin of the
emission, while alternative processes can be excluded. The jet is, however, very radio
faint, which explains why similar jets were not detected in previous decades.
Further radio observations of the same source, during X-ray re-brightenings after
the main outburst, are presented in Chapter 9. These show that, even though the
jet disappeared at the end of the main outburst, it quickly re-establishes itself as the
X-ray luminosity increases again. The jet even reaches similar radio luminosities as
during the super-Eddington outburst peak, despite more than two orders of difference
in mass accretion rate. This points to an apparent maximum radio luminosity of this
particular strongly-magnetised neutron star, and/or a fundamental difference in their
jet launching capabilities below and above the Eddington luminosity. In the light of
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the latter, it could also be related to the launch of a strong disc wind during the superEddington regime, reducing the amount of material reaching the jet launching regions.
Through high-resolution X-ray spectroscopic observations with Chandra during the
super-Eddington phase, I present evidence for the launch of such an ultrafast outflow
(∼ 0.22c) in Chapter 10.
As is apparent from Section 1.1, the division of X-ray binaries into different classes
– whether based on accretor, donor, mass transfer type, or any other scheme – is never
complete or perfect: individual sources will always form exceptions and bridge gaps
between whatever types we define. In the end, while some of their properties might
appear bi-modal – e.g. weak and strong magnetic fields – neutron star X-ray binaries
exist on a continuum. The classifications might say more about our degree, or absence,
of understanding of the physics, than about the physics itself. Therefore, in Part III
(i.e. Chapter 11), I present a radio census of 36 accreting neutron stars of all kinds,
combined regardless of classification, most of which were never observed or detected
in radio before. Comparing these observations with each other and with those in the
literature, I aim to summarise the current state of radio observations of accreting
neutron stars, and discuss some future avenues for their further exploration. The
main finding is that radio emission is more commonly, but not always, detected from
strongly-magnetised neutron stars. However, as discussed extensively in this final
chapter, constraining the exact origin of the radio emission remains challenging.
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Weakly-magnetised accreting
neutron stars

2
A strongly truncated inner accretion disc in the
Rapid Burster

J. van den Eijnden, T. Bagnoli, N. Degenaar, A. M. Lohfink, M. L. Parker, J. J. M.
in ’t Zand, and A. C. Fabian
Monthly Notices of the Royal Astronomical Society Letters, 2017, 466, L98
Abstract
The neutron star (NS) low-mass X-ray binary (LMXB) the Rapid Burster (RB; MXB
1730-335) uniquely shows both Type-I and Type-II X-ray bursts. The origin of the
latter is ill-understood but has been linked to magnetospheric gating of the accretion
flow. We present a spectral analysis of simultaneous Swift, NuSTAR and XMMNewton observations of the RB during its 2015 outburst. Although a broad Fe-K
line has been observed before, the high quality of our observations allows us to model
this line using relativistic reflection models for the first time. We find that the disc is
+6.7
strongly truncated at 41.8−5.3 gravitational radii (∼ 87 km), which supports magnetospheric Type-II burst models and strongly disfavors models involving instabilities
at the innermost stable circular orbit. Assuming that the RB magnetic field indeed
8
truncates the disc, we find B = (6.2 ± 1.5) × 10 G, larger than typically inferred for
o
NS LMXBs. In addition, we find a low inclination (i = 29 ± 2 ). Finally, we comment
on the origin of the Comptonised and thermal components in the RB spectrum.

2 A truncated inner disc in the Rapid Burster

2.1

Introduction

The Rapid Burster (MXB 1730-335, Lewin et al. 1976; hereafter RB) is a peculiar
neutron star (NS) low-mass X-ray binary (LMXB) located at a distance of 7.9 kpc
in the globular cluster Liller-1 (Valenti et al. 2010). NS LMXBs often show X-ray
bursts, either due to thermonuclear burning of accreted material on the NS surface
(Type-I), or a sudden release of gravitational energy (Type-II). The RB is one of only
two NSs showing Type-II X-ray bursts and the only source showing both types. It
typically displays only Type-I bursts at high persistent luminosities, and both burst
types at lower ones (Bagnoli et al. 2013). Various models for the poorly understood
Type-II bursts have been proposed, including magnetospheric gating of the accretion
flow (Spruit & Taam 1993, see Bagnoli et al. 2015 for a recent overview of models), in
which a strong NS magnetic field truncates the accretion disc outside the innermost
2
stable circular orbit (ISCO; 6 Rg for a non-spinning NS, where Rg = GM /c is the
gravitational radius). Measuring the inner disc radius can thus provide a direct test
of such magnetospheric models for the RB.
Constraining the accretion geometry in LMXB is possible by modelling the reflection spectrum (Fabian et al. 1989): hard X-ray emission reflected off the accretion
disc, which prominently contains a gravitationally and dynamically broadended Fe-K
line at ∼ 6.5 keV. Using this approach, Degenaar et al. (2014) find an inner disc radius
of Rin = 85.0 ± 10.9 Rg in the Bursting Pulsar (GRO J1744-28, Kouveliotou et al.
1996; hereafter BP), the other source showing Type-II bursts. This truncation is much
larger than typically observed in NS LMXBs (6–15 Rg , see e.g. Cackett et al. 2010 for
a sample study). Hence, the question arises whether a similar truncation is present
in the RB. In this Letter, we present an analysis of new, simultaneous observations
of the RB using Swift, NuSTAR and XMM-Newton, aimed at constraining the inner
disc radius.

2.2
2.2.1

Observations
Swift

As RB outbursts are relatively predictable, a Swift (Gehrels et al. 2004) X-ray Telescope (XRT) monitoring campaign was carried out in Window Timing (WT) mode
to detect the start of the outburst. An outburst was detected on 2015 October 3 and
triggered, simultaneous NuSTAR and XMM-Newton observations were performed on
October 6. A single ∼ 500 s Swift observation (obsID 00031360129) coincided with
the NuSTAR and XMM-Newton observations. For this observation, we use xselect
v2.4d to extract an XRT spectrum from a 70.8 arcsec radius aperture. We create an
arf using xrtmkarf, take the rmf (v15) from the caldb, and rebin the spectrum to
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ensure a minimum of 20 counts per bin using grppha. As Swift-WT observations
1
of bright, absorbed sources tend to show residuals below ∼ 1 keV , we fit the Swift
spectrum only in the 1–10 keV range.

2.2.2

NuSTAR

NuSTAR (Harrison et al. 2013) observed the RB between 2015 October 6 12:11:08 and
October 7 15:11:08 (obsID 90101009002), amounting to ∼ 46 ks on-target exposure
time for both Focal Plane Modules (FMP) A and B. This full exposure consists of
∼ 40 ks non-burst and ∼ 6 ks burst exposure (see Section 2.3 for the determination of
burst intervals). We apply the standard routines nupipeline and nuproducts to extract source and background spectra for the non-burst and burst intervals separately.
We extract source spectra from a 120 arcsec radius circular aperture. As the source
dominates its chip, we extract background spectra from a same-sized region on the
opposite chip. However, we find no significant differences with background spectra
extracted from either the two remaining chips or a smaller background region on the
source chip. The source spectrum dominates above the background up to ∼ 30 keV,
so we fit the NuSTAR spectra in the range 3–30 keV.

2.2.3

XMM-Newton

XMM-Newton (Jansen et al. 2001) observed the RB between 2015 October 6 19:23:44
and October 7 06:12:20 (obsID 0770580601) with the EPIC-pn in timing mode and
MOS1/2 turned off, resulting in ∼ 18 ks on-target exposure (of which ∼ 3 ks burst
exposure). We process the Observation Data Files using XMM-Newton SAS v15. For
the RGS detector, we apply rgsproc to extract event lists for non-burst and burst
intervals separately. After assuring no background flaring is present, we combine
spectra of the same order from the two RGS detectors using rgscombine and rebin
to a minimum of 20 counts per bin. The extracted spectra show discrepancies between
the two orders, and between the RGS and XRT spectra, below 1 and above 2 keV.
Hence, we only consider the range 1–2 keV for the RGS spectra. In this work, we do
not search for narrow features in the RGS spectra.
The EPIC-pn spectrum (extracted using epproc and epchain with quality flag
= 0, pattern ≤ 4) shows cross-calibration issues with the Swift and NuSTAR spectra:
the continuum slope above ∼ 5 keV differs significantly between the spectra. Similar
issues in timing mode observations of black-hole binaries in the hard state have been
reported recently (see e.g. Ingram et al. 2017). Given the consistency between the
Swift and NuSTAR spectra, we decide to exclude the EPIC-pn spectra.
1

See http://www.swift.ac.uk/analysis/xrt/digest_cal.php#abs.
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Figure 2.1: Representative example of a Type-II burst in the NuSTAR observation. The characteric
dips, visible before and after the burst, form the border between the non-burst and burst GTIs. t0
is the start time of the observation.

2.3

Spectral fitting

The NuSTAR and XMM-Newton light curves contain no Type-I bursts and in total
56 Type-II bursts, an example of which is shown in Figure 2.1. Measuring the time
of the minima in the characteristic dips before and after each burst, we manually
define the non-burst and burst intervals used in the extraction of the spectra. Per
instrument, we extract a single burst spectrum combining all Type-II bursts. This
burst spectrum contains ∼ 47% (FMPA,FMPB) and ∼ 39% (RGS) of the total counts
in the observation. The Swift observation coincides fully with a non-burst interval.
We initially focus on the non-burst spectrum, and discuss on the burst spectrum at
the end of Section 2.3.2.
We use xspec v12.9.0 (Arnaud 1996) for the spectral fitting and assume solar
abundances from Wilms et al. (2000) and cross-sections from Verner et al. (1996).
We model interstellar absorption using tbabs and include a free constant between all
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Figure 2.2: The NuSTAR (FMPB), XMM-Newton RGS (order 2) and Swift unfolded spectra with
the best fitting tbabs (comptt + bbodyrad + relconv*reflionx + gauss) model. For clarity,
we show only a single spectrum per telescope. For comparison, we also show the unfolded FMPA
burst spectrum in green. The spectra have been rebinned for visual purposes in xspec using setplot
rebin. Note that small deviations appear visible in the Swift-spectrum between 2 and 3 keV.

spectra fixed to 1 for the FMPA spectrum). All quoted uncertainties are at 1σ.

2.3.1

Phenomenological modelling

Falanga et al. (2004) fit an Integral spectrum (3–100 keV) of the RB with a model
consisting of a powerlaw, a blackbody and a Gaussian Fe-K line. We adopt a similar
approach, but replace the powerlaw with the physically-motivated Comptonisation
2
model comptt (Titarchuk 1994). This model yields a reasonable fit with χν =
1.32 (3265/2477), and the inclusion of the blackbody component is required at high
2
significance (∆χ /∆d.o.f = 277/2). For the Gaussian component, we measure EG =
6.50 ± 0.02 keV and σG = 0.86 ± 0.03 keV, consistent with Falanga et al. (2004).
However, this phenomenological modelling does not provide us with a statistically
satisfactory fit, and a Gaussian does not adequately describe the feature around ∼ 6.5
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Figure 2.3: Top: 2D confidence contour for the inclination and inner disc radius or the BB-model.
Bottom: confidence plot of the inner disc radius for the blackbody and disc-models.
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keV. Hence, we turn to relativistic reflection modelling of the non-burst spectrum.

2.3.2

Relativistic reflection modelling

For our reflection fits, we replace the Gaussian line with the model reflionx (Ross
& Fabian 2005). We apply an adapted version of this model, which was calculated
2
with a comptt illuminating spectrum instead of a powerlaw , as comptt is dominant in the phenomenological fit at all energies. To include relativistic effects, we
convolve reflionx with relconv (Dauser et al. 2010). We link the input soft photon
temperature T0 , electron temperature kTe and optical depth τ between comptt and
reflionx. We fix the dimensionless spin parameter a = 0.0, as for NSs this value
ranges from 0.0 to 0.3 and has little effect on the surrounding metric (see e.g. Miller
et al. 1998). Indeed, setting a = 0.3 does not yield significant changes in either the
model parameters or the quality of the fit. Furthermore, we assume an unbroken
emissivity profile with a fixed slope of q = 3, as the slope is not contrained by the
data. This value is consistent with both theoretical expectations (Wilkins & Fabian
2012) and results from a sample study in NS LMXBs by Cackett et al. (2010). The
disc ionisation, parametrised as ξ ≡ 4πF /n, where F is the illuminating flux and n
the hydrogen number density, is left variable. In addition, we leave the inclination i,
inner disc radius Rin , and iron abundance AFe free to vary.
We attempt two possibilities for a soft component: diskbb and bbodyrad (the
complete models are hereafter referred to as the disc- and BB-model, respectively).
Furthermore, inspection of the residuals around the Fe-K line suggests the presence
of an additional narrow emission line around 6.4 keV. Hence, we also include a narrow
−3
Gaussian (σ = 10 ) fixed at this energy of 6.4 keV.
2
The disc-model yields a good fit, with χν = 1.13 (2789/2472) for a tempera+0.02
2
ture kTdisc = 0.73−0.01 keV. The BB-model results in the best fit, with χν = 1.10
(2727.8/2472) for a temperature kTbb = 0.55 ± 0.01 keV. All other parameters are
listed in Table 2.1. Most interestingly, the reflection component implies a large disc
+6.7
+9.2
truncation in both models: Rin = 41.8−5.3 Rg for the BB-model and Rin = 49.5−7.0 Rg
for the disc-model, both significantly larger than commonly observed in NS LMXBs
(e.g. Cackett et al. 2010). Both models also yield a consistent, low inclination estimate
o
of ∼ 30 and an intermediate disc ionisation of ξ ∼ 470. The latter is consistent with
the typical range observed in both black hole and NS LMXBs (log(ξ) ∼ 2 − 3). The
−9
−2 −1
BB-model yields an unabsorbed flux between 1–30 keV of 1.47 × 10 erg cm s ,
37
−1
corresponding to a luminosity of 1.23 × 10 erg s (at a distance of 7.9 kpc) and an
Eddington ratio of ∼ 3.2% assuming the emperical Eddington luminosity determined
by Kuulkers et al. (2003).
Figure 2.2 shows the spectra and the best-fitting relativistic reflection + blackbody
model. Figure 2.3 shows the confidence contours for the inner disc radius and the
2

http://www-xray.ast.cam.ac.uk/∼ mlparker/reflionx_models/reflionx_comptt_hightau.mod
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2.1:
Model parameters for the tbabs(comptt +gauss+soft component+relconv*reflionx)-models. All quoted uncertainties are at 1σ. We fix q = 3 and
a = 0.0.
Table

Component
tbabs
comptt

gauss
diskbb
bbodyrad
relconv
reflionx

Par. [Unit]
22
−2
NH [10 cm ]
T0 [keV]
kTe [keV]
τ
−2
Norm [10 ]
−4
Norm [10 ]
kTdisc [keV]
Norm
kTBB [keV]
Norm
o
i[ ]
Rin [Rg ]
ξ
AFe
Norm

BB-model
3.17 ± 0.03
1.54 ± 0.01
7.19 ± 0.08
+0.30
1.01−0.11
1.07 ± 0.03
1.66 ± 0.35
–
–
0.55 ± 0.01
450 ± 40
29 ± 2
+6.7
41.8−5.3
+61
470−14
+0.08
0.71−0.06
+0.4
10.8−0.9

Disc-model
3.64 ± 0.03
1.56 ± 0.01
7.12 ± 0.08
+0.20
1.00−0.11
1.10 ± 0.03
1.83 ± 0.34
+0.02
0.73−0.01
138 ± 15
–
–
32 ± 2
+9.2
49.5−7.0
460 ± 10
0.77 ± 0.06
+0.3
10.4−0.5

inclination. Both parameters are clearly well constrained by the data, and the inner
2
disc radius is inconsistent with the ISCO (i.e. 6 Rg ) at ≳ 14.1σ (∆χ ≳ 200) for either
model.
The emission line at 6.4 keV is significant at ∼ 5σ for both models, given the
uncertainty in the normalisation. This line, consistent with neutral iron, is also seen
in the BP (Degenaar et al. 2014), although it is more generally observed in high-mass
X-ray binaries (Torrejón et al. 2010). Letting its energy vary does not provide a
significant improvement of the fit (f-test probability p > 0.01 for both models). The
residuals in Figure 2.2 also suggest the presence of an absorption line around 6.9 keV.
However, the addition of a Gaussian absorption line is not statistically significant.
Fitting the BB-model to the RGS and NuSTAR burst spectra (see Figure 2.2)
yields a poorly constrained inclination and Rin . Thus, we instead fit the burst and
non-burst spectra simultaneously, tying the column density and inclination. This
2
results in a good fit (χν = 1.11 (4744.1/4272)) as now the non-burst data constrains
o
+3.3
the inclination at i = 22 ± 1 . We measure Rin = 40.1−2.8 Rg , consistent with the
non-burst value. Rin is inconsistent with the ISCO at ≳ 8σ. The burst spectrum
is significantly softer, yielding a lower electron temperature of kTe = 2.42 ± 0.03
keV. Finally, the Comptonised component is much stronger relative to the reflection
spectrum during burst intervals.
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2.4

Discussion

We present a spectral analysis of simultaneous NuSTAR, XMM-Newton and Swift
observations of the RB, aimed at contraining its accretion geometry and the origin
of its peculiar Type-II burst behaviour. The non-burst spectrum is well described
by a combination of the Comptonisation model comptt, relativistic reflection of this
Comptonised emission (relconv*reflionx), a soft (disc)blackbody and a narrow
emission line at 6.4 keV. From the reflection spectrum, we measure a large inner disc
o
truncation radius (∼ 40 − 50 Rg ) and a low inclination (∼ 30 ). Here, we will discuss
the nature of the disc truncation, the implications for Type-II burst models, and the
origin of the spectral components.

2.4.1

The nature of the truncated disc

NS LMXBs show a wide range of inferred inner disc radii, which can roughly be
divided into three categories: most sources show small inner disc radii of 6–15 Rg (12
LMXBs, see Cackett et al. 2010; Degenaar et al. 2015; Di Salvo et al. 2015; Ludlam
et al. 2016; Sleator et al. 2016). Secondly, five NS LMXBs, mostly (intermittent)
X-ray pulsars, show a slightly larger inner radius of roughly 15–30 Rg (Iaria et al.
2016; Miller et al. 2011; Papitto et al. 2013; Pintore et al. 2016; King et al. 2016).
Finally, two sources show significantly larger truncation radii: Degenaar et al. (2017b)
infer Rin ≳ 100 Rg for IGR J17062-6143, an LMXB persistently accreting a low
35
−1
rates (LX ≈ 4 × 10 erg s ). Although various possible explanations exist for
a truncated disc at such low LX , truncation by the magnetosphere would imply a
8
large NS magnetic field (≳ 4 × 10 G). Furthermore, Degenaar et al. (2014) measure
Rin = 85.0±10.9 Rg in the BP. Our result places the RB in this third category of large
disc truncations. As only the RB and the BP show Type-II bursts, the presence of a
large disc truncation in both forms an interesting constraint of Type-II burst models.
Models for Type-II bursts can be divided into different general categories (see
Bagnoli et al. 2015, for a review): instabilities in the accretion flow, general-relativistic
instabilities close to the ISCO, and interactions between the accretion disc and the NS
magnetic field. As only two LMXBs show Type-II bursts, it is difficult to distinguish
between these options. However, the first type of model is unable to account for
the uniqueness of the RB and the BP: such instabilities should be observed more
generally among NS LMXBs. The second category is strongly disfavored by our inner
disc radius measurement, as it requires the disc to extend up to the ISCO.
The most prominent model of accretion instabilities driven by a disc-magnetic field
interaction is a so-called trapped disc (Spruit & Taam 1993; D’Angelo & Spruit 2010).
At the magnetospheric radius Rm , the disc is truncated by the magnetic field (see
e.g. Pringle & Rees 1972). If the NS spin frequency exceeds the Keplerian rotation
frequency of the disc at this radius Rm , the magnetic field prevents accretion, confining
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infalling material in the disc (Sunyaev & Shakura 1977; Spruit & Taam 1993), or,
alternatively, resulting in outflows (Illarionov & Sunyaev 1975). As matter piles up,
the magnetospheric radius moves inwards, until the Keplerian frequency exceeds the
NS spin, matter swiftly accretes and Rm moves out again. This trapped-disc model
is consistent with our measurement of a large truncation radius in the RB, and the
similar result for the BP by Degenaar et al. (2014). Additionally, in this scenario a
change in Rin might be expected during bursts. However, the size of such a change
in inner radius is unknown; given the relatively large uncertainties on Rin (5–10 Rg ),
we might simply be unable to detect such changes significantly in our observations.
Assuming that the disc is truncated by the magnetic field, we can estimate the
magnetic field of the RB using Equation 1 in Cackett et al. (2009). We estimate a
−9
−2 −1
bolometric flux of Fbol = (2.25 ± 0.2) × 10 erg cm s by extrapolating the best fit
over the 0.1–100 keV range. Using geometrical and efficiency parameters from Cackett
8
2
−3
et al. (2009), we find B = (6.2 ± 1.5) × 10 (M /1.4M⊙ ) (R/10km) G. This estimate
is higher than generally observed for NS LMXBs (Mukherjee et al. 2015). A similarly
high magnetic field as in the RB is present in the 11-Hz pulsar IGR J17480-2446 in
Terzan 5 (Miller et al. 2011). This strengthens the proposed link between these two
sources (Bagnoli et al. 2013) and indicates that the Rapid Burster, like IGR J174802446, could be young, mildly recycled LMXB (Patruno et al. 2012). However, a spin
measurement for the RB remains necessary to confirm this scenario.

2.4.2

Completing the geometrical picture

Falanga et al. (2004) fit the continuum in a 3–100 keV Integral spectrum with a
combination of a powerlaw and a blackbody. The blackbody parameters (kTBB ∼ 2.2
keV, RBB ∼ 1.4 km) suggest that this continuum might originate from a hotspot on
the NS surface, as expected if the magnetic field truncates the disc, or a boundery
layer. Instead, we fit the continuum above 3 keV using a comptt-component, which
might thus arise from such a hotspot or boundary layer (instead of e.g. Comptonising
medium). In the trapped-disc model, such an origin could also explain the large
increase in the comptt-flux during bursts.
As we also have high-quality data below 3 keV, we detect an additional soft blackbody component unseen by Integral. Its temperature is consistent with the expectation for the NS surface at the inferred accretion rate (Zampieri et al. 1995), although
the implied radius of 16.7 km is larger than expected for NSs (∼ 10 km). However,
Zampieri et al. (1995) also show that the surface spectrum might slightly deviate
from a perfect blackbody. These deviations in the surface spectrum might thus explain why the bbodyrad model infers a larger radius than expected. If the soft
component indeed corresponds to the NS surface, it completes a self-consistent geometrical description of the RB spectrum with a large truncation radius and a hotspot
on the NS surface.
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Abstract
We present a comprehensive X-ray study of the neutron star low-mass X-ray binary
IGR J17062-6143, which has been accreting at low luminosities since its discovery in
2006. Analysing NuSTAR, XMM-Newton and Swift observations, we investigate the
very faint nature of this source through three approaches: modelling the relativistic
reflection spectrum to constrain the accretion geometry, performing high-resolution
X-ray spectroscopy to search for an outflow, and searching for the recently reported
+22
millisecond X-ray pulsations. We find a strongly truncated accretion disc at 77−18
gravitational radii (∼ 164 km) assuming a high inclination, although a low inclination
and a disc extending to the neutron star cannot be excluded. The high-resolution
spectroscopy reveals evidence for oxygen-rich circumbinary material, possibly resulting from a blueshifted, collisionally-ionised outflow. Finally, we do not detect any
pulsations. We discuss these results in the broader context of possible explanations
for the persistent faint nature of weakly accreting neutron stars. The results are
consistent with both an ultra-compact binary orbit and a magnetically truncated accretion flow, although both cannot be unambiguously inferred. We also discuss the
nature of the donor star and conclude that it is likely a CO or O-Ne-Mg white dwarf,
consistent with recent multi-wavelength modelling.

3 The very faint nature of IGR J17062–6143

3.1

Introduction

In low-mass X-ray binaries (LMXBs), either a neutron star (NS) or a black hole
(BH) accretes matter from a low-mass companion star overflowing its Roche lobe.
Such LMXBs typically are transient systems, displaying outbursts lasting weeks to
months and afterwards returning to quiescence for months to years. Around the peak
of these outbursts, where the accretion rate typically reaches few tens of percents
of the Eddington rate, the accretion flow is well described by a geometrically thin,
optically thick accretion disc extending to the compact object. At lower accretion
rates, an additonal, poorly-understood Comptonising structure of hot electrons is
typically located close to the compact object (see e.g. Done et al. 2007; Gilfanov
2010, for reviews). At such lower accretion rates, the accretion flow also changes its
structure significantly (Wagner et al. 1994; Campana et al. 1997; Rutledge et al. 2002;
Kuulkers et al. 2009; Cackett et al. 2013; Bernardini et al. 2013; Chakrabarty et al.
2014; D’Angelo et al. 2015; Rana et al. 2016): the inner flow is predicted to transition
into a radiatively ineffecient accretion flow (RIAF) as the thin disc evaporates into a
hot, thick flow (Narayan & Yi 1994; Blandford & Begelman 1999; Menou et al. 2000;
Dubus et al. 2001). Understanding this low-level regime of accretion is essential, albeit
challenging, to form a complete picture of accretion physics in LMXBs.
In both NS and BH LMXBs, the spectrum is observed to become softer as the
source becomes fainter, possibly indicating the formation of a hot, thick inner flow
(Armas Padilla et al. 2011, 2013a; Degenaar et al. 2013; Bahramian et al. 2014b;
Allen et al. 2015; Weng et al. 2015). However, the presence of a possible solid surface
and an anchored magnetic field in NSs creates several differences compared to BHs
at these lower accretion rates. Firstly, when high-quality spectral data is available at
lower rates, a thermal component unobserved in BHs emerges in NSs; this component
is thought to originate from the accretion-heated NS surface (Wijnands et al. 2015).
Additionally, a harder power-law tail is observed in NSs than in BHs (Armas Padilla
et al. 2013b,a; Degenaar et al. 2013; Wijnands et al. 2015). Finally, the magnetic
field of the NS can interact with the accretion flow, possibly truncating the disc
away from the compact object (e.g. Illarionov & Sunyaev 1975; Cackett et al. 2010;
D’Angelo & Spruit 2010). As the gas pressure decreases towards lower accretion rates,
this interaction and truncation might be more efficient in this accretion regime. disc
truncations have been inferred in a few NS LMXBs at larger radii than in BHs at
similar accretion rates, possible indeed caused by the NS magnetic fields (e.g. Tomsick
et al. 2009; Degenaar et al. 2014; Fürst et al. 2016b; Iaria et al. 2016; Degenaar et al.
2017b; van den Eijnden et al. 2017; Ludlam et al. 2017a, see Appendix A for a detailed
comparison.).
The low-luminosity epochs during the outbursts decays in transient LMXBs are
challenging to study due to the short timescales and low fluxes involved. However,
interestingly, a small sample of NS LMXBs is observed to accrete in this transi-
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tion regime persistently for years (LX ∼ 10 –10 LEdd , where LEdd is the Eddington luminosity, corresponding to the maximum possible accretion rate Chelovekov &
Grebenev 2007; Del Santo et al. 2007; Jonker & Keek 2008; Heinke et al. 2009; in’t
Zand et al. 2009; Degenaar et al. 2010, 2017b; Armas Padilla et al. 2013b). These
sources, called very-faint X-ray binaries or VFXBs, are thus interesting to study the
low-level accretion regime in between outburst and quiescence. However, these sources
evidently have an additional complication: it is currently unclear how they can persistently accrete at such low levels, and this persistent nature might make their faint
properties different from transient sources.
Two different explanations have been proposed to account for the persistently faint
nature of VFXBs: magnetic inhibition of the accretion flow and an ultra-compact
nature of the binary. In the former, a strong NS magnetic field truncates the inner
accretion disc, effectively preventing efficient accretion (Heinke et al. 2015; Degenaar
et al. 2014, 2017b). In this scenario, the field lines might act as a magnetic propeller,
which could cause the expulsion of gas into an outflow and reduces the accretion
efficiency. Alternatively, only a small accretion disc physically fits into the compact
binary orbit of a so-called ultra-compact X-ray binary, or UCXB (King & Wijnands
2006; in ’t Zand et al. 2007; Hameury & Lasota 2016). This second scenario can
evidently be tested directly by measuring the orbital parameters. More indirectly,
as the small orbit does not fit a hydrogen-rich donor (e.g. Nelemans et al. 2004; in’t
Zand et al. 2009), a lack of hydrogen emission from the accretion disc can hint towards
a ultra-compact orbit. However, several LMXBs lacking hydrogen emission without
having an ultra-compact orbit have been detected and additionally, a VFXB with
hydrogen emission has also been observed (Degenaar et al. 2010). Furthermore, these
two mechanisms are not necessarily conflicting: a strong magnetic field NS can be
located in a UCXB system, as in for instance 4U 1626-67 (Chakrabarty et al. 1997).
In this paper, we investigate the VFXB IGR J17062–6143 (hereafter J1706). Discovered in 2006 by the INTEGRAL satellite (Churazov et al. 2007), it has persistently
−3
−2
hovered between a luminosity of ∼ 10 –10 LEdd , for the past decade. Since its discovery, it has not been observed to either go into outburst or return to quiescence. Its
NS nature was identified by the detection of a Type-I X-ray burst in 2012 (Degenaar
et al. 2013), which also yielded a distance estimate of ∼ 5 kpc. More recently, the
analysis of a second Type-I burst in 2015 resulted in a larger estimated distance of
7.3 ± 0.5 kpc (Keek et al. 2017). In this work, we adopt this second, more recent, and
likely more accurate distance estimate.
The X-ray spectral properties of J1706 were studied by Degenaar et al. (2017b,
hereafter D17), analysing simultaneous Swift, Chandra and NuSTAR observations.
The NuSTAR and Chandra spectra clearly revealed a broad iron-K line around 6.5
−3
keV, for the first time at such a low (2.5 × 10 LEdd ) accretion rate in an NS LMXB.
This iron-K line is the most prominent feature of the reflection spectrum: photons
originating from close to the compact object (for instance from the Comptonising hot
−4

−2
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flow) reflecting off the disc into our line of sight. The iron-K line profile feature is
altered into a broadened shape by the rotation of the disc, gravitational redshift and
relativistic boosting (Fabian et al. 1989). Hence, by modelling both this line and the
remainder of the reflection spectrum, it is possible to infer geometrical parameters
such as the inner disc radius and inclination of the system.
Through detailed modelling of the reflection spectrum, D17 inferred that the ac2
cretion disc is truncated far from the NS at Rin ≳ 100 Rg , where Rg = GM /c is the
gravitational radius (∼ 2.07 km for a 1.4 M⊙ NS). Although the innermost stable circular orbit (ISCO; 6 Rg for a non-spinning compact object) could not be excluded at
3σ, this inferred inner radius is significantly larger than typically observed in accreting
neutron stars. At these low accretion rates, it is difficult to definitively distinguish
between the NS’s magnetic field truncating the disc, or the formation of a hot inner
flow resulting in a large inner disc radius. However, for J1706, the inferred inner
radius is also significantly larger than observed in two BH LMXBs at similar or lower
accretion rates: ≥ 35 Rg in GX 339-4 (Tomsick et al. 2009) and 12 − 35 Rg in GRS
1739-278 (Fürst et al. 2016b). As the formation of a hot flow might also be more
efficient in BHs, due to the lack of photons from the NS surface cooling the flow (e.g.
Narayan & Yi 1995), D17 concluded that the disc in J1706 is likely truncated by the
magnetic field. Under that assumption, the measured flux and Rin predict a magnetic
8
field of B ≳ 4 × 10 G.
Additionally, D17 performed high-resolution X-ray spectroscopy on the ChandraHETG spectra. Several (marginally) significant emission and absorption lines could
be detected, although an unambiguous identification was not possible. The presence
of blueshifted absorption suggests the presence of a wind, which might be driven by a
propeller resulting from the magnetic truncation of the disc or alternatively radiation
pressure in the disc. Interestingly, if the outflow is propeller-driven, combined with the
possible magnetic truncation of the accretion disc, this appears to be consistent with
the idea of magnetic inhibition in VFXBs introduced above. However, due to the low
flux of J1706, both results are merely marginally significant and require independent
confirmation with new observations. The recent detection of 163 Hz coherent X-ray
pulsations in J1706 by Strohmayer & Keek (2017) is consistent with this picture of a
magnetically truncated disc.
However, evidence for an ultracompact nature of J1706 was also recently found.
Hernández Santisteban et al. (2017) performed a multi-wavelength study covering the
optical, UV and NIR. Optical Gemini spectroscopy revealed a blue but featureless
disc spectrum, consistent with a hydrogen-poor donor star, as is expected in UCXBs
(in’t Zand et al. 2009). In addition, the modelling of the complete disc spectral-energy
distribution (SED) provides an estimate of the orbital period of 0.6–1.3 hour. Hence,
arguments can be made both for an ultracompact nature and for magnetic inhibition
of the accretion flow in J1706, and new, detailed observational studies are required to
fully understand its persistently low accretion rate.
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In this paper, we present a detailed study of new and archival X-ray observations
of J1706 by NuSTAR, XMM-Newton and Swift, aiming to understand its VFXB
nature through three approaches: high-resolution X-ray spectroscopy of the XMMNewton RGS spectra, broad-band reflection modelling of all observations, and finally
an extensive pulsation search in the XMM-Newton EPIC-pn data. While the low flux
of VFXBs makes each of these individual methods challenging, their combination
yields firmer constraints on the accretion properties of J1706.

3.2

Observations

We extended the set of observations of J1706 analysed by D17, which consisted of
NuSTAR, Swift (both from 2015) and Chandra (from 2014) observations, with new,
simultaneous NuSTAR and XMM-Newton observations from September 2016. For the
2015 observations, we applied the same approach to the data reduction as D17. For
clarity, we briefly review that approach in this section, in addition to a more detailed
discussion of the 2016 data. During the 2016 observations, J1706 shows a ∼ 16% lower
luminosity than in the 2015 data; we will discuss the similarities and discrepancies
between the two datasets in Section 3. We included the 2015 Swift observation to
increase the soft spectral coverage during the 2015 epoch. We did not reanalyse the
Chandra-observation, but instead focused on XMM-Newton RGS in our search for
narrow line features. During none of the analysed observation a Type-I burst was
observed.

3.2.1

NuSTAR

NuSTAR (Harrison et al. 2013) observed J1706 from 19:26:07 May 6 to 05:01:07 May
8 2015 (ObsId 30101034002) and from 08:46:08 September 13 to 14:36:08 September
14 2016 (ObsId 30101018002). We applied the standard nupipeline and nuproducts software to extract source and background spectra, and lightcurves, for both
observations. The 2015 and 2016 observations amount to a ∼ 70 and ∼ 67 ks exposure, respectively. Following D17, we selected a 30 arcsec circular source region and
a 60 arcsec background region from the same chip in both observations. As in D17,
we found a negligible (< 0.5%) difference in normalisation between the Focal Plane
Module A and B (FPMA/FPMB) spectra in the 2015 observation - hence, we combined the data from the two modules using addascaspec and addrmf. The 2016
observation shows larger deviations between FPMA and FPMB (∼ 6%), and are thus
not combined but rather fitted simultaneously with a constant floating in between.
Finally, we rebinned the combined 2015 spectrum and two separate 2016 FPMA and
FPMB spectra to contain at least 20 counts per bin. J1706 is detected above the
background in the entire 3–79 keV bandpass in the 2015 observation, and in the 3–50
keV range in the 2016 data.
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3.2.2

Swift

The Swift (Gehrels et al. 2004) X-ray Telescope (XRT) observed J1706 in Photon
Counting mode on May 6 2015 (ObsId 00037808005), simultaneously with the first
NuSTAR observation, amounting to a ∼ 0.9 ks exposure. We again followed the
extraction approach in D17. Using xselect, we extracted a source spectrum from a
12–71 arcsec annulus to circumvent pile-up issues, and a background spectrum from
a void region three times the size. We produced an arf file with xrtmkarf and used
the appropriate rmf file (version 15: swxwt0to2s6_20131212v015.rmf) from the
caldb. Finally, we rebinned the spectrum to contain a minimum of 20 counts per
bin.

3.2.3

XMM-Newton

XMM-Newton (Jansen et al. 2001) observed J1706 from 12:21:18 September 13 to
06:04:51 September 15 2016 (ObsId 0790780101). We extracted spectra from the
EPIC-pn, which operated in timing mode, and RGS detectors using the XMM-Newton
1
SAS v15 following the standard procedures in the SAS cookbook . The EPIC-pn
10–12 keV lightcurve does not show any background flaring, so we used all available
data. We extracted the EPIC-pn source and background spectra from regions of
RAWX between 30 and 46, and between 2 and 6, respectively. Using the ftool
epatplot, we explicitly checked for pile-up in the spectrum, which is not present.
We extracted the RGS spectra following the standard SAS guidelines, combining
the two detectors into one spectrum per order after visually confirming that the two
detectors are consistent. We analyse the resulting RGS first and second order spectra
in the 7.0–28.0 Å and 7.0–16.0 Å wavelength ranges, respectively.

3.3

Broad-band spectral analysis

We fitted the X-ray spectra using xspec v12.9.0 (Arnaud 1996). In order to model the
interstellar absorption, we included either tbabs or tbnew in each model, depending
on whether we use Solar abundances in the absorption column. We used cross-sections
from Verner et al. (1996) and Solar abundances from Wilms et al. (2000). In addition,
we included a floating constant between all spectra to account for normalisation offsets
between the data sets. We quote uncertainties at the 1σ level.

3.3.1

Phenomenological modelling

D17 phenomenologically described the 2015 Swift and NuSTAR spectra with a model
consisting of a powerlaw (pegpwrlw) and a blackbody (bbodyrad). To investigate
1
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the similarity between the spectra from the 2015 and 2016 observations, we first applied the same model to the 2016 data only – note that we did not include the RGS
spectrum in this broad-band modelling, but instead separately focus on it in Section
3.4. Due to the increased quality of the XMM-Newton EPIC-pn spectrum compared
to the Swift spectrum, this phenomenological model does not provide an adequate
2
description below 3 keV (χν ∼ 2.9 for 849 degrees of freedom). Large residuals remain
around 1 keV, which cannot be described by an additional diskbb component repre2
senting the accretion disc (χν ∼ 2.7). Instead including an additional Gaussian com2
ponent at this energy resulted in a highly improved fit (χν = 1083.8/846 = 1.28), with
the Gaussian centroid energy and width equal to 0.96 ± 0.01 keV and 0.18 ± 0.01 keV,
respectively (see Section 3.4 for a detailed analysis of this feature). The power
law index equals Γ = 2.00 ± 0.01, while the blackbody temperature and radius are
TBB = 0.365±0.003 keV and RBB = (6.96±0.2)[D/7.3kpc] km, respectively. Interestingly, this blackbody temperature is significantly lower than the TBB = 0.46±0.03 keV
found by D17.
In Figure 3.1, we show the unfolded 2016 spectra in the upper panel, and the
residuals for the D17-phenomenological model in the middle panel. The 2015 observations of J1706 contain a significant Fe Kα line; zooming in on the residuals of the
2016 data fitted to the continuum model (see Figure 3.2), suggests the presence of a
similar broad feature. To test whether this broad line is significant in the 2016 data as
well, we added a Gaussian line to the phenomenological model with a centroid energy
constrained to 6.4–6.97 keV (the possible range for Fe Kα emission). This results in a
2
−11
better fit, with χν = 1020.32/843 = 1.21 (f-test rejection probability of 5 × 10 ) and
−5
−2 −1
a line normalisation of (2.2 ± 0.35) × 10 photons cm s . The resulting Gaussian
+0.09
parameters are a centroid energy of 6.65 ± 0.08 keV, a width of 0.47−0.08 keV, and an
equivalent width of EW = 120 eV, all within the typical range for Gaussian iron lines
(e.g. Ng et al. 2010).
The bottom panel in Figure 3.1 shows the residuals after the inclusion of the two
Gaussian features at ∼ 1.0 keV and ∼ 6.66 keV. Some residuals below 2 keV remain
after the inclusion of a Gaussian around 1 keV; we will investigate the nature of these
residuals in detail in Section 3.4. Finally, slightly positive residuals are present above
∼ 30 keV. However, the inclusion of a second powerlaw component (as in Degenaar
et al. 2017b) does not significantly improve the fit (p = 0.01 for an unphysical powerlaw index of Γ = −2.5). Refitting the continuum model up to 30 keV only does not
result in any changes in the parameters, so these residuals do not influence the fit.
We also note that an absorption feature appears to be present at ∼ 8.2 keV. However,
as this feature is only present in the EPIC-pn spectrum (see e.g. Figure 3.2), it
most probably originates from known Ni, Cu and Zn fluorescence lines in the internal
2
instrument background spectrum around this energy.
2

See section 3.3.7.2 in the XMM-Newton Users Handbook
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Figure 3.1: Top: The 2016 XMM-Newton EPIC-pn (green), and NuSTAR FPMA (red)
and FPMB (blue) spectra unfolded around the best-fitting phenomenological model constant*tbabs*(bbodyrad+pegpwrlw+gauss+gauss). The FPMB and EPIC-pn spectra have
been rescaled by their fitted cross-calibration constant for visual clarity. Middle: χ for the phenomenological model in D17, showing a broad Fe Kα feature and an emission feature around ∼ 1 keV.
Bottom: χ for the best fitting phenomenological model. We discuss the residuals remaining below 2
keV in detail in Section 3.4.
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Figure 3.2: Data-to-model ratio of the 2016 XMM-Newton EPIC-pn (black) and NuSTAR FPMA
(red) spectra fitted with a simple continuum model (see Section 3.3.1). An excess emission feature
around the Fe Kα energy (6.4–6.97 keV) is clearly visible. The spectrum has been rebinned for visual
purposes.

Extending the best-fitting phenomenological model to the 0.3–79 keV range yields
−10
−1
−2
an unabsorbed flux of (0.98 ± 0.02) × 10
erg s cm , which is only slightly lower
−10
−1
−2
than the flux during the 2015 observations ((1.17 ± 0.02) × 10
erg s cm ). Given
this similarity in flux, spectral shape and parameters (apart from the ∼ 1 keV excess), and the presence of a Fe Kα line, we subsequently fitted the 2015 and 2016
observations together.

3.3.2

Relativistic reflection models

The iron line: diskline
Before including relativistic reflection in our spectral model, we first analysed the
continuum in the 2015 and 2016 observations together. Simply applying a model
consisting of pegpwrlw, bbodyrad and a Gaussian around 1 keV with all param2
eters tied results in a bad fit, with χν = 1905.3/1436 = 1.33. This is not surprising
given the difference in flux, and so we check which parameters differ significantly
between the two epochs. Inspection of the residuals reveals clear differences between the two datasets below 3 keV and a possibly different powerlaw index. Indeed,
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untying the blackbody temperature and radius results in a significantly improved
2
−31
fit (χν = 1730.0/1434 = 1.21; f-test rejection probability p ∼ 10 ). In addition,
untying the powerlaw index also results in a marginally significant improvement
2
−6
(χν = 1705.4/1433 = 1.19; p = 6 × 10 ), with a slightly harder spectrum in 2016
(Γ = 2.00 ± 0.01 compared to 2.08 ± 0.01). Untying the powerlaw normalisation however does not result in a significant improvement of the fit, both when the powerlaw
index is tied between the two epochs or free. All parameters of the final continuum
model are listed in Table 3.1.
We first modelled the Fe Kα line using the diskline-model (Fabian et al. 1989),
which models a single emission line from the accretion disc, assuming a Schwarzschild
metric, e.g. a dimensionless spin parameter of a = 0.0. For NSs, the spin a typically ranges from 0.0 to 0.3, where it only minimally impacts the surrounding metric.
Initially, we do not link the diskline parameters between the 2015 and 2016 observations. As in the 2015 observations alone, the inclination is ill-constrained in the 2016
2
o
observations. As χ is minimum at i ≈ 67 − 69 , we followed D17 and initially fixed
o
the inclination to 65 . The fitted iron line parameters (line energy, inner disc radius
and normalisation) are all consistent between the 2015 and 2016 epochs. Hence, to
increase the accuracy of our parameter determination, we link all three between the
2
2015 and 2016 spectra. The resulting fit (χν = 1580.8/1430 = 1.11) implies an inner
+22
disc radius of Rin = 77−18 Rg , with the ISCO excluded at a significance of ∼ 6.2σ.
As we will discuss in Section 3.6.1 in detail, the reflecting disc itself is not observed
in the X-rays. It is however clearly observed in the source’s SED (Hernández Santisteban et al., 2017.). The inner disc radius measurement from reflection spectroscopy
is consistent with the modelling of this SED, as the SED only constrains the inner
radius to be larger than the NS radius. Detecting the accretion disc in the SED but
not in the X-ray spectrum is consistent with a large truncation radius, as the accretion
disc X-ray emission originates from the innermost regions.
All parameters are listed in Table 3.1, and the unfolded spectrum, best-fitting
model and its residuals are plotted in Figure 3.3. We note that the diskline model
does not provide a better fit to the 2015 and 2016 data simultaneously than a simple
Gaussian line. This is not entirely surprising as the large truncation radius implies a
smaller distortion of the iron line shape by relativistic effects.
The bottom panel of Figure 3.3 shows that significant residuals remain below 2
keV. As can also be seen in the bottom two panels of Figure 3.1, including a Gaussian
feature around 1 keV improves the model fit, but does evidently not describe the
feature completely. To test the effect of this residual structure, we have refitted the
full model excluding energies below 2 keV. We only find significant changes in the
parameters of the bbodyrad and the gaussian components. This is unsurprising,
as the part of the spectrum described by these components is now removed. All other
parameters remain unchanged. Interestingly, we also find that excluding the data
2
below 2 keV yields a χν of 1360.95/1368 ≈ 1.00 for the remaining data. Hence, we
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are confident that the residuals below 2 keV do not influence our model fit. We will
discuss these residuals in more detail in Section 3.4.
As stated, the inclination of the diskline-model is poorly constrained: all values
o
o
2
between 5 and 90 lie within 3σ (e.g. ∆χ ≤ 9). Explicitly stepping through a
2
grid in inclination and inner radius reveals a complicated χ space, where a high
2
inclination and a truncated disc minimises χ but a second, isolated minimum exists
o
at an inclination of ∼ 25 and an inner radius around the ISCO. Hence, we cannot
exclude a disc viewed at low inclination extending to the ISCO. We will discuss this
further in Section 3.6.1.
For clarity, in Table 3.1, we also show the fit parameters for fixed inclinations of
o
2
+12
o
2
45 (yielding ∆χ = +1.85 and Rin = 49−11 Rg ) and 25 (yielding ∆χ = +7.05,
+0.68
Rin = 6.45−0.45 Rg ). In the latter, the iron line energy peggs at its maximum value of
6.97 keV. The continuum parameters do not change significantly with the inclination.
Similarly, including the RGS spectrum does not influence either the parameters or
the significances quoted in this and the previous paragraphs.
Using the relxill reflection model, D17 found a similarly truncated accretion
disc in the 2015-only data, although the ISCO could not be excluded at 3σ. When
instead modelling the 2015 data with diskline reflection, we can exclude the ISCO
at a significance of ∼ 4σ. Thus, the addition of the 2016 observations allows us to
more confidently infer that the inner disc in J1706 is truncated away from the ISCO.
Broad-band reflection: relxill and reflionx
A full relativistic reflection spectrum not only consists of the Fe Kα line but also
contributes to the complete X-ray continuum, for instance through the presence of
a Compton hump peaking around 10–20 keV. Hence, we extended our analysis from
the diskline reflection model to self-consistent models of the complete relativistically smeared reflection spectrum. We considered two options: (1) relxill (Dauser
et al. 2014; García et al. 2014), which models the illuminating powerlaw component
simultaneously with the reflection and thus replaces pegpwrlw, and (2) reflionx
(Ross & Fabian 2005) convolved with the relconv-model. In the second option, the
illuminating flux is provided by the pegpwrlw-component in the continuum, whose
power-law index is thus linked to the reflection spectrum. In both models, we again
o
fixed the dimensionless spin a to zero, the inclination to 65 and assume an unbroken emissivity profile with index q = 3, consistent with both theoretical predictions
(Wilkins & Fabian 2012) and observations (e.g. Cackett et al. 2010). Finally, we
set the iron abundance to one and initially linked all reflection parameters between
the 2015 and 2016 observations. Note that the untied continuum parameters (in the
blackbody and pegpwrlw) remained untied.
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Figure 3.3: The best-fitting relativistic-reflecion model with the XMM-Newton EPIC-pn, Swift-XRT, and two NuSTAR observations. Top: all
spectra unfolded around the best-fitting constant*tbabs*(bbodyrad+pegpwrlw+gauss+diskline) model. For visual clarity, the two sets of
simultaneously observed spectra have separately been rescaled by their fitted cross-calibration constant. For the same reason, we also do not plot
the 2016 FPMB spectrum, which is consistent with the FPMA data. See Section 3.3.2 for details on which parameters were tied between the
two observational epochs. Bottom: Residuals of the best fitting relativistic reflection model. Note that despite the Gaussian component, residual
structure remains around ∼ 1 keV, which we investigate in detail in Section 3.4.

Table 3.1: Best fit parameters to the NuSTAR combined FPMA&B (2015), Swift-XRT (2015), FPMA and FPMB (2016), and XMM-

Newton EPIC-pn (2016) spectra. For parameters unlinked between the 2015 and 2016 datasets, the year is noted with the model
a
b
component. The continuum model does not contain any Fe-Kα component. Notes: *frozen. flux between 0.3 and 79 keV. emissivity
−12
−2 −1
index. The pegpwrlw normalisation has units 10
erg cm s , while the gauss and diskline normalisations have units photons
−2 −1
cm s .

Parameter [Unit]

Continuum

tbabs
pegpwrlw (2015)

NH [10 cm ]
Γ
a
Norm
Γ
a
Norm
kTBB [keV]
Norm
kTBB [keV]
Norm
Ecentroid [keV]
σ [keV]
Norm
Eline [keV]
b
q
Rin [Rg ]
Rout [Rg ]
Norm
2
χ /d.o.f

22

0.119 ± 0.003
2.08 ± 0.01
156 ± 2
2.00 ± 0.01
156 ± 2
0.47 ± 0.03
+20.3
42.5−13.6
0.364 ± 0.003
206.8 ± 6.5
0.964 ± 0.004
0.18 ± 0.01
−3
(3.3 ± 0.2) × 10
–
–
–
–
–
1705.4/1433

pegpwrlw (2016)
bbodyrad (2015)
bbodyrad (2016)
gauss

diskline

−2

Continuum + diskline
o
o
o
i = 65
i = 45
i = 25
0.118 ± 0.003
0.118 ± 0.003
0.116 ± 0.003
2.04 ± 0.01
2.04 ± 0.01
2.04 ± 0.01
147.5 ± 2.1
147.8 ± 2.1
147.2 ± 1.9
2.01 ± 0.01
2.01 ± 0.01
2.00 ± 0.01
147.5 ± 2.1
147.8 ± 2.1
147.2 ± 1.9
0.54 ± 0.03
0.54 ± 0.03
0.52 ± 0.02
+8
+8
+10
23−6
24−6
28−7
0.368 ± 0.003
0.368 ± 0.003
0.370 ± 0.003
189.2 ± 6.3
189.7 ± 6.3
186.9 ± 6.2
0.961 ± 0.004
0.961 ± 0.004
0.959 ± 0.005
0.18 ± 0.01
0.18 ± 0.01
0.19 ± 0.01
−3
−3
−3
(3.3 ± 0.2) × 10
(3.3 ± 0.2) × 10
(3.4 ± 0.2) × 10
+0.06
6.73−0.05
6.75 ± 0.05
6.97−0.02
3*
3*
3*
+22
+12
+0.68
77−18
49−11
6.45−0.45
500*
500*
500*
−5
−5
−5
(4.7 ± 0.5) × 10
(4.5 ± 0.5) × 10
(5.9 ± 0.6) × 10
1580.8/1430
1582.7/1430
1587.9/1430
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Both broad-band relativistic reflection models are unable to describe the 2015
and 2016 observations simultaneously with physically realistic parameters. The first
2
2
model, using relxill, yields a χν of 1670.9/1430 = 1.17 ( ∆χ ≈ +90 compared to
the best diskline-models for the same number of free parameters). Importantly, the
reflection parameters are ill-constrained: the inner radius pegs at the minimum value
of 6 Rg , but all values up to 120 Rg are consistent within 3σ. Additionally, the iron
line complex is badly modelled: Figure 3.4 (left) shows the residuals between 3–10
keV, showing clear residual iron line structure around 6.5 keV. Similar problems arise
for the second, reflionx-based model. While the quality of the fit is slightly better
2
(χν = 1602.3/1430 = 1.12), the inner radius is again unconstrained: its best fit value
is ∼ 395 Rg , while the outer disc radius was fixed to 400 Rg , and all values down
to the ISCO are consistent within 3σ. Furthermore, again clear residual structure
remains in the data-to-model ratio, as can be seen in the right panel of Figure 3.4.
Despite the similarities between the 2015 and 2016 spectra, fitting both simultaneously with a broad-band reflection spectrum could be the cause of the problems
detailed above. However, untying the reflection parameters between the two sets of
observations does not resolve those issues. In the relxill-model, this results in a
2
marginally significant improvement (∆χ ≈ −37 for 4 additional degrees of freedom,
−6
f-test rejection probability ∼ 2 × 10 ), but the inner radii remain unconstrained
and the residual structure does not disappear. For the reflionx-models, untying
2
the reflection parameters does not result in a significant improvement (∆χ ≈ 13 for
∆d.o.f. = 3, f-test rejection probability p ∼ 0.009), while the two inner radii both
exceed 400 Rg . Finally, the same iron-line structure in the data-to-model ratio remains. For both models, we also attempted a broken emissivity profile with q1 = 0
and q2 = 3, which is more appropriate for a large scale height of the illuminating
source – again, this offered no improvements to the modelling.
Based on the above considerations, we conclude that the data quality of our 2016
observations is not sufficient to constrain the full broad-band relativistic reflection
spectrum. D17 were able to model the 2015 observation using relxill, although
the inferred inner radius was barely constrained; while Rin was found to exceed 100
Rg , the ISCO could not be excluded. Even though we fixed several parameters in
our reflection fits (among others spin and inclination), the lower flux in the 2016
observation does not allow us to apply a model more complicated than diskline. It
should be noted again that in 2015, J1706 was the first NS LMXB where the iron line
could even be detected at these low fluxes. Hence, it is not surprising that the data
does not allow for the most detailed analysis of the reflection.
The ∼ 1 keV excess
Finally, we briefly discuss the ∼ 1 keV excess emission. Similar soft excesses have
been observed in the fast modes of the EPIC-pn instrument (Guainazzi et al. 2014,
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Figure 3.4: Data-to-model ratios for the relxill (left) and reflionx-based (right) broad-band
reflection models. The red data in both panels is the combined 2015 NuSTAR spectrum, while the
black data is the 2016 XMM-Newton EPIC-pn spectrum. In both cases, clear iron-line residual
structure remains between ∼ 6 and 7 keV.

3

XMM-SOC-CAL-TN-0083 ). However, this instrumental effect is typically observed
in highly obscured sources. As NH is a factor ≳ 5 lower for J1706 than the sources
where this issue is reported, we do not expect that this effect plays a role (see for
instance Hiemstra et al. (2011), where the NH is ∼ 65 times higher). As discussed
later, we also observe a similar feature in the RGS spectrum, strengthening the case
that the feature is real.
Alternatively, it could arise from reflection. In addition to the iron line and the
Compton hump, reflection can provide a significant contribution around 1 keV. As
suggested by D17 and the failure of broad-band reflection models to describe the data,
the ∼ 1 keV excess might thus originate from a second, more distant reflection site.
Hence, we adjusted the best fitting diskline-model, replacing the ∼ 1 keV Gaussian
component with a second, unlinked diskline component. However, this results in
2
a significantly worse fit, with ∆χ ≈ +320 for the same number of free parameters.
Moreover, the second reflection site would be located at ∼ 17 Rg , which is within the
truncation of the accretion disc inferred from the iron line. Hence, we do not find
evidence for a second reflection site from the EPIC-pn data.

3.4

High-resolution spectroscopy

In the 2014 Chandra-HETG observation of J1706, D17 detected several marginally
significant emission and absorption lines, possibly originating from a outflow. However, the unambiguous identification of the lines and their origin proved difficult based
3

http://xmm2.esac.esa.int/external/xmm_sw_cal/calib/documentation/index.shtml
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on the Chandra data alone. Our XMM-Newton EPIC-pn spectrum contains a clear
excess around 0.9–1.0 keV (∼ 12–13Å). In order to investigate the nature of this excess
and revisit the detection of the narrow lines in the Chandra spectrum, we perform
a high-resolution spectral analysis of the XMM-Newton RGS spectrum. In this section, we first discuss the RGS continuum, followed by an initial phenomenological line
search and subsequent physical modelling. In this section, we switch from energy in
keV to wavelength in Ångström, as is common in high-resolution X-ray spectroscopy.

3.4.1

RGS continuum

Before focusing on narrow lines and the ∼ 1 keV excess, we investigated the properties
of the RGS continuum. The ∼ 1 keV (∼ 12.4 Å) excess emission in the EPIC-pn
spectrum is described with a simple Gaussian in the previous section, but the bottom
panel of Figure 3.3 shows that this is not fully adequate. Figure 3.5 (top panel)
shows the first and second order RGS spectra, unfolded around a constant. An
emission excess is visible around 11–12 Å, together with a strong oxygen edge around
23 Å. The neon edge around 14.2 Å, though, appears not as strong as the oxygen
edge. In a number of bins, the first and second order spectra deviate more than the
uncertainties and hence the results of more detailed line-modelling (Section 3.4.3)
should be interpreted with caution.
We first attempted to describe the RGS continuum with a simple absorbed blackbody model. However, such a model does not provide a good description of the data;
the first order spectrum is ill-described around and above the oxygen edge. Although
the blackbody temperature of TBB ≈ 0.35 keV is consistent with the broad-band spec21
−2
tral analysis, the hydrogen column density NH ≈ 0.35 × 10 cm is a factor three
below typically observed values and predictions based on ISM maps (Kalberla et al.
2005). Including a powerlaw-component, with Γ fixed to a value of 2.05 since it is
ill-constrained at these low energies, significantly improves the continuum description:
2
−13
χν = 946.30/768 = 1.23 (f-test rejection probability p ∼ 10 ). While the resulting
21
−2
NH ≈ 1.2 × 10 cm and TBB ≈ 0.33 keV are in line with the full spectrum, the
discrepancies around and above the oxygen edge largely remain (see the blue model
in Figure 3.5, top panel).
To more accurately model the oxygen edge in the continuum, we replaced the
simple absorption model tbabs by the more detailed tbnew-model. The tbnewmodel allows the absorption abundances of individual species to vary with respect to
21
the Solar abundances by Wilms et al. (2000). We fixed the value of NH to 1.2 × 10
−2
cm (Kalberla et al. 2005) and first allowed oxygen to vary. This model results in a
2
significantly improved fit of the order 1 and 2 RGS spectra (χν = 856.36/767 = 1.12,
−18
f-test rejection probability p ∼ 10 ) for a high oxygen abundance of AO = 1.94, and
a blackbody temperature of TBB ≈ 0.31 keV. Figure 3.5 shows this continuum model
both with solar abundances and an enhanced oxygen abundance; the discrepancies
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between the two models above 18 Å are evident. Alternatively, instead of being due
to a an enhanced oxygen abundance, the excess emission above the oxygen edge might
result from a combination of many C and N lines. However, such lines are clearly not
resolved and an enhanced oxygen abundance is sufficient to model to full continuum.
In order to understand the nature of the high oxygen abundance, we also attempted
to free the magnesium, iron and neon abundances, for both a fixed and a free oxygen
abundance. None of these options resulted in a significant improvement of the fit.
It appears that, with the exception of oxygen, all absorption edges are correctly
modelled by the (fixed) interstellar value of the hydrogen absorption. This implies
that the high oxygen abundance originates from the source – if it were interstellar,
a similar increase would be expected for other abundances, such as neon. Secondly,
the oxygen abundance in the ISM is not expected to deviate from the solar value by
more than a factor ∼ 1.3 (Pinto et al. 2013). Hence, the additional oxygen absorption
might instead have a circumbinary origin, as we will discuss in Section 3.6.1.

3.4.2

Line search

After analysing the continuum properties in the RGS spectra, we turned to an explorative search for narrow emission and absorption lines. Following the method detailed
in Pinto et al. (2016), we adopted the continuum model and subsequently added a
−1
narrow gaussian line with a fixed width of 500 or 2000 km s . We then fitted the
normalisation of this gaussian line, calculated its error, shifted the line by 0.01 Å and
repeated. This procedure returns, at each gridpoint in wavelength, two indications
for the presence of a narrow line: the line normalisation divided by its error, and the
improvement in the C-statistic ∆C. Note that we employ the C-statistic instead of
2
χ -statistics for the detailed line search and the subsequent line modelling, as it is
more accurate for low counts per bin. We stress that both measures are single trial
estimations of the significance of the narrow line; both merely hint to the presence
of emission or absorption but can be prone to false positives when considering only a
single dataset. Hence, the comparison with the similar Chandra line search in D17 is
essential to rule out possible false positives.
The order 1 and order 2 RGS spectra were fitted simultaneously and searched in
the ranges 7–28 Å and 7–16 Å, respectively, where the source is significantly detected
above the background. We excluded the range below 7 Å, as calibration issues between
the first and second order detectors result in large discrepancies between the two
spectra. We explicitly checked whether freezing the continuum parameters influences
the line search, but found that this does not alter the outcome.
Figure 3.5 shows the results of our phenomenological search for narrow lines: the
middle panel shows the decrease in the C-statistic ∆C, where ∆C = 9 corresponds to
a 3-sigma single-trial improvement. The bottom panel shows the line normalisation
divided by its error, where again Nline /σN = ±3 indicates the 3-sigma single-trial
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Figure 3.5: Results of the narrow line search in the RGS spectra for two different continuum
models. The top panel shows the RGS spectra and the two continuum models, all unfolded around a
constant to remove the instrument response. The middle panel shows the improvement in C-statistic,
for the addition of one free parameter (the line normalisation). The dashed line indicates ∆C = 9,
corresponding to a 3σ single-trial significance. The bottom panel shows the fitted line normalisation
divided by its 1σ-uncertainty, where a positive normalisation implies emission and a negative one
absorption. Different colors correspond to different continua: the black and red curves are calculated
−1
with the tbnew*(bbodyrad+po)-model, assuming free O and respectively a 500 and 2000 km s
linewidth. The blue curve corresponds to a model with Solar abundances in the absorption column;
the remaining trends in Nline /σN reveal the need for a non-Solar oxygen abundances.
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significance level. The black and red thick curves show the results for a linewidth
−1
−1
of 500 km s and 2000 km s , assuming a continuum with enhanced oxygen: both
velocities return consistent results, showing several possible emission features and a
single possible absorption feature. Note that the 2 potential emission lines around
11–12 Å are within the puzzling ∼ 1 keV excess observed in the EPIC-pn spectrum.
Finally, we also show the results assuming solar abundances in blue: clear residual
trends in the bottom panel remain, as Nline /σN generally slopes downwards between
12–20 Å and upwards between 20–28 Å, artificially enhancing the significances of any
lines.
The line search returns three emission lines, at 8.3, 11.35 and 11.8 Å, with at least
a 3σ single trial significance. Interestingly, similar lines are observed by D17 in the
Chandra spectrum, strenghtening the case that these are physical. Comparing both
line searches, the emission lines are possibly associated with blueshifted Fe XXIII
(restframe 8.82 Å), Fe XXII-XXIII (11.75 Å) and Ne X (12.125 Å), respectively.
The corresponding blueshifts, ranging from z ∼ −0.03 to z ∼ −0.06, are comparable
although not fully consisent. We also see an absorption line at 10.29 Å, as was also
found by D17, which is consistent with Fe XIX (restframe 10.82 Å) blueshifted by
z ∼ −0.05. Additionally, hints of a broad emission feature between 18–18.5 Å can
be seen in the top panel of Figure 3.5. While it is not picked up as a narrow line
in the search, the position is consistent with a combination of blueshifted O VII and
OVIII lines. If so, the blueshift of the OVIII line would lie in the range z ∼ −0.03 to
∼ −0.05.
We do not confirm several (hints of) absorption lines seen in Chandra. This could
arise due to differences between the detectors (for instance the low efficiency of RGS
compared to HETG around 7.5 Å) or differences is the used continuums: D17 did not
use an enhanced oxygen abundance, which can result in the artificial enhancement of
the line search significances. Finally, some of the Chandra lines could of course also
simply be statistical fluctuations.

3.4.3

Line modelling

The phenomenological line search hints towards the presence of a handful of narrow
absorption and emission lines in the RGS spectra. In order to further investigate
the nature of these lines and the ∼ 1 keV excess, we applied two different types
of line models on top of the continuum model: (1) bapec, a collisional ionisation
model expected for a shock origin, such as in a jet, and (2) photemis, a photoionisation model more suggestive of a wind origin. We assumed no velocity line
broadening. Since the abundances remained unconstrained when left to vary, we also
assumed Solar abudances in both models, despite the enhanced oxygen abundance in
the absorption column. Fixing these two parameters helps by reducing the number
of free and possibly degenerate parameters. In both line models, we initially set the
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redshift parameter to zero, and subsequently let it vary between −0.2 and 0.2. We also
let the continuum parameters, except for NH , free to vary. We employ C-statistics
and the initial continuum C-value is Ccont = 862.84 for 767 degrees of freedom.
First, we applied the collisional ionisation model bapec on top of the continuum.
Assuming no redshift, we find an improvement of the fit of ∆C ∼ 29 for two additional parameters: the normalisation and the temperature. Subsequently varying the
redshift between −0.2 and 0.2 results in the best line-model fit, with Cbapec = 807.76
for 764 parameters (∆C = 55.08 with respect to the continuum). We find a temper+0.06
ature of kTbapec = 1.15−0.07 keV and a blueshift of z = −0.048 ± 0.001, corresponding
−1
to ∼ 15000 km s . We do note that a number of additional local minima are located at different combination of redshift and temperature. However, these show a
significantly lower change in C-statistic of maximally ∆C ∼ 40.
In Figure 3.6, we show the RGS spectra, the underlying continuum model and
the best-fitting bapec model. The bapec-model fits both narrow lines and the ∼ 1
keV excess, the latter with a pseudo-continuum of weak lines. In addition, it also
accounts for the emission excess around 18 Å. However, there also appear to be
small discrepancies between the position of the narrow lines in the model and the
data, that we will discuss in Section 3.6.2. Finally, we attempted the addition of a
second bapec-component, with the same temperature and normalisation but opposite
velocity, mimicking the emission from second, receding outflow. This results in a
comparable fit with C = 802.80 and a slightly lower red/blueshift of z ∼ ±0.035 for
the two bapec-components.
We performed a Monte Carlo simulation to check the significance of the bapeccomponent and test whether its presence could result from a statistical fluctuation.
4
For this purpose, we simulated 10 sets of first and second order RGS spectra from the
best fit continuum model, an exposure time of ∼ 127 ks and the observed backgrounds.
The exposure time accounts for the combination of the separate spectra from each
detector, with individual exposures of ∼ 63.5 ks, into one spectrum per order. We
then fit the fake spectra, simulated from the continuum only, first with the continuum
model and afterwards with the continuum plus bapec model. Finally, we save the
change in fit statistic between the two fits. In Figure 3.7, we plot a histogram of
the resulting ∆C values. The value of ∆C in our real observations evidently greatly
exceeds any of the values from the simulated spectra. While the calculated number
4
of trials (10 ) formally yields a 3.7σ significance of the bapec-component, we note
that none of the trials exceeded, or even approached, the observed ∆C value. It is
important to reiterate that this significance is not merely due to the modelling of
narrow lines but also largely due to the pseudo-continuum of weak lines fitting the
broad ∼ 1 keV excess.
Alternatively, the photo-ionisation model photemis is not able to adequately
model the lines and the broad excess in the RGS spectra; assuming zero red- or
blueshift, the best fit results in an improvement of ∆C = 0.42 for 2 extra free pa-
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rameters (the normalisation and ionisation parameter). Freeing the redshift does not
immediately improve the fit. As the photemis model appears to be relatively inefficient in finding the global minimum fit statistic, we also explicitly searched a grid
in redshift and ionisation. Sampling the blueshift between z = −0.2 and z = 0.0
and ionisation parameters between r log ξ = 1.0 and r log ξ = 4.0, we find the best
fit at z ∼ −0.164 and r log ξ ∼ 1.5 with ∆C = 16.52. However, this model does not
adequately model the clear excess emission around 11–12 Å. Hence, we conclude that
photemis can not adequately model the RGS spectra and that we do not observe
hints for a photo-ionised wind in J1706, as suggested by D17. This is consistent with
the apparent stronger emission from Fe and Ne X compared to O VIII, as is expected
in a plasma that is collisionally ionised instead of photo-ionised.
D17 were able to describe the absorption features in the HETG spectra of J1706
using the pion-model in spex, which is the equivalent of photemis. This photoionised plasma model fit is primarily driven by a broad absorption feature around
15-16Å, which is not observed in our RGS spectra. As stated before, this difference
might arise due to the difference in continuum modelling (i.e. including an enhanced
oxygen abundance). Alternatively, the feature might be too broad and shallow to be
picked up in our narrow line search and to be significant in the line model fits.

3.4.4

Reflection modelling

Although the EPIC-pn excess at ∼ 1 keV can not be modelled with a diskline-model,
we considered a reflection origin of the observed emission and absorption features in
the RGS spectrum. We initially tried three different models: (1) xillver, which does
not include relativistic blurring (García et al. 2013), (2) relxill, which does include
blurring, and (3) diskline. In the first two cases, the reflection model contains
a powerlaw component. Hence, we both use this included powerlaw to model the
continuum-powerlaw and add it on top of the complete continuum (as in Madej et al.
2014).
All five resulting combinations of continuum and reflection fail to model the observed narrow features in the RGS spectrum, as they tend towards high ionisations
where neither narrow lines not broadended features are prominent; as a result, neither
the emission features around 11–12 Å nor those around 18 Å are accounted for, the
parameters remain unconstrained, and the reflection model simply mimics the continuum powerlaw. This is not particularly surprising – even the broad-band spectra,
that are more suitable for fitting the complete broad-band reflection models, are too
faint too adequately constrain such models despite the clear iron Kα line.
As a final check, we applied the xillverCO -model (Madej et al. 2014), which
models reflection off an oxygen-rich disc in an UCXB. Given the recent evidence for a
UCXB nature in J1706 (Hernández Santisteban et al., 2017.) and the enhanced oxygen absorption in our continuum modelling, such a model might be more applicable.
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Figure 3.6: The bapec-linemodel fit. The red line shows the complete best-fit model with z =
−0.048, while they cyan line shows only the continuum of the best model fit. The line model fits
both narrow lines and part of the continuum, most dominantly in the region around the EPIC-pn
excess at ∼ 12–13Å.

However, the same problems as above arise; we try adding the xillverCO -component
to the full continuum model, and replacing the powerlaw-component by the reflection
model, both with and without relativistic blurring. None of these options can either
significantly improve the fit or account for any of the emission features between 11–12
Å. This is again not surprising, as the soft reflection features from a CO disc are expected between 15–20 Å (see Madej et al. 2014, Figure 4). Hence, we find no evidence
that these features arise from either the same reflection site as the iron Kα line of a
more distant site, as suggested by D17.

3.5

Timing analysis

Strohmayer & Keek (2017) reported the detection of pulsations at 163.655 Hz in
th
the only RXTE observation of J1706, taken in 2008, making it the 19 discovered
accreting milli-second X-ray pulsar (AMXP; see e.g. Patruno & Watts 2012; Patruno

84

Density

3.5 Timing analysis

0.10
0.08
0.06
0.04
0.02
0.00

10000 trials
3σ
Data

0

10

20

30
∆C

40

50

60

Figure 3.7: Histogram of results of the Monte-Carlo simulation of the bapec-linemodel significance.
∆C is the chance improvement of the C-statistic when fitting the linemodel to simulated spectra
without any narrow lines. The red line indicates the measured ∆C in the observed RGS spectra of
J1706

et al. 2017). The signal is detected in the 2–12 keV energy band at a 4.3σ overall
significance. Given the short exposure of the observation (∼ 1 ks), the orbit can only
be constrained to ≳ 17 minutes, although a dynamical power spectrum does suggest
an orbitally induced variation of ∆ν ≈ 0.002 Hz. As our XMM-Newton EPIC-pn
observation is ∼ 63 ks in timing mode, detecting the pulsation could provide us with
an orbital solution and a confirmation of the AMXP nature of J1706. For this purpose,
we applied a simple FFT pulsation search, an acceleration search and a semi-coherent
search of the XMM-Newton observation. We explicitly checked the first two methods
on the RXTE observation as well, confirming the results by Strohmayer & Keek
(2017).
We barycentered the photon arrival times using the barycorr-tool in SAS with
the source position from Ricci et al. (2008), and extracted light curves in the full
0.5–10 keV and 2.0–10.0 keV energy bands. Similar to what Strohmayer & Keek
(2017) used for the RXTE data, we rebinned our XMM data to a time resolution
−13
of 2
s, corresponding to a Nyquist frequency of 4096 Hz. We then FFT’ed the
light curves and computed individual, Leahy-normalised power spectra of segments
of length 64, 128, 256, 512 and 1024 s (i.e. corresponding to a 1/64 to 1/1024 Hz
frequency resolution). Given the frequency drift reported by Strohmayer & Keek
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Figure 3.8: Leahy-normalised power spectrum of the XMM-Newton observation of J1706. This
power spectrum shows the average of all power spectra generated from 128 s segments with a Nyquist
frequency of 4096 Hz. No pulsations are visible at the reported pulsation frequency, shown by the
dashed line.

(2017), combined with the possible UCXB-nature of J1706 (Hernández Santisteban
et al., 2017.), we do not search longer segments: the orbital frequency drift would
become large and spread out the signal over multiple frequency bins. For instance, in
−1
a 2048 s segment, a signal with the reported drift of ∼ 0.002 Hz ks would be divided
over 8 bins.
We do not detect any significant pulsation at any frequency, including in the
163–164 Hz range, in any individual power spectrum for both energy bands. The
same holds when we average all power spectra computed from segments of the same
length, in order to reduce the noise. We show an example of such an averaged power
spectrum, using 128 s segments, in Figure 3.8. The red line shows the pulsation
frequency reported by Strohmayer & Keek (2017). To overcome the trade-off between
total counts (pushing a long segment size) and orbital frequency drift (pushing a short
segment size), we apply two more sophisticated techniques with a higher sensitivity.
Firstly, we applied an acceleration search using the accelsearch routine in
4
PRESTO , described in detail in Ransom et al. (2002). Here, the assumption is
4
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that over a small fraction of the orbit (maximally ∼ 10%), the orbital acceleration
and thus the frequency drift is approximately constant. The smeared out pulse signal
is recovered by combining the power in adjacent bins. As PRESTO was originally
developed for radio data, we first converted the XMM-Newton event tables to a binary file with the photon times of arrival using custom software. We computed such
binary files for the same two energy bands as before; for each band, we analyse the
entire observation (where the acceleration is definitely not constant) and individual
1000 and 2000 s segments. We focused the acceleration search on the range between
100 and 200 Hz, combining maximally 200 adjacent frequency bins to recover a signal.
Again, no significant signal is present at 163–164 Hz in any of the segments (full
observation, 1000 s, or 2000 s) in either energy band. This lack of a significant signal is
not necessarily surprising; given that the assumption of a constant orbital acceleration
holds for approximately 10% of the orbital period, an acceleration search in a 1000
s segment is only effective for orbital periods of ≳ 2.78 hours. Instead, the orbit in
J1706 is likely to be shorter (Hernández Santisteban et al., in 2017.). However, using
shorter segments would reduce the signal to noise such that a signal might not be
detected either. We tested this explicitly be checking 200 s segments as well, where
we do not find any (real or instrumental) features at a single-trial significance of ≥ 3σ.
We do find signals at 130.57 Hz and 125.13 Hz recurring in several of the 1000 and
2000 s segments. To test their nature, we exactly repeated our analysis on XMMNewton EPIC-pn timing-mode observations of the NS LMXBs MXB 1730-335 (i.e.
the Rapid Burster; obsid 0770580601) and HETE J1900.1-2455 (obsid 0671880101).
In both sources, these signals are present as well, confirming that their origin is not
related to J1706.
Finally, we applied a semi-coherent pulsation search as described in detail in Messenger (2011) and Messenger & Patruno (2015), using the EPIC-on instrument time
resolution of 29.56 µs. In this method, a physically motivated section of the relevant parameter space (e.g. spin frequency, orbital period, semi-major axis and orbital
phase) is sampled to produce a set of template orbits. The pulsations are then searched
in two stages, a coherent one and an incoherent one. The coherent stage uses short
data segments, in our case 41-s long, and searches for a coherent signal (i.e., tracking
the signal phase) using a Taylor series expansion in frequency derivatives as the signal
model. In the incoherent stage the coherent segments are combined and the signal
power summed according to the template orbital and spin parameters.
In our search we explored spin frequency in the range 163.63–163.67 Hz , orbital
periods between 0.25 and 6 hours, a semi-major axis between 0.01–1 lt-s and an orbital
phase 0–2π. While centered around the expected values, the extent of the parameter
space selected is not dictated by a true physical motivation but rather by the limited
computational power used. This approach overcomes the limitation of the acceleration
search, where the low count rate makes finding signal in short segments challenging:
in the semi-coherent search, the entire observation is analysed by explicitly including
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the non-linear orbital frequency drift in the analysis. We find, however, no signal in
the XMM-Newton data, with 90% false alarm probability upper limits on the pulsed
fraction of 5.4%. An additional search covering an expanded spin frequency range
of 158.655–168.655 Hz, at 30% lower sensitivity, also failed to detect any significant
signal.

3.6

Discussion

We present an extensive X-ray characterisation of the VFXB IGR J17062-6143 with
NuSTAR, XMM-Newton, and Swift. High resolution X-ray spectroscopy of the RGS
spectra reveals evidence for an oxygen-rich absorbing medium and shows hints for
a mildly-relativistic, shocked outflow. Secondly, broad-band spectral fitting suggests
+22
the presence of a truncated accretion disc with an inner radius of 79−18 Rg . Finally, an
extensive pulsation search in the EPIC-pn data does not detect the recently reported
pulations at 163 Hz using RXTE data (Strohmayer & Keek 2017).

3.6.1

The nature of VFXBs

First, we will discuss two proposed explanations for the (sustained) very-faint nature
of persistent VFXBs – an ultra-compact orbit and magnetic inhibition – and whether
these can account for J1706’s properties. We will also briefly discuss the possibility
of both occuring in the same source.
UCXB with a white dwarf donor?
A possible origin for the low luminosities of VFXBs is the presence of an ultra-compact
orbit (King & Wijnands 2006; in ’t Zand et al. 2007; Hameury & Lasota 2016). Such
an UCXB might not be able to physically fit a large enough disc to sustain a higher
accretion rate. In addition to a small orbital period, such systems could show a lack
of Hα emission from the disc as a hydrogen-rich donor does not fit in the small orbit
(e.g. Nelemans et al. 2004; in’t Zand et al. 2009). However, Hα emission has been
observed previously in a VFXB, ruling out a compact orbit as a universal explanation
(Degenaar et al. 2010). Furthermore, a non-detection of Hα does not necessarily
imply an ultra-compact nature of the binary. Here, we will discuss whether the X-ray
properties of J1706 contain hints towards an UCXB nature, focusing on the RGS
continuum.
The enhanced oxygen abundance measured in the RGS spectrum is unlikely to
be of interstellar origin for two reasons: the interstellar oxygen abundance towards
LMXBs is measured to be at most ∼ 1.3 times the Solar abundance (Pinto et al. 2013).
Secondly, we do not detect a similarly enhanced abundance of neon, which would
expected if the excess oxygen was of interstellar nature. Instead, the neon edge is
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in fact well modelled by the NH value determined with lower-resolution instruments.
Thus, the high oxygen abundance is more likely instrinsic to the source: possibly,
outflowing material rich in oxygen could create a local overdensity of circumbinary
absorbing material. In this scenario, such outflowing material is also expected to show
blueshifted oxygen emission. Indeed the relatively broad emission feature around 18
Å might be a combination of O VIII and O VII emission blueshifted by ∼ 0.05c.
In the above scenario, the accreted and expelled material is rich in oxygen. Hence,
the donor star in this system might be a white dwarf (WD), requiring an ultracompact orbit to allow Roche-lobe overflow. Identifying the nature of this possible
WD is difficult using only the RGS spectra: on the one hand, the potential strong
Ne X emission feature in the outflowing material might suggest that the donor is a
O-Ne-Mg WD. On the other hand, as mentioned above, the neon edge is correctly
modelled by merely the interstellar absorption. Alternatively, the donor could be a
CO WD. However, the C-edge lies outside the RGS band, preventing us from directly
investigating the C abundance in the RGS spectra. If the donor is indeed a CO WD,
the strong Ne X emission line might simply result from the collisional ionisation, which
tends to produce stronger Fe and Ne lines than O lines. The class of UCXBs contains
several similar examples of possible CO or O-Ne-Mg WD donor identifications through
X-ray spectroscopy: most prominently, HETG spectroscopy suggests the presence of
such a WD donor in 4U 1626-67 (Schulz et al. 2001; Krauss et al. 2007), while similar
arguments have been made for several other (candidate) UCXBs (see e.g. Juett et al.
2001; Juett & Chakrabarty 2003, 2005; Nelemans et al. 2004, 2006).
Recently, Koliopanos et al. (2013) and Koliopanos et al. (2014) suggested that
the Fe Kα line might be heavily surpressed in UCXBs with WD donors, as photons
around ∼ 7 keV would be mainly absorbed by oxygen instead of iron. J1706 shows
a strong iron line in both XMM-Newton and NuSTAR, which is at odds with this
statement if the donor is indeed a WD. However, Madej et al. (2014), adjusting the
xillver reflection model to CO WD donors, did not find an attenuation of the iron
line. According to Madej et al. (2014), this difference originates from solving the
ionisation structure of the illuminated disc, instead of assuming a neutral gas as in
Koliopanos et al. (2013).
A WD donor in J1706 is also consistent with the results from the recent extensive
near-infrared, optical and UV investigation by Hernández Santisteban et al. (2017).
Although the orbital parameters of J1706 could not be determined exactly, this SED
analysis places an upper limit on the orbital period of ∼ one hour. Furthermore,
they report a distinct lack of Hα emission in a single-epoch optical spectrum, as
expected in UCXBs (Nelson et al. 1986; Nelemans et al. 2004, 2006; Werner et al.
2006). The small orbit is required for a WD to Roche-lobe overflow such that we
observe the system as an LMXB, while the lack of detected hydrogen is consistent
with a WD donor. However, we reiterate that a lack of Hα does not necessarily
imply a compact orbit – several LMXBs have been observed both with and without
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Hα emission between different epochs (see Hernández Santisteban et al. (2017) for
a more detailed discussion) – and a VFXB with Hα emission has been observed as
well (Degenaar et al. 2010). We also note that several UCXB are not very-faint X-ray
binaries (Heinke et al. 2013). So merely being an UCXB is not sufficient to be a
VFXB ánd VFXBs can not form a single subset of a larger class of UCXBs.
Magnetic inhibition
An alternative proposed idea for the nature of persistently very faint accreting neutron stars, is that of magnetic inhibition of the accretion flow Heinke et al. (2015);
Degenaar et al. (2014, 2017b). In this scenario, the neutron star magnetic field is
strong enough to truncate the accretion disc away from the ISCO and as such prevent efficient accretion. In such a geometry, the magnetic field might also launch
a propeller-driven outflow (e.g. Illarionov & Sunyaev 1975). Through X-ray reflection spectroscopy, the inner disc radius can be measured to search for such a disc
truncation. However, disc truncation is not direct evidence for magnetic inhibition,
especially at low accretion rates where the accretion flow changes structure: the inner
accretion disc can transition into a RIAF, also effectively resulting in a truncation of
the thin disc (e.g. Narayan & Yi 1994).
Distinguishing between the formation of such a RIAF and magnetic truncation is
problematic in a single source, but the comparison with the full sample of measured
inner disc radii could help break the degeneracy. Hence, we present such a comparison
in Figure 3.9: both panels show the measured inner disc radii versus X-ray luminosity
of both a large sample of NSs and three BHs – the latter, containing 2 BH LMXBs and
the BH HMXB Cyg X-1, are selected for their coverage of the low X-ray luminosity
regime (see Appendix A). In the left panel, we plot estimates of the inner disc radius
measured using the diskline-model, while in the right panel we plot those determined
using broad-band reflection models such as relxill or reflionx. We also include
our inner disc radius measurement for J1706 in both panels.
Appendix A contains detailed information on source selection and the conversion
to the used energy band (3–79 keV). In both panels, the black (dotted) lines indicate
the predicted relation between inner radius and luminosity for a given magnetic field
strength, following equation 1 in Cackett et al. (2009) and assuming magnetic disc
5
truncation . We stress that, since the datapoints come from a heterogenous set of
analyses and publications with different underlying assumptions and caveats, these
plots only present global trends and cannot be used for any detailed inferences. For
important caveats and differences between the publications and assumptions, we refer
the reader to Appendex A as well.
Due to observational challenges, the low X-ray luminosity region of interest is
highly undersampled, both in BHs and NSs: in addition to J1706, only a single inner
5
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radius measurement in a NS LMXB has been made below LX = 10 erg s (Cackett
et al. 2010). Prior analysis of high-quality XMM-Newton spectra in three persistent
VFXBs at even lower X-ray luminosities (Armas Padilla et al. 2013a) or two transient
VFXBs (Armas Padilla et al. 2011, 2013b) did not reveal any reflection features.
Hence, the current data is not yet sufficient to distinguish between ADAF formation
and disc truncation by the magnetic field at low luminosities. In addition, other
sources show a truncated disc at much higher luminosities, where ADAF formation
is less likely (for instance the Rapid Burster and the Bursting Pulsar), without being
VFXBs; while a different type of disc-magnetic field interaction might be at play in
those sources (such as a trapped disc; D’Angelo & Spruit 2010; Degenaar et al. 2014;
van den Eijnden et al. 2017) and the Bursting Pulsar has a very wide (∼ 11.8 day)
orbit (Finger et al. 1996), this shows that magnetic truncation is not always sufficient
to inhibit accretion and create a VFXB.
So can magnetic truncation explain the persistent VFXB nature of J1706? Our
+22
o
measured inner disc radius of 77−18 Rg (assuming an inclination of 65 ) would be consistent with such a scenario. J1706 also shows a disc truncation significantly larger
than typically observed in the complete sample. However, we cannot currently unambiguously infer the truncation’s origin from either the source itself or the complete
sample. There is also the additional complication of the unconstrained inclination: a
o
low inclination (e.g. 25 ) yields a disc extending to the ISCO and cannot be excluded
at 3σ. If J1706 is indeed viewed at such a low inclination, magnetic truncation cannot
account for its VFXB nature. While in such a scenario we might also expect to observe stronger reflection features (such as the currently undetected Compton hump)
and a disc component (which we do not observe; see Section 3.6.1), we cannot exclude
this possibility.
We can however still estimate the magnetic field strength required to create the
measured disc truncation; for this exercise, we apply equation 1 from Cackett et al.
(2009), assuming a mass of 1.4 M⊙ , a radius of 10 km, an accretion efficiency of 20%,
and an anisotropy correction factor and a geometry conversion factor of unity. We
−10
−1
−2
convert the observed flux of 0.98×10
erg s cm to luminosity using a distance of
7.3 kpc (Keek et al. 2017). As this flux was calculated over the 0.3–79 keV range, we do
not apply an additional bolometric correction. The estimated field strength amounts
8
to B = (2.5 ± 1.1) × 10 G. Based on the detected 163 Hz pulsations, Strohmayer
8
& Keek (2017) infer a similar magnetic field strength of B ≤ 3.5 × 10 G. If instead
the source’s inclination is low, and the disc truncates at the ISCO, we can put an 3σ
6
upper limit on the magnetic field strength of B ≤ 4.8 × 10 G, lower than in any other
accreting millisecond pulsar (Mukherjee et al. 2015).
−1

91

Rin [GM/c2 ]

3 The very faint nature of IGR J17062–6143

100
90
80
70
60
50
40
30
20
10
0
1035

Broadband reflection

Diskline

3 ×107
1 ×108
3 ×108
1 ×109

1036

1037

Luminosity [erg s−1 ]

1038

1039 1035

1036

1037

G
G
G
G

Luminosity [erg s−1 ]

J1706
GRS 1739−278
Cyg X−1
GX 339−4

1038

1039

Figure 3.9: Overview of inner disc radius measurements as a function of bolometric X-ray luminosity (0.3–79 keV). The left panel shows estimates with the diskline model, while the right panel
contains broad-band reflection estimates (with e.g. relxill or reflionx). Each source has its own
marker, listed in Table 3.2 in Appendix A. The thick black line indicates the ISCO, assuming the
Schwarzschild metric, while the other black lines show curves of constant magnetic field assuming a
magnetically truncated disc. J1706 and the black holes are shown in both panels for easy comparison.
In grey, we plot three examples of BH LMXBs. We stress that this plot only presents global trends,
and cannot be used for detailed inferences due to differences in the individual analyses. For details
on the sources, references, and caveats see Appendix A.

Magnetic truncation in an UCXB?
Finally, we briefly discuss the option of both magnetic inhibition and an ultra-compact
orbit combined resulting in a VFXB. Such a scenario would not be particularly surprising: firstly, given the lower luminosities during outbursts of UCXBs, a smaller
magnetic field is required to create a significant truncation. This is clearly shown by
comparing J1706 with the Bursting Pulsar (Kouveliotou et al. 1996) in Figure 3.9
(light blue downward triangle): while the measured inner radii of the two sources are
the same within their uncertainties, the magnetic field required to cause the measured
truncation is orders of magnitude higher in the Bursting Pulsar. Secondly, Hameury
& Lasota (2016) suggest that in UCXBs the same instability might be responsible for
the X-ray outbursts as in wider LMXBs, but occurring at much lower luminosities.
This assumes a slightly different viscosity parameter in UCXBs, possibly due to a different composition of the accreted material. In this scenario, at their low-luminosities,
UCXBs are thus not expected to behave the same as wider-orbit binaries, possibly
still showing a thin disc. In other words, in this model UCXBs do not necessarily
form the RIAF-geometry expected at low luminosity in wider LMXBs. Finally, the
lack of hydrogen, resulting in a higher average number of nucleons per electron than
in hydrogen-rich material, might impede efficient channeling of gas by the magnetic
field lines, resulting in a more effective inhibition of the accretion flow.
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Could both mechanisms be at play in J1706 simultaneously? The recent SED
investigation by Hernández Santisteban et al. (2017) and the RGS continuum both
suggest a UCXB nature of J1706, while the reflection modelling is consistent with
magnetic truncation of the disc. If the companion in J1706 is indeed a WD, this
might lead to the scenario as proposed by Hameury & Lasota (2016). Moreover,
J1706 would not be unique in this regard: a handful of UCXBs with WD donors (XTE
J1751-305, XTE J0929-314, XTE J1807-294, Swift J1756.9-2508 and NGC6440 X-2;
e.g. Patruno & Watts 2012) could possibly have a truncated disc as pulsations and
channeled accretion are observed. However, also the combination of both mechanisms
is not always sufficient: 4U 1626-67 is both an UCXB and possesses a strong magnetic
field (Chakrabarty et al. 1997), but is not a VFXB. Hence, even in combination with
magnetic inhibition, an ultra-compact orbit does not necessarily imply a low X-ray
luminosity.

The origin of the blackbody emission
As Type-I bursts are observed in J1706, part of the material must be accreted onto
the NS surface. The SED modelling in J1706 by Hernández Santisteban et al. (2017)
shows that the X-ray blackbody component can not originate from the compact accretion disc. Together with the analysis in D17, we now have estimates of the X-ray
blackbody parameters in three different epochs: 2014 (Chandra), 2015 (Swift) and
2016 (XMM-Newton). Updating the D17 results to a source distance of 7.3 kpc, the
blackbody radius is measured to be 5.9 ± 0.2 km, 8.1 ± 0.9 km and 7.2 ± 0.2 km in
these three epochs respectively. While only the latter two are consistent, all three
are larger than the expected size of a hotspot at the magnetic poles. Instead, they
might originate from the NS surface itself, with its expected radius of ∼ 11 − 12 km.
Note that in our analysis, we find a lower blackbody radius (4.8 ± 1.3 km) in the Swift
data than D17. This probably follows from the inclusion of a low-energy Gaussian to
account for the ∼ 1 keV excess in the EPIC-pn spectrum.
The blackbody temperature has decreased from 0.48 ± 0.01 keV (2014) and 0.47 ±
0.01 keV (2015) in the first two epochs to 0.36 ± 0.01 keV (2016) in the final epoch.
These values are consistent with the expected range of NS surface temperatures due
to accretion predicted by Zampieri et al. (1995), who estimate a temperature of 0.35
−4
−3
keV at an accretion rate of 10 LEdd , increasing to 0.53 keV at 10 LEdd . Indeed,
the luminosity of J1706 was approximately two times higher in 2014 than in 2016,
possibly accounting for part of the temperature change. Again, the addition of a
∼ 1 keV Gaussian feature in the modelling of the 2016 data might also influence the
measured temperature. We do note however that the calculations by Zampieri et al.
(1995) do not include channeled accretion, which might be present in J1706 given the
detection of pulsations in the RXTE data.
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3.6.2

High-resolution spectroscopy

A propeller-driven outflow?
Here, we briefly discuss the potential detection of an outflow in the RGS spectra,
before discussing a number of important caveats to the data and the analysis in
section 3.6.2. The EPIC-pn and RGS spectra of J1706 indicate the presence of excess
emission around an energy of ∼ 1 keV, and an initial line search reveals hints of
a number of narrow lines consistent with earlier Chandra observations. A detailed
analysis of the high-resolution RGS spectra reveals that this excess can be modelled
as a blueshifted, collisionally ionised combination of both string narrow lines and a
quasi-continuum of weaker lines. The blueshift of the linemodel (z = −0.048), which
is consistent with those for the lines suggested by the linesearch in both RGS and
HETG (z = −0.03 to −0.6), indicates a possible outflow.
Our results are consistent with the analysis by D17 of Chandra-HETG spectra of
J1706, taking into account the differences between the instruments. Our analysis of
the RGS spectra has also allowed us to estimate the ionisation state of the outflow
and yielded a more confident identification of the lines seen in both instruments. D17
briefly discuss the option of an outflow with a blueshift of z = −0.045, which is consistent with our analysis, although the ionisation type could not be determined with
Chandra due to limited statistics. Two interesting possibilities for the interpretation
of the potential outflow are a jet and, as suggested by D17, a propeller-driven wind.
In the latter scenario, the magnetic field truncates the accretion disc (far) outside
the co-rotation radius and creates a propeller expelling part of the matter from the
accretion disc (Illarionov & Sunyaev 1975).
Detailed simulations of this propeller-regime by Romanova et al. (2009) revealed
that such systems could simultaneously exhibit a jet and an conical wind, both powered by the NS magnetic field. For a standard NS mass and radius, Romanova et al.
(2009) report typical jet velocities of 0.4–0.5 c and typical wind velocities of 0.03–0.1
c. The outflow detected in J1706 has an observed velocity of 0.048 c, clearly most
o
consistent with the conical wind. Even assuming an inclination of the source of ∼ 65 ,
the observed velocity corresponds to merely ∼ 0.12 c for a jet perpendicular to the
accretion disc. A wind outflow is indeed what was suggested by D17 as well based on
the Chandra spectroscopy of J1706. Part of the gas should of course still be accreted
since Type-I bursts and pulsations have been observed in J1706.
However, the outflow can only be adequately modelled as a collisionally ionised
plasma (bapec in xspec), while a photo-ionised plasma does not describe the observed features. The former is typically associated with jets, while the latter is expected for a wind outflow. Hence, we might instead observe material from the outer
regions of a jet that are less collimated and slower, but are still collisionally ionised.
Another option might be that the outflowing material is collisionally ionised in shocks
as the accretion flow interacts with the magnetosphere.
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Limitations to the analysis
It is important to discuss here a number of caveats in the presented analysis of the
RGS spectrum and the interpretation of our results as an outflow. As stated before,
our initial phenomenological line search uses two single-trial significances to find indications for narrow lines. Estimating the actual number of trials is problematic due
to the different continuums, line widths, and the correlation between trials at nearby
wavelengths. While the comparison of our results with the similar line search in
Chandra reduces the chance of false positives, caution should still be exercised when
identifying individual lines. Hence, we use the line search primarily as a starting point
for the subsequent line modelling.
However, this line modelling does not come without caveats either; firstly, at several wavelengths the first and second order RGS spectra show significant discrepancies.
While the largest differences (for instance around 8 and 14.5 Å) occur outside the the
range that drives the line modelling (∼ 10 – 13 Å), these differences do exceed the optimal systematics for the RGS detectors as reported by Kaastra (2016). Additionally,
the strongest narrow lines in the bapec-model appear to miss the largest deviations
from the continuum by a single to a few bins (see Figure 3.6). This might be partially
attributed to the assumed Solar abundances in the line model, but the fit appears
to be driven primarily by the pseudo-continuum of weaker lines fitting the ∼ 1 keV
excess.
Given these three caveats, we cannot unambiguously infer the presence of an outflow and we stress that caution must be exercised in interpreting the RGS spectra.
However, we also note that out of all options we attempted – a simple Gaussian, reflection of a normal or CO-rich accretion disc, a photo-ionised outflow and a collisionallyionised outflow – only the latter is even remotely capable of accounting for the broad
∼ 1 keV excess. Moreover, the outflow suggested by the line modelling fits into the
broader picture of J1706, connecting the possible magnetic propeller to the observed
overabundance of oxygen in circumbinary material. Such an outflow is also suggested
by the comparison between the mass transfer rate and the mass accretion rate inferred
from the X-ray luminosity of the system (Hernández Santisteban et al., 2017). Finally,
the full line-modelling and all identifications based on the line search independently
point towards similar blueshifts in the emission.

3.6.3

A lack of pulsations: is J1706 an intermittent AMXP?

Despite applying three different techniques, we do not detect the 163 Hz pulsations
recently claimed in the only RXTE observation of J1706 (Strohmayer & Keek 2017) in
the XMM-Newton observation. Instead, we find an upper limit on the pulsed fraction
of 5.4%. There are several possible explanations for the lack of detected pulsations:
firstly, given the low flux, we might simply not be sensitive enough. Indeed, pulsations
have been detected in other sources below our upper limits; for instance, in HETE
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J1900.1-2455 pulsations have been detected at pulsed fractions down to ∼ 0.1% (Patruno 2012). While we can exclude pulsations with a similar pulsed fraction as seen
in RXTE (9.4 ± 1.1%), the fraction might simply have dropped below our detection
6
limit.
Alternatively, J1706 might be an intermittent AMXP. These sources, of which
three are currently known (SAX J1748-2021 (Altamirano et al. 2008), Aql X-1 (Casella
et al. 2008) and HETE J1900.1-2455 (Galloway et al. 2007), only show detectable
pulsations a fraction of the time – most extremely, Aql X-1 only shows the pulsations
in a single ∼ 150 s interval amongst ∼ 1.5 Ms of RXTE observations. In HETE
J1900.1-2455, the pulsations disappeared around two months into the outbursts, only
to sporadically reappear afterwards (Patruno 2012) before the source returned to
quiescence over a decade later (Degenaar et al. 2017a). Patruno (2012) discussed that
the disappearance of the pulsations followed from the burial of the source’s magnetic
field by the accretion process, as proposed by Cumming et al. (2001). A similar
scenario could be at play in J1706, where the reported pulsations occurred in 2008,
about a year into the outburst. As our observations where taken approximately 8
years after the outburst start, the magnetic field might have gotten buried as well.
However, we do not have the archival data required to test such an idea, and the
pulsations in HETE J1900.1-2455 disappeared before the outburst was one year old
(e.g. when J1706’s pulsations were detected).
The final possibility is of course that the reported RXTE signal is a false positive; while significant, the signal is detected at a much lower significance (4.3σ after
excluding frequencies between 2048 and 4096 Hz in the search) than for instance the
pulsations in Aql X-1 (∼ 9σ, Casella et al. 2008). However, with a single RXTE
observation, there is no way to test this possibility. To further investigate the AMXP
nature and properties of J1706, we will search for the pulsations again in approved
future AstroSAT observations.
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Appendix: Lx versus Rin

In Table 3.2, we list all measured fluxes and inner radii used to produce Figure 3.9,
together with other information such as source distances, type of spectral model,
telescope, and reference. A machine-readable version of this table is available in the
online materials – the caveats listed below apply there as well.
We have performed an extensive literature search in order to form a respresentative
sample of NS LMXBs. However, we do not claim to present a complete sample and
there is a possibility that individual measurements are missing. The three BH LMXBs
are selected to cover the low luminosity range in order to provide a meaningfull
comparison with J1706. We also required the BH LMXB spectra to be fitted with a
free inner radius, as the inner radius is often fixed to the ISCO in order to estimate
the spin of the BH.
Since the inner radius measurements were performed by different authors, we list
several important notes and caveats about the composition and interpretation of the
table below:
1. Fluxes in the table are quoted in the range reported in the references. While
we do apply a bolometric correction when we convert fluxes to bolometric luminosities for the plot (see below), we do not apply it to the fluxes in the table;
this correction is prone to assumptions about the underlying spectral shape, and
quoting the uncorrected fluxes allows for the application of other corrections if
required. We also note that the corrections are generally small and do not alter
the trends in the resulting plot significantly, especially since the luminosity-axis
is logarithmic.
2. For the bolometric correction, we defined three ’standard’ spectral shapes for
different luminosity ranges. These models and their parameters (listed below)
are obtained from the detailed spectral analysis in Cackett et al. (2010). We
used these standard spectra to convert the fluxes to the luminosity in the 0.3–79
keV range. The standard spectral shapes are
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36

• Uncorrected luminosity < 5 × 10 erg s : powerlaw with Γ = 2.1 and
−2 −1
−1
Npo = 0.07 photons cm s keV at 1 keV, based on the spectrum of
HETE J1900.1-2455 at these luminosities.
−1

36

37

• Uncorrected luminosity ≥ 5 × 10 and < 5 × 10 erg : diskbb+bbody
+powerlaw with kTdisc = 0.9 keV, Ndisc = 100, kTBB = 2.0 keV, NBB =
−2 −1
−1
1.2, Γ = 3.5 and Npo = 0.5 photons cm s keV at 1 keV, based on the
spectrum of 4U 1636-53 at these luminosities.
37

−1

• Uncorrected luminosity ≥ 5×10 erg : diskbb+bbody with kTdisc = 1.0
keV, Ndisc = 180, kTBB = 1.8 keV and NBB = 3.8, based on the spectrum
of Ser X-1 at these luminosities.
−1

3. Often, both a diskline-model and a broad-band reflection model are listed for
the same observation. In these instances, the authors attempted both models
and we list results from both approaches. These are plotted separately in the
two panels in Figure 3.9.
4. When a ’/’ is present in an ObsId, the different ObsIds are either analysed
together by the authors or together form a single continuous observation.
5. Often, spectra from multiple X-ray observatories are analysed simultaneously to
characterise the reflection spectrum. In those instances, we list the observatory
most important for fitting the reflection spectrum.
6. We use the same distances to convert flux to luminosity as the authors of the
original spectral analyses. We refer the reader to the referenced papers for any
discussion on those distances.
7. If no uncertainty is quoted on flux, inner radius or distance, this uncertainty was
not mentioned in the original reference. For most distance estimates, this occurs
when the source is located in a globular cluster and has an accurate, independent
distance measure. If this occurs for an inner disc radius measurement, obtaining
this value was typically not a major goal of the analysis.
8. If the inner radius is quoted in units of RISCO in the original reference, we
convert to Rg by multiplying by RISCO = 6 Rg . In other words, we assume
that the spin parameter a is zero. A very limited amount of references leaves
the spin free or at a fixed non-zero value, resulting in inner radii between 5–6
Rg . This does not alter the trends in the relation between X-ray luminosity and
measured inner radius.
9. In references marked with an asterisk, the uncertainties are quoted at the 90%
confidence level. Otherwise, the errors are quoted at the 1σ level.
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Table 3.2: Sample of inner disc radius measurements from reflection in NS LMXBs. Distances are given in kpc, fluxes in 10

−1

erg s
cm and inner radii Rin in Rg . Errors on flux and inner radius are quoted at the 1σ confidence level, unless the reference contains
a
b
c
*, indicating a 90% confindence level. Abbreviated source names are: SAX J1808.4-3658; HETE J1900.1-2455; 1RXS J180408.9d
e
f
34205; XTE J1709-267; IGR J17480-2446; SAX J1748.9-2021. References: 1: Cackett et al. (2010), 2: Miller et al. (2013), 3:
Chiang et al. (2016b), 4: Chiang et al. (2016a), 5: Matranga et al. (2017a), 6: Wang et al. (2018), 7: Ludlam et al. (2017c), 8: Di Salvo
et al. (2015), 9: Coughenour et al. (2018), 10: Mondal et al. (2018), 11: Papitto et al. (2013), 12: Ludlam et al. (2016), 13: Degenaar
et al. (2016), 14: Degenaar et al. (2015), 15: Sleator et al. (2016), 16: Ludlam et al. (2017a), 17: Iaria et al. (2016), 18: Miller et al.
(2011), 19: Pintore et al. (2016), 20: King et al. (2016), 21: Matranga et al. (2017b), 22: Degenaar et al. (2014), 23: Younes et al.
(2015), 24: van den Eijnden et al. (2017), 25: Pintore et al. (2015), 26: Fürst et al. (2016b), 27: Tomsick et al. (2009), 28: Parker
et al. (2015).
−2

Distance
8.4

4U 1636-53 ●

6.0 ± 0.1

Observatory
Suzaku
XMM
Suzaku
XMM
NuSTAR
NuSTAR
Chandra
Chandra
Suzaku
Suzaku
Suzaku
NuSTAR
NuSTAR
XMM

Neutron star LMXBs
ObsId
Model type
401048010
Diskline
0084020501
Diskline
401048010
BBREFL
0084020501
BBREFL
30001013002/4
Kerrdisk
30001013002/4
Reflionx
16208/9
Diskline
16208/9
Relflionx
408033010/20/30 Diskline
408033010/20/30 Relline
408033010/20/30 BBREFL
30001013002/4
Diskline
30001013002/4
rfxconv
0303250201
Diskline

Flux
1.19 ± 0.01
0.59 ± 0.01
1.32 ± 0.08
0.60 ± 0.01
0.61
0.61
0.938 ± 0.01
0.938 ± 0.01
0.994 ± 0.01
0.994 ± 0.01
0.994 ± 0.01
0.527 ± 0.002
0.527 ± 0.062
0.17 ± 0.01

Rin
8.0 ± 0.3
14 ± 1
6±1
15 ± 2
10.6 ± 0.6
7.8 ± 1.8
7.7 ± 0.1
+1.1
7.1−0.6
+0.4
8.1−1.2
8.1 ± 0.5
+0.8
6.7−0.7
19.2 ± 4.7
13.4 ± 2.8
+0.4
6.1−0.1

Ref.
1
1
1
1
2
2
3*
3*
4*
4*
4*
5*
5*
1
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Source
Ser X-1 ●

ObsId
0500350301
0500350401
0303250201
0500350301
0500350401
30102014002
30102014004
30102014006
30102014002
30102014004
30102014006
30101024002
401046010
401046020
401046030
0402300201
401046010
401046020
401046030
0402300201
406076010
30101025002
30101025002
401047010
401047010

Model type
Diskline
Diskline
BBREFL
BBREFL
BBREFL
Kyrline
Kyrline
Kyrline
Relxill
Relxill
Relxill
Relxill
Diskline
Diskline
Diskline
Diskline
BBREFL
BBREFL
BBREFL
BBREFL
Reflionx
Reflionx
BBREFL
Diskline
BBREFL

Flux
0.39 ± 0.01
0.48 ± 0.01
0.18 ± 0.02
0.37 ± 0.01
0.46 ± 0.03
0.212 ± 0.001
0.112 ± 0.001
0.116 ± 0.001
0.121 ± 0.001
0.113 ± 0.001
0.117 ± 0.001
0.089 ± 0.002
0.17 ± 0.01
0.61 ± 0.01
0.30 ± 0.01
0.043 ± 0.001
0.57 ± 0.05
0.49 ± 0.01
0.31 ± 0.01
0.042 ± 0.001
0.0334 ± 0.0003
0.34 ± 0.03
0.34 ± 0.02
1.21 ± 0.01
1.21 ± 0.13

Rin
7.7 ± 0.6
+0.2
6.0−0.
8.5 ± 2
13 ± 4
13 ± 2
5.12 ± 0.15
5.12 ± 0.10
5.12 ± 0.08
5.8 ± 0.7
+4.3
16.1−1.4
+15.8
16.3−4.5
6.18 ± 0.18
10.0
7.3 ± 0.4
+0.2
6
+1
6
10
7±1
11 ± 6
+5
34−12
16 ± 6
7.26 ± 1.08
9.24 ± 0.48
6.0 ± 0.1
11 ± 1

Ref.
1
1
1
1
1
6
6
6
6
6
6
7
1
1
1
1
1
1
1
1
8*
7
7
1
1

3 The very faint nature of IGR J17062–6143

100

Continuation of Table 3.2
Source
Distance Observatory
XMM
XMM
XMM
XMM
XMM
NuSTAR
NuSTAR
NuSTAR
NuSTAR
NuSTAR
4U 1636-53 ●
NuSTAR
NuSTAR
4U 1705-44 ● 5.8 ± 0.2 Suzaku
Suzaku
Suzaku
XMM
Suzaku
Suzaku
Suzaku
XMM
Suzaku
NuSTAR
NuSTAR
4U 1820-30 ● 7.6 ± 0.4 Suzaku
Suzaku

Continuation of Table 3.2
Source
Distance
GX 17+2 ■
9.8 ± 0.4

GX 349+2 ■

9.2

Cyg X-2 ■

11 ± 2

b

HETE J1900 ◀

3.5 ± 0.1

3.6 ± 0.5
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ObsId
402050010
402050010
402050020
402050020
30101023002
30101023002
30201026002
30201026002
30201026002
30201026002
400003010
400003020
0506110101
400003010
403063010
403063010
30001141002
30001141002
903003010
0560180601
903003010
0560180601
402016010
402016010
0671880101

Model type
Diskline
Diskline
BBREFL
BBREFL
Reflionx
BBREFL
Reflionx
Reflionx
Reflionx
Reflionx
Diskline
Diskline
Diskline
BBREFL
Diskline
BBREFL
Reflionx
Reflionx
Diskline
Diskline
BBREFL
BBREFL
Diskline
BBREFL
Reflionx

Flux
2.37 ± 0.01
2.60 ± 0.01
2.27 ± 0.01
2.62 ± 0.01
7.3 ± 0.9
7.3 ± 0.6
2.224 ± 0.001
2.239 ± 0.001
2.604 ± 0.001
3.288 ± 0.002
2.35 ± 0.03
1.97 ± 0.01
2.38 ± 0.01
2.36 ± 0.13
2.22 ± 0.01
2.30 ± 0.01
1.58 ± 0.01
0.95 ± 0.01
0.20 ± 0.01
0.25 ± 0.01
0.27 ± 0.02
0.26 ± 0.01
0.034 ± 0.001
0.032 ± 0.005
0.136 ± 0.008

Rin
7±3
8 ± 0.4
+2
6
+2
6
6.06 ± 0.06
+0.12
6
15.9 ± 1.5
+1.6
18.8−1.4
14.4 ± 0.9
+11.4
25.3−4.7
7.5 ± 0.4
10 ± 2
+0.5
6.0
10 ± 2
8.1 ± 0.9
+8
6
25.8 ± 10.8
+3
12−1.5
+7
12−1
13 ± 4
14 ± 2
+0.2
6
+1
6
14 ± 1
+16
25−11

Ref.
1
1
1
1
7
7
9
9
9
9
1
1
1
1
1
1
10*
10*
1
1
1
1
1
1
11*
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a

SAX J1808 ■

Observatory
Suzaku
Suzaku
Suzaku
Suzaku
NuSTAR
NuSTAR
NuSTAR
NuSTAR
NuSTAR
NuSTAR
Suzaku
Suzaku
XMM
Suzaku
Suzaku
Suzaku
NuSTAR
NuSTAR
Suzaku
XMM
Suzaku
XMM
Suzaku
Suzaku
XMM

IGR J17480 ▶
f
SAX J1748 ▶
Aql X-1 ▼
EXO 1745-248 ▼

5.5 ± 0.0
8.5
5.2 ± 0.7
5.5

J1706 ■
GRO J1744-28 ▼

7.3 ± 0.5
8.0

MXB 1730-335 ▲
GX 3+1 ▲

7.9
6.1

Observatory
NuSTAR
NuSTAR
NuSTAR
NuSTAR
NuSTAR
NuSTAR
NuSTAR
XMM
XMM
Chandra
XMM
NuSTAR
XMM
XMM
NuSTAR
Chandra
NuSTAR
NuSTAR
XMM

Source
GRS 1739-278 ■
GX 339-4 ▲
Cyg X-1 ●

Distance
8.5
8.0
1.86

Observatory
NuSTAR
Suzaku
NuSTAR

4U 1608-52 ◀
4U 1728-34 ◀
d

3.7 ± 0.8
4.6 ± 0.5

XTE J1709 ▶

8.5 ± 0.1

4U 1702-429 ▶

4.19 ± 0.15

e

ObsId
90101003002
80001040002
90002002002
80001012002
80001012002
90201025002/3
90201025002/3
0604030101
0604030101
13161
0748391301
80001034002/3
0744170201
0744170201
30101034002
16605/6
80002017004
90101009002
0655330201

Model type
Reflionx
Relxill
Relxillp
Reflionx
Relxill
Reflionx
Reflionx
diskline
rfxconv
Diskline
Diskline
Reflionx
Diskline
rdblur
Diskline
Diskline
Diskline
Reflionx
rdblur

Accreting black
ObsId
80101050002
403067010
30001011007

holes
Model type
Relxill
Laor
Relxillp

Flux
0.48 ± 0.001
0.171
0.2
0.6
0.6
0.2 ± 0.1
0.26 ± 0.1
0.4
0.4
1.01 ± 0.05
0.55
1.17
0.26 ± 0.03
0.26 ± 0.03
0.0098 ± 0.0001
0.974 ± 0.001
2.62 ± 0.02
0.147
0.7

Rin
+3
6.0
11.1−5.1
10.2 ± 4.2
+4.8
6.0
9.6 ± 2.4
+3
13.8−1.8
+15.6
34.4−5.4
+12
24−8
+25
31−12
20 ± 2
+12
29−9
15 ± 3
20 ± 6
+3.8
18.3−6.2
+22
77−18
85.0 ± 10.9
+240
130−80
41.8 ± 6
+2
7−1

Ref.
12*
13
14*
15*
15*
16*
16*
17*
17*
18
19*
20
21*
21*
22
23
24
25*

Flux
0.00291 ± 0.00006
0.024
1.68

Rin
25 ± 10
≥ 35
9 ± 1.8

Ref.
26*
27*
28
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Continuation of Table 3.2
Source
Distance
c
1RXS J1804 ◀
5.8

4
A strongly changing accretion morphology during
the outburst decay of the neutron star X-ray
binary 4U 1608−52

J. van den Eijnden, N. Degenaar, R. M. Ludlam, A. S. Parikh, J.M. Miller, R.
Wijnands, K. C. Gendreau, Z. Arzoumanian, D. Chakrabarty, P. Bult
Monthly Notices of the Royal Astronomical Society, 2020, 493, 1318
Abstract
It is commonly assumed that the properties and geometry of the accretion flow in
transient low-mass X-ray binaries (LMXBs) significantly change when the X-ray lu−2
minosity decays below ∼ 10 of the Eddington limit (LEdd ). However, there are few
observational cases where the evolution of the accretion flow is tracked in a single
X-ray binary over a wide dynamic range. In this work, we use NuSTAR and NICER
observations obtained during the 2018 accretion outburst of the neutron star LMXB
4U 1608−52, to study changes in the reflection spectrum. We find that the broad
Fe-Kα line and Compton hump, clearly seen during the peak of the outburst when
37
−1
the X-ray luminosity is ∼ 10 erg s (∼ 0.05 LEdd ), disappear during the decay of
35
−1
the outburst when the source luminosity drops to ∼ 4.5 × 10 erg s (∼ 0.002 LEdd ).
We show that this non-detection of the reflection features cannot be explained by the
lower signal-to-noise at lower flux, but is instead caused by physical changes in the
accretion flow. Simulating synthetic NuSTAR observations on a grid of inner disc
radius, disc ionisation, and reflection fraction, we find that the disappearance of the
reflection features can be explained by either increased disc ionisation (log ξ ≳ 4.1)
or a much decreased reflection fraction. A changing disc truncation alone, however,
cannot account for the lack of reprocessed Fe-Kα emission. The required increase in
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ionisation parameter could occur if the inner accretion flow evaporates from a thin
disc into a geometrically thicker flow, such as the commonly assumed formation of an
radiatively inefficient accretion flow at lower mass accretion rates.
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1

Introduction

Low-mass X-ray binaries (LMXBs), in which a neutron star or a black hole attracts
gas from a low-mass companion star, are prime tools to study the physics of accretion.
The X-ray luminosity (LX ) of LMXBs scales with the rate at which matter is accreted
by the compact object. The population of transient sources alternates outbursts of
accretion with quiescent episodes and can therefore be studied over a wide range of
38
−1
X-ray luminosities; from the Eddington limit, LEdd ≃ 10 (M /M⊙ ) erg s , down to
−8
a very small fraction of it (LX ∼ 10 LEdd ).
−2
It is observationally established that at high X-ray luminosities (≳ 10 LEdd ),
the accreted gas spirals in a thin Keplerian disc that typically extends close to the
compact object (e.g., Done et al. 2007, for a review). At very low accretion rates (≲
−4
−5
10 −10 LEdd ), on the other hand, the accretion disc is likely truncated further away
from the black hole or the neutron star (e.g.„ Zdziarski et al. 1999; Esin et al. 2001;
Kalemci et al. 2004; Tomsick et al. 2004a). Nevertheless, it is currently unclear at
what accretion luminosity the disc begins to move away, how this truncation proceeds
with changing luminosity, and if this process differs for neutron stars and black holes.
Standard accretion theory suggests that with decreasing accretion rates, an increasing
part of the inner disc evaporates into a radiatively inefficient hot flow (e.g., Narayan
& Yi 1994; Esin et al. 1997). This classical disc truncation mechanism is expected to
be more efficient for black holes, because for neutron stars the soft photons from the
stellar surface can cool the hot flow and make it condense back on the disc (Narayan
& Yi 1995).
In neutron star LMXBs, a second mechanism that can lead to disc truncation may
be at play; the stellar magnetic field may push the inner disc out (e.g., Ibragimov &
Poutanen 2009; Miller et al. 2011; Degenaar et al. 2014, 2017b; van den Eijnden et al.
2017). One may expect this effect to become larger with decreasing accretion rate, and
hence lower pressure exerted by the disc. However, there is little observational data
to test this idea in a single source (van den Eijnden et al. 2018d). The interaction
between the stellar magnetic field and accretion flow plays an important role in a
number of key processes, including the production of outflows (e.g., Romanova et al.
2009; Deller et al. 2015; van den Eijnden et al. 2018d), and the spin evolution of
neutron stars (e.g., Ghosh & Lamb 1978; Alpar et al. 1982; Wijnands & van der
Klis 1998b; D’Angelo 2017; Bhattacharyya & Chakrabarty 2017). Yet, while the
interaction between the accretion disc and the magnetosphere is clearly important for
the evolution and appearance of neutron stars, it remains poorly understood.
X-ray reflection modelling is a powerful tool to constrain the geometry of accretion
flows in LMXBs. This X-ray emission – originating from close to the accretor and then
reprocessed or ‘reflected’ toward the observer by the accretion disc – manifests itself
most prominently as an Fe-Kα emission line at ∼6–7 keV and the Compton hump
at ∼20–40 keV. The shape of these features is modified by Doppler and gravitational
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redshift effects as the gas in the disc moves in high-velocity Keplerian orbits inside the
gravitational well of the compact accretor. In particular, reflection modelling allows
for a measure of the inner radial extent of the accretion disc, Rin . The reflection
spectrum thus encodes information about the morphology of the accretion flow (e.g.,
Fabian & Ross 2010; Dauser et al. 2016, for reviews). In addition, the reflected
spectrum is affected by the internal properties of the disc, such as level of ionisation
and composition.
Comparing the reflection spectrum at different fractions of the Eddington accretion rate in the same source can reveal changes in the accretion flow structure and
properties as the X-ray luminosity decays. An example of a source where the reflection spectrum has been tracked over a range in X-ray luminosity is the black hole
LMXB GX 339−4 (e.g., García et al. 2015b). In this source, the relation between Xray luminosity and disc inner radius has been determined in detail, showing a general
trend of decreasing inner radius with Eddington fraction (Miller et al. 2006a; Reis
et al. 2008; Tomsick et al. 2009; Petrucci et al. 2014; García et al. 2015b; Wang-Ji
et al. 2018; García et al. 2019). This large set of measurements is possible due to
high duty cycle of GX 339−4, yielding over twenty measurements of the reflection
spectrum in the past fifteen years.
However, such systematic studies have to date been rare, especially in neutron
stars, given the deep exposures required to detect reflection or otherwise obtain con−2
straining upper limits at low luminosities (e.g., LX < 10 LEdd ). In addition, the
latter luminosity regime is often traversed quickly and unpredictably, complicating
the scheduling of observational campaigns in sources that show fewer outbursts. Finally, for neutron stars, a mere measurement of the inner radius does not necessarily
reveal the driving factor of the disc truncation: the formation of a radiatively inefficient hot flow, truncation by the magnetic field, or possibly both (Cackett et al. 2008;
Degenaar et al. 2017b). So while NuSTAR reflection spectra have been measured for
many individual neutron star LMXBs (see Ludlam et al. 2019, for a recent overview),
differences between their neutron star properties mean variations in the reflection
spectrum can not be directly attributed to accretion rate. For such an inference, a
reflection study of a single source at different accretion rates is essential.
Given these challenges for neutron star LMXBs, 4U 1608−52 (Grindlay & Gursky
1976; Tananbaum et al. 1976) is a promising source to track the reflection spectrum
−2
and accretion geometry at different outburst stages, down to LX < 10 LEdd . Firstly,
a NuSTAR observation performed during its 2014 outburst, when it was accreting at
−2
36
−1
∼ 10 LEdd (∼ 10 erg s ), revealed very strong reflection features that allowed
2
to measure an inner disc radius of 8.5 ± 1.5 Rg (Rg = GM /c Degenaar et al. 2015).
The strength of its reflection is a very important advantage over other frequently
active neutron star LMXBs, such as Aql X-1 and SAX J1808.4–3658, for which the
reflection spectrum is much weaker (e.g., Cackett et al. 2008; Ludlam et al. 2017b).
Secondly, 4U 1608−52 is relatively close (∼ 3−4.5 kpc; Galloway et al. 2008; Poutanen
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et al. 2014), so that a large flux is obtained even when it accretes at a low Eddington
luminosity. Thirdly, 4U 1608−52 is among the most active transient neutron star
LMXBs, going into outburst about once every 2–4 yr (e.g., Lochner & Roussel-Dupre
1994; Šimon 2004), easing the scheduling of observations. Finally, the outburst profiles
are often similar, making it feasible to plan observations at a specific X-ray luminosity.
In this work, we report on our efforts to use reflection spectroscopy to constrain
the changing accreting morphology in the neutron star LMXB 4U 1608−52 in its 2018
outburst, using the NuSTAR, NICER, and Swift X-ray observatories.

2
2.1

Observations and data analysis
Set up of the observation programme

The MAXI transient alert system (Negoro et al. 2016) signalled activity from 4U 1608−52
on 19 June 2018 June 19 (MJD 58288; nova ID 8288849999). When MAXI monitoring indicated that 4U 1608−52 had evolved beyond its outburst peak, we started
to monitor the source with the X-ray telescope (XRT) aboard the Neil Gehrels Swift
observatory (Swift; Gehrels et al. 2004). This Swift monitoring was set up to facilitate triggering a NuSTAR observation (PI Degenaar), aiming to catch the source at
35
−1
−3
a luminosity of ∼ 10 erg s (∼ 10 LEdd ), i.e. a factor ∼10 lower than the 2014
observation of the source. In addition to our Swift and NuSTAR programme, we used
observations obtained with NICER (Gendreau et al. 2016) to investigate if, and how,
the profile of the Fe-Kα line changed along the course of the 2018 outburst.

2.2

Spectral modelling

All spectral fits reported in this work were performed using XSpec (v. 12.10.1;
Arnaud 1996). To account for interstellar absorption along our line of sight, we used
the model tbabs, with vern cross-sections (Verner et al. 1996) and wilm abundances
(Wilms et al. 2000), in our spectral modelling. Reported errors for spectral parameters
indicate 1σ confidence levels. To calculate luminosities from measured fluxes, we
adopted a distance of 3.6 kpc.

2.3

Swift

To put the NuSTAR and NICER observations in perspective, we use 22 Swift/XRT
observations (obsID 00010741001–26) to illustrate the source’s evolution along the
2018 outburst. These observations were obtained between 3 July and 24 October
2018 (MJD 58302 and 58415) and had typical exposure times of ∼1 ks. We followed
standard data reduction procedures, using xselect to extract spectra and xrtmkarf
to create arf files, while the rmf file was taken from the caldb. All XRT spectra were
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fitted to a simple absorbed powerlaw model (tbabs*pegpwlw in XSpec). In these
22
−2
fits, we fixed the hydrogen column density at NH = 1.58 × 10 cm (as determined
from a simultaneous fit to all XRT spectra where NH was tied). The unabsorbed 0.5–
10 keV flux was subsequently determined using the convolution model cflux. While
in the main paper we only show the XRT flux light curve (cf. Figure 4.1), details on
these spectral fits can be found in Appendix A.

2.4

NuSTAR

4U 1608−52 was observed for ∼53 ks with NuSTAR on July 12–14 2018 (obsID
80401321002), providing data in the 3–79 keV energy band. We processed the data
with nupipeline, incorporated in heasoft (v. 6.23), using SAAMODE=optimized.
We extracted light curves and spectra for the two co-aligned grazing incidence hard
X-ray imaging telescopes, with focal plane modules (FPM) A and B, using nuprod′′
ucts. A circular region with a radius of 60 was used to extract source events and
a void region of the same size, placed on the same detector, was used to obtain
background events.
All spectral data were grouped into bins with a minimum of 20 photons using
grppha. 4U 1608−52 was detected significantly above the background in the entire
NuSTAR bandpass. Furthermore, when fitting the data of the two mirrors simultaneously with a freely-floating constant factor in between, we found the difference
between the FPMA and B to be <1% for this data set. Therefore, we summed the
two spectra using addascaspec and in the following report only on the results obtained using this summed spectrum. In this work, we compare this 2018 data set to
the NuSTAR observation performed in 2014. For details on the 2014 observation and
data reduction, we refer to Degenaar et al. (2015).

2.5

NICER

We used 12 NICER observations (obsIDs 1050070125–1050070136) obtained between
21 June and 9 July 2018, and having typical exposure times of 0.1–2.5 ks. No Type-I
X-ray bursts occurred during the NICER monitoring. The data were reduced using
nicerdas 2018-10-07_V005 with the standard NICER filtering. Additionally, we
◦
created GTIs to select a SUN_ANGLE > 60 , COR_SAX > 4, and KP < 5 via the
nimaketime tool. The latter two corrections define the cut-off magnetic rigidity and
the space weather conditions. We applied the GTIs to the data using the niextractevents command. A light curve was then extracted by loading the cleaned event
files into xselect. We separate the NICER monitoring of the 2018 outburst into five
intervals shown in Figure 4.2. A spectrum was were extracted from each interval.
Because NICER does not have imaging capabilities, backgrounds were generated
from periodic observations of RXTE blank sky field locations (Jahoda et al. 2006).

108

3 Results

Figure 4.1: Swift/XRT (top, 0.5–10 keV, binned per observation) and MAXI (bottom, 2–20 keV,
binned per day) light curves of the 2018 outburst of 4U 1608−52. The grey and red bars in the top
panel indicate the times of our NICER and NuSTAR observations, respectively.

We extracted a time-averaged background from 51 observations of blank sky field 5
that were reduced in the same manner as 4U 1608−52. The background spectrum was
subtracted from the source spectra prior to normalising the data to the Crab Nebula
(see Ludlam et al. 2018, for more details). This accounts for instrumental uncertainties
within the data as NICER’s calibration continues to be refined. We note that the
source was significantly detected above the background in all used observations.

3

Results

The Swift/XRT light curve in Figure 4.1 (top) shows how 4U 1608−52 initially decayed steadily over a timescale of ∼ 10 days, after which the 0.5–10 keV flux rose by
a factor of a few, remaining steady for ∼20 days until finally returning to quiescence
∼2 months after the outburst peak. We note that the 0.5–10 keV flux detected in the
last set of Swift observations is around the quiescent level reported from Chandra observations (Marino et al. 2018). The 2018 NuSTAR observation was obtained exactly
in the valley of the initial decay of the outburst (red bar in Figure 4.1 top). At this
time, the 0.5–10 keV unabsorbed flux measured by Swift (Obsid 00010741006) was
−10
−2 −1
(2.9 ± 0.15) × 10
erg cm s (see Appendix A for details on the Swift spectral
35
−1
fits). This translates into a luminosity of (4.5 ± 0.2) × 10 erg s which is a fac-
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−2 −1

MAXI intensity (2-20 keV; photons cm s )

Figure 4.2: NICER count rate light curve of the 2018 outburst of 4U 1608−52 (0.5–6.8 keV, binned
by 128 s per observation). The dashed red lines indicates the different phases of the outburst for
which we extracted X-ray spectra (presented in Figure 4.4).
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Figure 4.3: MAXI light curves of the 2014 and 2018 outbursts, shown in red and blue, respectively.
The grey light curve shows the 2016 outburst, comfirming the similar faint/short nature of the 2014
and 2018 outbursts. The vertical lines indicate the relative times of the NuSTAR observations in
their respective outbursts. Note that the source flux during the 2018 NuSTAR observation is below
the MAXI sensitivity.
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tor ∼10 lower, as intended, than during the NuSTAR observation that was obtained
during the 2014 outburst (Degenaar et al. 2015).
4U 1608−52 shows regular outbursts, that broadly fall into two categories: relatively faint and short outbursts, and significantly brighter and longer ones. As the
two NuSTAR observations were taken in two outbursts, we compare their profiles in
Figure 4.3. While slight differences exist in peak count rate and duration, the comparison with a 2016 outburst (shown in grey) shows that both outbursts clearly fall
in the faint/short category. Therefore, in the remainder of this paper, we will assume
the accretion geometry follows a similar evolution throughout both outburst decays.
The comparison of the 2018 NICER and the 2014 NuSTAR observations support this
assumption, as shown in the next Section.

3.1

The disappearance of reflection during the decay

During the 2014 outburst peak, NuSTAR revealed strong reflection features in 4U
1608−52, detecting both a broad Fe-Kα line and a Compton hump (Degenaar et al.
2015). With NICER monitoring, we can assess whether such features were also initially present during the 2018 outburst. For this purpose, we initially performed a
quick-look analysis of both the NICER spectra of the first four epochs (rise, peak,
decay start, middle; see Figure 4.2) and the archival NuSTAR spectrum using a simple continuum model, tbabs×(bbodyrad+nthcomp). To highlight the reflection
features and only fit the continuum, the 5–7 keV and 15–30 keV ranges were ignored.
In the left panel of Figure 4.4, we show the data-to-model ratio for these spectral
fits in the 1–79 keV energy range. We can see clearly that during the rise, peak,
and early/middle decay of the outburst, a strong, broad Fe-Kα line is present with a
stable shape similar to the line profile seen in the 2014 NuSTAR observation.
Repeating the same quick-look exercise with the spectrum of the final NICER
epoch, and the 2018 NuSTAR observation (and using a more simple tbabs×nthcomp
model due to the lower flux), we can see that both the Fe-Kα line and the Compton
hump disappear. We show this evolution of the reflection spectrum in the right panel
of Figure 4.4.
The disappearance of the Fe-Kα line, combined with its remarkable prior stability,
as observed by NICER is suggestive of a distinct change in the accretion flow geometry
and/or intrinsic properties on a days time scale. We choose, however, not to fit
physical reflection models to the NICER data, for two reasons: firstly, NICER spectral
calibration continues, at the time of writing, to be refined. Secondly, and importantly,
the soft NICER bandpass does not include the Compton hump clearly seen in the
2014 NuSTAR spectrum (Figure 4.4, left panel). As this difference in coverage limits
the ability to constrain the parameters of the reflection spectrum, we instead focus
on the deep 2018 NuSTAR observation in the remainder of this work.

111

4 Disappearing reflection in 4U 1608−52

112
Figure 4.4: Data to model ratio after fitting the data to a simple phenomenological model (see text for details). Left: NICER data obtained
during different epochs of the 2018 outburst (see Figure 4.2), compared to NuSTAR data obtained during the 2014 outburst. This plot illustrates
that an Fe-Kα line profile is clearly seen during the main part of the 2018 outburst, similar to that seen in 2014. Right: Comparison of NICER
data obtained at the end of the decay of the 2018 outburst (see Figure 4.2) with the NuSTAR observation taken around this time. This plot
illustrates i) the sudden disappearance of the Fe-Kα line profile in the NICER data, and ii) the similarity between the spectral shape in the NICER
and NuSTAR data.

10

2

10

3

Ratio

keV [phot cm 2 s 1 keV 1 ]

3 Results

Blackbody
Nthcomp

1.2
1.0
0.8 3

5

10
20
Energy [keV]

30 40 50 6070

Figure 4.5: Top: The 2018 NuSTAR spectrum of 4U 1608−52, unfolded around the best-fitting
tbabs×(bbodyrad+nthcomp) continuum model using the xspec command eufspec. The data
have been visually rebinned for clarity to a S/N> 10. The red dotted, dashed, and solid lines
show the thermal, Comptonised, and total model, respectively. Bottom: data-to-model ratio for the
continuum model shown in the top panel.

For our detailed analysis, we start by fitting the 2018 NuSTAR spectrum with a
simple phenomenological continuum model, tbabs*(bbodyrad+nthcomp), where
we tie the temperature of the nthcomp thermal input spectrum to that of the
bbodyrad component. We fit the data in the full 3–79 keV NuSTAR bandpass.
This simple model, not containing any reflection features, provides an adequate de2
scription of the data, with a reduced χ of 0.89 for 870 degrees of freedom. In Figure
4.5, we show the spectrum and this continuum model, while the fitted spectral parameters are listed in Table 4.1. The data-to-model ratio shown in the bottom panel
of Figure 4.5 confirms the lack of detected reflection features seen in the final NICER
epoch.
While no reflection features appear to be present, we also attempt a fit with a full
reflection model, tbabs*(bbodyrad+relxill). This model is based on that used
by Degenaar et al. (2015) to fit the 2014 NuSTAR observation. The relxill model
(version v1.0.4) includes both a power law continuum component and a fully relativistic, broad-band reflection model. The parameters that set the reflected spectrum
are the emissivity profile, the neutron star spin, the system’s inclination, inner and
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Table 4.1: Fits to the 2018 NuSTAR observation of 4U 1608−52. The continuum model consists of
a tbabs×(bbodyrad+ nthcomp) model, where the blackbody temperature kTBB is linked between
the thermal and comptonised component. In the reflection model, the nthcomp component is
replaced by a relxill model, which contains both the Comptonised continuum and the broad-band
reflection spectrum. In all reflection modelling, we fix the emissivity index, outer disc radius and
cutoff energy to their default values, and set the spin parameter to a = 0.29, corresponding to the
known spin frequency. All uncertainties are given at the 1σ level.

Parameters
22

2018

NH [10 cm ]
kTBB [keV]
NBB
Γ
kTe [keV]
kTBB [keV]
Nnthcomp
o
Inclination [ ]
Rin [Rg ]
Γ
log ξ
AFe
Fref
Nrelxill
2
χν (dof)
−2

Continuum
7.0 ± 1.3
0.40 ± 0.01
+3.1
2
(8.3−2.3 ) × 10
1.86 ± 0.01
+4.8
26.5−3.2
0.40 ± 0.01*
−2
(1.7 ± 0.1) × 10
–
–
–
–
–
–
–
0.895 (870)

Reflection
0.43 ± 0.02
+4.9
2
(4.4−1.8 ) × 10
–
–
–
–
+14
56−29
+538
62−56
+0.02
1.75−0.07
+0.4
4.0−0.2
+5.0
0.5−0.5
+1.6
1.4−1.4
−4
(3 ± 1) × 10
0.903 (866)

outer disc radius, ionisation parameter of the disc, iron abundance, cutoff energy, and
reflection fraction (defined as the ratio of reflected and direct flux between 20 and
40 keV). The illuminating flux is characterised by the power law index. Following
Degenaar et al. (2015), we set the spin parameter to 0.29, and freeze the outer disc
radius to 400 gravitational radii Rg . Additionally, we freeze the emissivity profile and
the cutoff energy to their default values. Fitting this model does not yield a better
2
fit than the continuum model, with a similar reduced χ of 0.90 for 866 degrees of
freedom (i.e. four additional free parameters). Unsurprisingly, given the lack of reflection features, the relxill parameters are also poorly constrained. All parameters
and fluxes with their uncertainties can be found in Table 4.1.

3.2

Could reflection be hiding in the noise?

No reflection features are detected during the last NICER epoch and the 2018 NuSTAR observation. However, the lower flux raises the question whether the lack of
detected reflection might arise from a lower signal-to-noise instead of physical changes
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in the source. To assess this question, we simulated synthetic NuSTAR observations:
as a first step, we fit the tbabs*(bbodyrad+relxill) model to the 2014 NuSTAR
spectrum, reproducing the model fit that was reported in Degenaar et al. (2015). We
then scale the normalisations to the flux during the 2018 NuSTAR observations, and
use the xspec fakeit command to simulate a spectrum with the same exposure time
as the 2018 observation. We then fit this simulated spectrum with both the reflection
and the continuum models, and compare those fits to test whether the 2014-level
reflection would have been detected at the lower flux and 2018 exposure time.
2
The fit with the (correct) reflection model yields χν = 1343.6/1283 = 1.05, while
2
the continuum model returns a worse fit with χν = 1550.8/1287 = 1.20. An f-test
comparison of these models yields a chance probability of such an improvement by the
−38
reflection model of p = 10 . However, this does not take the change in continuum
shape at lower flux into account. Therefore, we repeated this test by simulating a
second fake spectrum from the reflection model, now using the continuum parameters
(power law index, relxill normalisation, and blackbody temperature) as found for
the 2018 NuSTAR data. For this second synthetic observation, the reflection and
2
2
continuum models yielded χν = 1250.3/1283 = 0.97 and χν = 1305.4/1287 = 1.01 respectively. While the difference between the two fits is smaller, the (correct) reflection
−11
model still fits significantly better at an f-test probability of 2×10 . In other words,
both simulations show that the 2018 NuSTAR observational setup should have detected reflection features as present during the 2014 (and 2018, as shown by NICER)
outburst peaks.
Therefore, we conclude that the disappearance of the reflection features at lower
flux is not only due to the decrease in signal-to-noise, but that physical changes in
the accretion flow must also contribute.

3.3

Constraining the accretion geometry in the absence of reflection

Without a detected reflection signal during the 2018 NuSTAR observation, we cannot
directly fit reflection parameters to determine how the accretion flow properties have
changed. However, we can make use of the fact that reflection features are not detected
in another way: we can instead simulate synthetic spectra with the same observational
setup and flux as the 2018 observation, using different combinations of reflection
parameters. For each set of reflection parameters, we can then assess whether a
reflection signal would have been detected and hence constrain the changes in the
accretion flow during the outburst decay, despite the absence of fittable reflection
features.
Considering the relevant parameters of the relxill model, only three parameters
can be expected to change during an outburst decay: the inner disc radius, the disc
ionisation, and the reflection fraction. The remaining parameters are either contin-
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uum parameters with measured changes (power law index and normalisation), fluxindependent (spin, inclination, and iron abundance), or frozen to their default values
in our modelling (emissivity profile, cutoff energy). Therefore, we set up a grid in inner
disc radius, ionisation, and reflection fraction, and for each combination simulate a
NuSTAR spectra from the tbabs*(bbodyrad+relxill) model with the continuum
parameters from the 2018 NuSTAR spectral shape. For each simulated spectrum at
each gridpoint, we then fitted three models: the full (underlying) reflection model, a
continuum-only model tbabs*(bbodyrad+nthcomp), and a continuum model with
an additional Gaussian Fe-Kα line. The energy of the latter Gaussian was constrained
to lie between 6.4 and 6.96 keV, and its equivalent width provides a diagnostic of the
strength of the Fe-Kα line in the simulated data. A second diagnostic of the strength
2
of reflection is given by the reduced χ of the continuum-only model, which should
approach ∼ 1.0 as the reflection becomes undetectable.
We performed our simulations for the following parameter grid: inner disc radius
between Rin = 6 and Rin = 120 Rg , ionisation parameter between log ξ = 0.5 and
log ξ = 4.7, and reflection fraction between Fref = 0.0 and Fref = 3.0. We first ran
a low-resolution simulation to determine regions of interest in the probed parameter
space, using 11 points in inner disc radius, 6 in ionisation parameter, and 5 in reflection
fraction. Then, after concluding that the inner disc radius had little effect, while the
reflection fraction and both high and low ionisation parameters did (as discussed
below), we reran the simulations twice: both times with a lower resolution in inner
disc radius (6 points) and a higher resolution in reflection fraction (9 points). These
two added simulations used a higher resolution in ionisation parameters (6 points) to
zoom in on high (log ξ = 3.2 − 4.7) and low (log ξ = 0.5 − 1.5) values, respectively.
We show representative results of this grid search in Figures 4.6 and 4.7: each panel
2
shows one of the two aforementioned diagnostics of reflection strength – reduced χ of
the continuum-only model and Gaussian iron line equivalent width – at a given value
of one parameter, as a function of the two other parameters. In Figure 4.6, we show
2
the χν of the continuum-only model at low (log ξ = 1.2; left) and high (log ξ = 4.5;
right) ionisation. From this figure, we can draw two conclusions: first, the lack of
vertical changes reveals that the value of the inner disc radius does not greatly affect
the detectability of the reflection signatures. Secondly, the reflection signatures are
always weak at high values of the ionisation parameter, while for lower ionisation they
are weak only for low reflection fractions.
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Figure 4.6: The reduced χ of fitting a continuum-only tbabs×(bbodyrad+nthcomp) model to a simulated NuSTAR spectrum with the same
flux and exposure as the 2018 observation, containing a reflection component with the shown relxill-parameters. The panels show the results
at low (left; log ξ = 1.2) and high (right; log ξ = 4.5) disc ionisation parameter. Note that, as per definition in the relxill model, the inner disc
2
radius is given in units of the Innermost Stable Circular Orbit, where −1 equals RISCO . The ranges in reduced χ differ greatly between the two
ionisation states. See the main text for full details on these simulations.
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Figure 4.7: Top panels: same as Figure 4.6, now showing the reduced χ as a function of reflection
fraction and disc ionisation parameter at a given inner disc radius. Reflection features become
2
undetectable (i.e. χν ≈ 1.0) at low reflection fraction and very high disc ionisation. Bottom: the
equivalent width of a Gaussian iron line added to the simple continuum model, fitted to the simulated
spectra. The axes are the same as the top two panels. A low equivalent width corresponds to
2
undetectable reflection features, confirming the trends visible in the reduced χ diagnostic.
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The same results can be inferred from Figure 4.7. Here, the panels show the
two reflection strength diagnostics for approximately the same disc inner radius. The
continuum-only model fits best, again implying weak to no reflection, at low reflection
fraction or high ionisation. The Gaussian Fe-Kα line’s equivalent width (bottom
panel) confirms this trend, as it decreases towards those same regions of parameter
2
space. Finally, we stress that the χν values of the continuum model shown in Figures
2
4 and 5 nowhere reach below the χν found when fitting the real 2018 observation with
2
the continuum model (i.e. χν = 0.89).
Finally, we show a one-dimensional representation of our simulation output in
2
Figure 4.8. Here, we show the reduced χ for the simulated data fitted with the
continuum-only model, as a function of disc ionisation. The lines of different colour
and width represent different reflection fractions. Given the lack of any systematic
effect as the inner disc radius varies (see above), we pick a representative inner radius
of 63 Rg and plot the results for that value. Figure 4.8 confirms the inferences
made above: the reflection signatures always become undetectable towards very high
ionisation ( log ξ ≥ 4.1–4.3, depending on the reflection fraction). In addition, the nondetection of reflection features can be explained by a low reflection fraction (Fref ≈ 0)
independently of ionisation.

4

Discussion

We have presented a systematic analysis of the X-ray reflection spectrum during
the outburst decay of the NS LMXB 4U 1608−52. Comparing Swift, NICER, and
NuSTAR spectra obtained over two similar outbursts, we find the following results: (i)
Reflection features, such as a broad Fe-Kα line and Compton hump, are systematically
present at high mass accretion rates without changing shape, but disappear completely
within days towards the end of the outburst. (ii) This non-detection of reflection
features at low flux is not due to a lower signal-to-noise, but can instead be explained
by either a high ionisation (log ξ ≥ 4.1) or low reflection fraction (Fref ≈ 0) (iii) the
lack of reflection features does not result from changes in inner disc radius alone,
although we stress that we cannot directly constrain the value of this radius. Here,
we will discuss these results in a physical context and compare it to other LMXB
systems.
From our simulations, we conclude that the disappearance of measurable reflection
features can be explained by either a very low reflection fraction, or a high disc
ionisation, approaching the grid edge of the relxill model. The reflection fraction
in the relxill model is defined as the ratio of the reflected and direct flux in the
20–40 keV range (Dauser et al. 2016). While for some flavours of reflection models,
reflection fractions have been calculated self-consistently assuming given illuminating
geometries, in the relxill model used in this work no specific geometry is assumed
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(Dauser et al. 2016). Therefore, while it can explain the 2018 NuSTAR spectrum, a
very low reflection fraction does not directly map onto a physical picture.
Therefore, in the remainder of the discussion, we focus more on the second explanation of a high disc ionisation, as this provides more direct physical insight into the
evolution of the system. The ionisation parameter scales with the ionising X-ray flux
2
divided by particle density, i.e. ξ = LX,ionising /(nr ). Comparing the two NuSTAR
spectra of 4U 1608−52, we find that the spectrum is harder when no reflection is detected. In other words, a higher fraction of flux comes out at high (ionising) energies.
However, the total flux also decays, which counteracts this effect. More likely, an
increase in ionisation parameter could be explained by a decrease in particle number
density as the source decays to lower X-ray luminosities.
What might explain such a decrease in the number density of particles in the
disc? As X-ray binaries decay towards quiescence, their accretion flows are expected
to change morphology. For instance, the inner accretion flow might evaporate into
a radiatively inefficient hot flow (for instance an advection-dominated accretion flow;
Narayan & Yi 1994, 1995). During the same transition, the inner radius of the
thin disc might move outwards, truncating the Keplerian disc (e.g Zdziarski et al.
1999; Esin et al. 2001; Kalemci et al. 2004; Tomsick et al. 2004a). As the inner
accretion flow evaporates, the density of the gas will decrease. This transition could
therefore explain the increase in ionisation parameter and resulting disappearance of
the reflection signatures observed in 4U 1608−52. The NICER observations at higher
mass accretion rates show a remarkably stable Fe-Kα line profile, which suggest that
in this scenario, the disc initially remains stable. Subsequently, the disc changes
morphology within days, as it evaporates into a radiatively inefficient hot flow below
36
−1
−2
∼ 10 erg s (i.e. below ∼ 10 LEdd ). Due to gaps in the X-ray monitoring and
required grouping of the NICER observations, the exact transition X-ray luminosity
cannot be measured precisely.
The possible transition to a radiatively inefficient hot flow before the NuSTAR
observation in the 2018 outburst can be compared to the behaviour of other neutron
star LMXBs. For instance, the continuum blackbody and comptonisation parameters during the 2018 NuSTAR observation (e.g., Table 4.1) are very similar to those
observed for Aql X-1 with Suzaku at a similar luminosity level (Sakurai et al. 2014).
At this luminosity, no reflection features are detected in Aql X-1 either, which might
similarly arise from the evaporation into a hot flow. It should be noted, however,
that reflection features in Aql X-1 are also weak at higher luminosity and that the
disc is likely always truncated away from the neutron star (King et al. 2016; Ludlam
et al. 2017b). Therefore, the inner disc geometry might not be exactly comparable
and the reflection spectrum could simply be undetectable due to the low flux. This
comparison with Aql X-1 highlights the exceptional combination of strong reflection
and low distance presented by 4U 1608−52, which allows us to conclude that the lack
of reflection does not result only from limited signal-to-noise.
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An additional comparison can be made with very-faint X-ray binaries (VFXBs),
which never reach high accretion luminosities, as they either persistently accrete be34
36
−1
36
−1
tween ∼ 10 to 10 erg s or exhibit outbursts that peak below 10 erg s . Of
the few VFXBs with detailed spectral observations, most do not show reflection features (e.g., Armas Padilla et al. 2011, 2013b,a; Lotti et al. 2016; Sanna et al. 2018a,b).
Moreover, the transient black hole LMXB Swift J1357.2-0933, which does not become
35
−1
brighter than ∼ 10 erg s during its accretion outbursts, does not show an Fe-Kα
line either (Armas Padilla et al. 2014; Beri et al. 2019). Being in the same X-ray
luminosity range as 4U 1608−52 during the 2018 NuSTAR observation, the lack of
reflection in these VFXBs might also be explained by a radiatively inefficient accretion
flow with a high ionisation parameter.
Interestingly, weak reflection features were detected with NuSTAR, XMM-Newton
and Chandra in the (persistently accreting) neutron star VFXB IGR J17062−6143.
Reflection modelling of those data implied that the disc could be truncated at ∼ 100
Rg (Degenaar et al. 2017b; van den Eijnden et al. 2018d). In this source, and generally
in neutron star X-ray binaries showing truncated discs, it is difficult to distinguish between two possible explanations for the disc truncation: a relatively strong magnetic
field, or the evaporation of the inner thin disc. However, our results for 4U 1608−52
might provide some insight: in IGR J17062−6143, reflection is detected despite a
strongly truncated accretion flow. Based on our results on 4U 1608−52, we can envision three scenarios: firstly, that the disc in IGR J17062−6143 is also evaporated but
has not reached high enough ionisation levels to yield reflection features undetectable;
secondly that the disc truncation is instead caused by a different mechanism, such
as the neutron star magnetosphere truncated an otherwise relatively thin disc. The
presence of X-ray pulsations, making IGR J17062−6143 an accreting millisecond Xray pulsar (Strohmayer & Keek 2017; Strohmayer et al. 2018b), plausibly fits within
this picture, as matter is channeled to the magnetic poles; or thirdly, that the disappearance of reflection features in 4U 1608−52 is caused by a low reflection fraction
instead, which doesn’t occur in IGR J1706-2−6143.
Here, we briefly consider the effect of the continuum shape on the detectability
of reflection features. Analysing four Suzaku observations of 4U 1608−52 throughout
its 2010 outburst, Armas Padilla et al. (2017) find no evidence for reflection at any
moment, placing limits on the equivalent width of the Fe-Kα line of < 14 eV. These
36
−1
spectra were taken in the range of ∼ (1 − 20) × 10 erg s , a factor two to forty
brighter than the 2018 NuSTAR spectrum. Armas Padilla et al. (2017) note that this
lack of reflection could result from either an intrinsic lack of reflection features, or
burying by the continuum. We find that at lower luminosity it can be a combination
of both: while reflection should have been seen in the 2018 NuSTAR observation if it
were present (Section 3.2), it becomes undetectable at lower ionisation parameter for
the 2018 continuum shape. However, the comparison between NuSTAR and Suzaku
is more accurate using the 2014 observation, which overlaps in flux with the Suzaku
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range (Degenaar et al. 2015). Given the strong reflection in the NuSTAR spectrum,
and in the NICER monitoring around the 2018 outburst peak, a low signal-to-noise
seems the most likely explanation of the lack of reflection detected by Armas Padilla
et al. (2017).
If reflection had been detected in 4U 1608−52 during the 2018 NuSTAR observation, we could have measured the disc inner radius and compared it with the earlier
NuSTAR measurement. However, in the absence of reflection, we do not obtain any
constraints on the inner disc radius. While it could very well change in tandem with
the changing ionisation state, our simulations show that varying the inner disc radius
alone cannot explain the disappearance of reflection features. Therefore, we cannot
place any constraints on the evolution or value of Rg in the 2018 observation.
Finally, in the few black hole LMXBs observed at similarly low X-ray luminosities,
the inner disc appears to be truncated: in GX 339−4, the inner disc radius appears to
−3
move from a few gravitational radii at high accretion rate to ≳ 35 Rg at ∼ 10 LEdd
(Tomsick et al. 2009; García et al. 2019). A NuSTAR observation of GRS 1739−278
−2
places its inner disc at ∼ 15 − 35 Rg when accreting at ∼ 10 LEdd (Fürst et al.
2016b). Interestingly, in these sources, the Fe-Kα line is clearly detected. In the
scenario proposed above, where we assume ionisation changes caused by a transition
to a low-density, radiatively inefficient accretion flow drive the iron line disappearance,
instead of low reflection fraction, this FeKα-line is not expected. Therefore there
might be a difference in the evaporation of the disc as the thin disc recedes in these
two black hole systems, when compared to 4U 1608−52.

Acknowledgements
The authors thank the anonymous referee for comments that improved the quality of
this manuscript. JvdE, ND and ASP are supported by an NWO Vidi grant awarded
to ND. RML acknowledges the support of NASA through Hubble Fellowship Program
grant HST-HF2-51440.001. PB was supported by an NPP fellowship at NASA Goddard Space Flight Center. This research has made use of the MAXI data provided by
RIKEN, JAXA and the MAXI team, together with data and software provided by the
High Energy Astrophysics Science Archive Research Center (HEASARC) and NASA’s
Astrophysics Data System Bibliographic Services. This work made use of data from
the NuSTAR mission, a project led by the California Institute of Technology, managed by the Jet Propulsion Laboratory, and funded by the National Aeronautics and
Space Administration. This research has made use of the NuSTAR Data Analysis
Software (NuSTARDAS) jointly developed by the ASI Science Data Center (ASDC,
Italy) and the California Institute of Technology (USA). This work was supported in
part by NASA through the NICER mission and the Astrophysics Explorers Program.

123

4 Disappearing reflection in 4U 1608−52
Table 4.2: Results from the Swift/XRT spectral continuum fits to measure the X-ray flux evolution
of 4U 1608−52.

MJD
58302.4540
58304.6494
58306.4631
58308.2397
58310.5458
58312.2109
58314.0427
58316.4016
58318.3281
58320.3856
58322.5791
58326.7577
58330.6144
58334.2006
58338.0529
58348.6161
58353.0956
58360.5705
58363.0151
58367.4035
58381.9211
58415.8456

ObsId

Γ

00010741001
00010741002
00010741003
00010741004
00010741005
00010741006
00010741007
00010741008
00010741009
00010741010
00010741011
00010741012
00010741013
00010741014
00010741015
00010741016
00010741017
00010741018
00010741019
00010741020
00000000000
00010741026

1.90 ± 0.01
2.17 ± 0.01
2.27 ± 0.01
2.27 ± 0.02
2.28 ± 0.05
2.21 ± 0.10
2.06 ± 0.09
1.84 ± 0.10
1.95± 0.09
1.87 ± 0.08
1.85 ± 0.09
2.04 ± 0.02
1.73 ± 0.02
1.81 ± 0.03
1.89 ± 0.10
1.76 ± 0.14
2.50 ± 0.61
3.66 ± 1.05
4.01 ± 1.14
1.87 ± 1.03
4.32 ± 1.07
3.59 ± 1.42

FX
−2 −1
(erg cm s )
−9
(7.81 ± 0.03) × 10
−9
(3.55 ± 0.02) × 10
−9
(2.76 ± 0.02) × 10
−10
(8.99 ± 0.10) × 10
−10
(7.07 ± 0.15) × 10
−10
(2.90 ± 0.15) × 10
−10
(1.70 ± 0.08) × 10
−10
(6.74 ± 0.32) × 10
−10
(4.96 ± 0.23) × 10
−10
(6.05 ± 0.25) × 10
−10
(4.98 ± 0.22) × 10
−10
(8.80 ± 0.10) × 10
−10
(9.51 ± 0.10) × 10
−10
(9.34 ± 0.12) × 10
−10
(6.93 ± 0.34) × 10
−11
(7.06 ± 0.05) × 10
−12
(3.88 ± 1.34) × 10
−12
(3.05 ± 3.73) × 10
−12
(3.37 ± 3.84) × 10
−12
(1.79 ± 1.01) × 10
−12
(3.10 ± 2.91) × 10
−12
(2.62 ± 3.62) × 10
22

Note – These spectral fits were performed with NH = 1.58 × 10 cm fixed.
FX represents the unabsorbed 0.5–10 keV model flux. The model used was
tbabs*pegpwrlw.

A

−2

Appendix: Results from XRT spectral fitting

Table 4.2 lists the details for our Swift XRT spectral fits to measure the flux evolution
throughout the 2018 outburst of 4U 1608−52.
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Abstract
Swift J1858.6-0814 is a transient neutron star X-ray binary discovered in October
2018. Rapid multi-wavelength follow-up observations across the electromagnetic spectrum revealed many interesting properties, such as erratic flaring on minute timescales
and evidence for wind outflows at both X-ray and optical wavelengths, strong and
variable local absorption, and an anomalously hard X-ray spectrum. In this paper,
we report on a detailed radio observing campaign consisting of one observation at
5.5 and 9 GHz with the Australia Telescope Compact Array, and nine observations
at 4.5 and 7.5 GHz with the Karl G. Jansky Very Large Array. A radio counterpart
with a flat to inverted radio spectrum is detected in all observations, consistent with
a compact jet being launched from the system. We also find that Swift J1858.6-0814
is highly variable at radio wavelengths in most observations, showing significant variability when imaged on 3–5 minute timescales and changing up to factors of ∼ 8 in
radio flux density within 20 minutes. The periods of the brightest radio emission
are not associated with steep radio spectra, implying they do not originate from the
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launching of discrete ejecta. We find that the radio variability is similarly unlikely
to have a geometric origin, to be due to scintillation, or to be causally related to
the observed X-ray flaring. Instead, we find that it is consistent with being driven
by variations in the accretion flow propagating down the compact jet. Finally, we
compare the radio properties of Swift J1858.6-0814 with those of Eddington-limited
X-ray binaries with similar X-ray and optical characteristics, but fail to find an exact
match in radio variability, spectrum, and luminosity.

126

1 Introduction

1

Introduction

X-ray binaries, wherein a compact object accretes from an orbiting companion star,
form excellent laboratories to study both the accretion and ejection of matter. Such
systems are often classified based on the mass of the donor star, with low-mass Xray binaries (LMXBs) typically having a donor star with a mass < 1M⊙ . While
the compact object in some LMXBs persistently accretes from its companion, the
majority of systems are instead transients (see for recent catalogues, e.g., CorralSantana et al. 2016; Tetarenko et al. 2016b). These transient LMXBs mostly reside
in a quiescent state, interspersed with accretion outbursts typically lasting weeks
to months. During these outbursts, LMXBs can reach mass accretion rates around
or exceeding the Eddington limit, increasing multiple orders of magnitude in X-ray
luminosity over the course of days to weeks (e.g. Done et al. 2007).
X-ray binaries can also launch outflows from the accreted material, which can
either take the form of collimated, relativistic jets, or slower, more massive, disc
winds. In a typical black hole or neutron star LMXB outburst, the compact jet and
disc winds are not observed simultaneously in radio and X-rays (e.g. Fender et al.
2004; Ponti et al. 2012). Instead, the compact radio jet is launched in the ‘hard’
state, dominated by non-thermal, Comptonised X-ray emission (Corbel et al. 2000;
Dhawan et al. 2000; Stirling et al. 2001), while the winds are detected in X-rays (if
inclination allows; Ponti et al. 2012; Higginbottom et al. 2017) in the ‘soft’, discdominated state instead. In the soft state, the compact jet is quenched in black hole
systems (Fender et al. 2004). In neutron star systems, soft state jets are observed in
some sources, while they are quenched in others (Miller-Jones et al. 2010; Gusinskaia
et al. 2017; Díaz Trigo et al. 2018). The jet–wind dichotomy becomes less defined,
however, when optical wavelengths are included: disc winds have been observed in
the optical bands during the hard states of LMXBs, for instance in the black hole
transients Swift J1357.2-0933 (Jiménez-Ibarra et al. 2019; Charles et al. 2019) and
MAXI J1820+070 (Muñoz-Darias et al. 2019).
The relation between the wind and jet outflows is also more complex at the highest,
super-Eddington accretion rates. At such rates, both outflow types are often seen
simultaneously (e.g. Neilsen & Lee 2009; Homan et al. 2016; Muñoz-Darias et al. 2016;
Motta et al. 2017; Allen et al. 2018; van den Eijnden et al. 2019b). Super-Eddington
accreting black holes often show flaring by several orders of magnitude on seconds to
minutes time scales, in both X-rays and radio bands, where the radio variability is
typically associated with the launch of discrete, expanding ejecta (e.g. Rupen et al.
2003a, 2004a; Fender et al. 2009; Tetarenko et al. 2017; Miller-Jones et al. 2019). This
origin can be inferred either indirectly from steep radio spectra, and a smoothing out
of the variability with increasing delays towards lower observing frequencies, probing
further down the outflow (Tetarenko et al. 2019). Alternatively, it can be inferred
more directly by resolving the ejecta with Very-long Baseline Interferometry (e.g.
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Miller-Jones et al. 2019). Similar behaviour is also seen in neutron star LMXBs when
they accrete close to their Eddington limit (Fomalont et al. 2001a,b; Homan et al.
2016; Motta & Fender 2019).
In October 2018, Krimm et al. (2018) reported the discovery of a new Galactic
X-ray transient with the Burst Alert Telescope (BAT) aboard the Neil Gehrels Swift
Observatory (Gehrels et al. 2004; hereafter Swift). This new source, named Swift
J1858.6-0814 (hereafter Sw J1858), was quickly followed up at many wavelengths and
also detected at UV (Kennea & Krimm 2018; Bozzo et al. 2018a), optical (Vasilopoulos
et al. 2018), and radio (Bright et al. 2018) wavelengths. At X-ray energies, Sw J1858
showed an extremely hard spectrum up to 10 keV (Γ < 1) and reached only low fluxes
−10
2
(e.g. up to ∼ 10
erg/s/cm ; Reynolds et al. 2018). On top of this relatively faint
emission, Sw J1858 showed strong, brief X-ray flares (Ludlam et al. 2018; Hare et al.
2019, 2020), which were also detected at optical wavelengths (Vasilopoulos et al. 2018;
Baglio et al. 2018; Rajwade et al. 2018, 2019; Paice et al. 2018). In addition, the Xray spectrum showed evidence of strong local absorption (Reynolds et al. 2018; Hare
et al. 2020), and outflows were observed in the optical spectrum (Muñoz-Darias et al.
2020) and inferred from the X-ray spectrum as well (Buisson et al., submitted ).
Sw J1858 has been active for more than a year at the time of writing: it went
into Sun constraint three weeks after the first report of the outburst, but appeared
out of Sun constraint in a similar state three months later (Rajwade et al. 2019).
It has also remained active after a second Sun constraint period in 2019–2020, out
of which it emerged in a softer, previously unobserved X-ray state in February 2020
(Buisson et al. 2020a). As noted by several authors (i.e. Ludlam et al. 2019; Paice
et al. 2018; Reynolds et al. 2018; Hare et al. 2020, Buisson et al., submitted ), the rich
phenomenology observed in the initial state of Sw J1858 overlaps with the properties
of the transient black hole LMXBs V404 Cyg (Rodriguez et al. 2015) and V4641 Sgr
(Wijnands & van der Klis 2000): the strong optical and X-ray flaring, X-ray spectral
shape (e.g., Motta et al. 2017), and evidence for optical winds is observed in all three
sources (Muñoz-Darias et al. 2016, 2018, 2020).
While Sw J1858 was in its new X-ray state since Feb 2020, NICER observed several
flares (one of which was also covered by NuSTAR) that, upon closer inspection, turn
out to be Type-I X-ray bursts (Buisson et al. 2020b). Such bursts are caused by
runaway thermonuclear burning of accreted material on the surface of neutron stars
(see for reviews, e.g., Lewin et al. 1995; Strohmayer & Bildsten 2006; Galloway &
Keek 2017). The bursts observed from Sw J1858 are identified as Type-I bursts from
their profile, spectrum, and spectral evolution, and therefore unambiguously show
that the accretor is a neutron star. One of the bursts reported by Buisson et al.
(2020b) shows evidence for photospheric radius expansion, which implies a distance
of ∼ 15 kpc to Sw J1858. We will adopt this distance for our work.
Outside of its flares and before the second Sun constraint period, the outburst of
2
Sw J1858 reached X-ray luminosities of ≲ 1.5% (D/15 kpc) LEdd for a neutron star
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accretor. Given this low X-ray luminosity, we triggered a Swift X-ray and Karl G.
Jansky Very Large Array (VLA) radio monitoring programme to study the outbursts
of X-ray transients at low X-ray luminosity. This campaign was supplemented by an
observation with the Australia Telescope Compare Array (ATCA). Here, we report the
results of this study, focusing on the radio variability properties down to minute time
scales. This paper presents the radio campaign in combination with Swift monitoring,
which acts to place the radio behaviour into the context of the full outburst.

2
2.1

Observations and data analysis
Radio

The radio observing campaign of Sw J1858 consisted of one initial observation with
ATCA, followed by nine observations performed with the VLA. The ATCA observation was taken on November 8, 2018 between 04:58:09.9 and 11:08:59.9 UTC (project
code C2601). The telescope was in its extended 6km (6B) configuration, with antenna 3 offline. We used PKS 1934-638 as the primary calibrator, while the nearby
o
secondary calibrator for all observations was J1832-1035 (∼ 7 separation). Measurements were recorded simultaneously at 5.5 and 9 GHz in standard continuum mode
, with 2048 MHz bandwidth each. In this paper, we will refer to this observation as
epoch 1. Details on all individual radio observations, including those discussed below,
can be found in Table 5.1.
The nine VLA observations were part of two observing programmes, SE0057 and
19A-495. The first six observations were performed in November 2018, before the
first X-ray Sun constraint. The final three observations were obtained in February,
March, and August 2019, respectively. The first eight observations lasted 1 hour,
including setup and calibration scans, and were taken in C-band using 8-bit mode,
with two sub-bands centred at 4.5 and 7.5 GHz with 1024 MHz bandwidth each. The
final observation had the same setup but lasted for 3.5 hours, maximising the overlap
with other observatories during a coordinated observing campaign. Depending on the
start time of the observation, we used either J0137+3309 (3C 48) or J1331+3030 (3C
286) as the primary calibrator. We used the same secondary calibrator as for the
ATCA observation. The observations were taken in different configurations, covering
D, D→C, C, C→B, B, and A. Throughout this paper, we will refer to these nine
observations as epochs 2 through 10.
To calibrate and image the time-averaged radio observations, we followed standard procedures using the Common Astronomy Software Application (casa;
McMullin et al. 2007) version 4.7.2. We used a combination of automatic flagging
routines and careful manual inspection of the visibilities to remove RFI, and subsequently imaged Stokes I using the multi-scale multi-frequency casa-task clean. In
order to maximise sensitivity while reducing the sidelobe-effects of a close-by back-
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ground source, we use a Briggs weighting scheme with the robust parameter set to 0.
The source was significantly detected in each epoch in both bands, and we measured
flux densities by fitting the point source with an elliptical Gaussian model with the
size and shape of the restoring beam in the image plane using imfit. The 1σ uncertainty on the flux density was determined as the rms over a close-by, source-free
region.
Given the strong X-ray and optical variability of Sw J1858, we also analysed the
radio observations on shorter timescales to explore intra-observational variability. Due
to their different instantaneous uv-plane coverage, we applied different approaches to
the ATCA and VLA observation. Making use of its good instantaneous uv-plane
coverage, we applied an image-plane approach to the VLA observations: using a
custom python-script and manual checks of the output, we imaged the two observing
bands (4.5 and 7.5 GHz) on a 3-minute time scale to measure the source’s light curve.
For ATCA, the East-West orientation makes image-plane analysis on time scales of
minutes, at the flux density levels of Sw J1858, unfeasible. Therefore, we instead used
uv-plane fitting with the uvmultifit task (Martí-Vidal et al. 2014), using a 5-minute
time resolution. For both the VLA and ATCA, we attempted several time resolutions
and inspected the results to find the time scale that best balances sensitivity with the
ability to observe short-time-scale variations. We settled on a slightly lower ATCA
time resolution, given the higher sensitivity of the VLA. The errors on the light curves
were calculated in the same way as the averaged flux density in the image-plane
analysis, and as the statistical fitting error in the uv-plane analysis. To assess to
what degree any observed variability is intrinsic to the target, instead of atmospheric
or instrumental effects, we also analysed a nearby background source on the same
time scale for both the VLA and ATCA.
Finally, for both the full and the time-resolved observations, we calculated the
α
radio spectral index α (where Sν ∝ ν ). We estimated the error on α using a
Monte-Carlo simulation, where we randomly draw flux densities at both observing
4
frequencies and recalculate α in total 10 times. The 1σ uncertainty on the spectral
index was then calculated as the standard deviation of the resulting distribution of
spectral indices.
The VLA primary calibrator 3C 48, used in four epochs (see Table 5.1), has been
1
undergoing flaring behaviour since January 2018 , which can affect the flux scale at the
∼ 5% level. To check whether this affects our observations, we inspected the output
casa logs of the fluxscale task and compared the calibrated flux density of the
2
secondary calibrator between the nine epochs. While the ATCA calibrator database
shows that J1832-1035 remains at a relatively stable 5.5 GHz flux density over time, we
measure a slightly decreased flux density during epochs 3 and 4: ∼ 1.36 Jy, compared
1
2

130

https://science.nrao.edu/facilities/vla/docs/manuals/oss/performance/fdscale
https://www.narrabri.atnf.csiro.au/calibrators/

2 Observations and data analysis

to ∼ 1.45–1.50 Jy in the remaining epochs, regardless of primary calibrator. Therefore,
the measured average flux densities in those two epochs might be underestimated by
∼ 7–10%. However, this will not affect the time resolved analysis within observations
that we present in this paper.

2.2

X-ray

Swift performed an extensive X-ray monitoring campaign of Sw J1858 under ObsIDs
10955, 10970, and 88868. Obervations were taken both in the Photon Counting (PC)
and Windowed Timing (WT) modes. Before 22 November 2018, when the target
went into Sun constraint, 13 X-ray Telescope (XRT) observations with exposures up
to 2 ks were performed. The monitoring then resumed on 19 February 2019, as the
source was actively accreting as it appeared from Sun constraint, continuing until
early August 2019. As we focus on the radio properties and variability of Sw J1858,
we do not perform a detailed X-ray analysis of all Swift observations, but instead
focus on measuring the X-ray flux around the radio observations. For more detailed
analysis of the X-ray spectrum of Sw J1858, we refer the reader to Hare et al. (2020)
and Buisson et al. (submitted ).
Due to the faintness of the source, we do not use data from either Swift-BAT or
Monitor of All-sky X-ray Image (MAXI) observations in this work. Instead, we use
the available Swift/XRT monitoring data to extract a long term X-ray light curve
of the source, in order to place our radio observations in the context of the full
outburst. In addition, we extract and fit spectra of the observations taken closest to
our radio epochs, in order to measure the quasi-simultaneous X-ray flux. For every
Swift observation taken closest to a radio observation, we also consider a 100-second
resolution light curve to estimate the amount of X-ray variability at that time. All
analysed X-ray data are listed in Table 5.1.
The only Swift/XRT observation within four days of the ATCA and first VLA
observation (i.e. epochs 1 and 2) was merely 30 seconds long. Therefore, for that observation we converted the X-ray count rate to a flux assuming a X-ray spectral shape
typical of Sw J1858 in the remainder of the outburst (see Section 3.3). For epochs 3
to 7, all performed before the Sun constraint when Swift observed nearly every day,
the analysed X-ray spectra where taken within 24 hours of the radio observation. For
epochs 8 & 9, performed after the first Sun constraint, Swift monitoring was more
sparse. Therefore, the radio and X-ray observations at these later times are typically
separated by ∼ 1.5–2 days. Finally, three consecutive Swift observations were taken
simultaneously with the tenth and final epoch.
Swift/XRT spectra, with corresponding background spectra and response files, and
light curves (both long-term and of single observations) were obtained using the online
3
data products generator (Evans et al. 2007, 2009). We fit the X-ray spectra with
3

http://www.swift.ac.uk/user_objects/
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xspec v.12.10.1, setting the abundances to Wilms et al. (2000) and cross-sections to
Verner et al. (1996). We account for interstellar absorption using the tbabs model.
Given the low count rates and short observations, we used W-statistics as our fit
statistic (Cash 1979). Fluxes with errors were calculated using the convolution model
cflux. All reported errors are quoted at the 1σ level, unless stated otherwise.

3

Results

3.1

Radio detection and position

Sw J1858 is significantly detected at both radio observing frequencies in every observation. In Figure 5.1, we show the radio detection of Sw J1858 during the second
epoch at 7.5 GHz (observed with the VLA), when the source was radio brightest. The
image shows a radio counterpart consistent with the Swift/XRT source. A second,
′
nearby radio source is also visible at a separation of ∼ 2 , which might contribute
to the structured noise reported by AMI-LA (Bright et al. 2018). The best fit radio
position was measured from the tenth, and final, epoch (7.5 GHz):
RA = 18h 58m 34.9100s ± 0.0027s
o
Dec = −08 14’ 14.958" ± 0.037”
where the error is inferred from the typical astrometric accuracy of the VLA (10% of
the synthesised beam). This position is fully consistent with the Swift/XRT position
reported by Kennea & Krimm (2018). We used the final epoch for this calculation,
since the extended A-configuration during this observation yields the smallest statistical uncertainty. While the target was relatively faint during this observation, the
high signal-to-noise (S/N >> 10) still ensured the positional accuracy was limited by
10% of the beam size.
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Table 5.1: Overview of the ten radio observations of Sw J1858, with their corresponding quasi-simultaneous Swift/XRT X-ray observations. For
epoch 1 through 8 and 10, the time difference is less than one day. For epoch 9, the two surrounding X-ray epochs are both separated by a ∼ 1.3
day difference. Therefore, we consider both for our X-ray flux measurements. For epoch 10, the three listed Swift observations were back-to-back.
All listed MJDs represent the start of the observations. *In these two epochs, flaring in 3C 48 might have lead to an underestimate of the target
flux density by ∼ 7–10%, see Section 2.1 for details.

1
2
3
4
5
6
7
8
9
10

Obs.

Radio MJD

Primary calibrator

Config.

ATCA
VLA
VLA
VLA
VLA
VLA
VLA
VLA
VLA
VLA

58430.207
58431.954
58436.072
58437.060
58438.835
58443.748
58443.922
58534.498
58566.479
58701.035

PKS 1934-638
J0137+3309 (3C
J0137+3309 (3C
J0137+3309 (3C
J1331+3030 (3C
J1331+3030 (3C
J0137+3309 (3C
J1331+3030 (3C
J1331+3030 (3C
J1331+3030 (3C

6B
D
D→C
D→C
D→C
C
C
C→B
B
A

48)
48)*
48)*
286)
286)
48)
286)
286)
286)

Swift ObsID

XRT
mode

Swift MJD
since 58000

XRT
exposure [s]

00010955003

WT

432.619

30

00010955004
00010970002
00010970003
00010955008
00010955008
00010970008
00010970023/24
00010970043/44/45

WT
PC
PC
PC
PC
PC
PC
PC

436.478
437.465
439.390
444.304
444.304
537.342
565.104/567.754
701.032

1870
2035
1630
1960
1960
995
995/945
2200
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Epoch
1
2
3*
4*
5
6
7
8
9
10

Radio flux density [µJy]
Low band High band
422 ± 15
505 ± 15
499 ± 12
607 ± 9
233 ± 10
265 ± 10
279 ± 10
285 ± 12
313 ± 9
411 ± 8
210 ± 12
275 ± 11
172 ± 9
233 ± 9
187 ± 12
184 ± 9
130 ± 10
182 ± 8
166 ± 9
176 ± 6

Radio spectral index
0.36 ± 0.11
0.40 ± 0.18
0.25 ± 0.16
0.05 ± 0.14
0.55 ± 0.24
0.55 ± 0.28
0.62 ± 0.30
0.00 ± 0.19
0.66 ± 0.32
0.11 ± 0.13

0.5–10 keV X-ray flux
2
[erg/s/cm ]

Γ

(2.9 ± 0.4syst ± 1.0pois ) × 10

−11

(1.0 ± 0.1) × 10
−12
(9.5 ± 1.5) × 10
−11
(2.3 ± 0.2) × 10
−10
(1.7 ± 0.1) × 10
−10
(1.7 ± 0.1) × 10
−11
(2.1 ± 0.3) × 10
−11
(1.2 ± 0.2) × 10
−11
(3.1 ± 0.2) × 10
−11

Wstat (dof)

N/A (see Section 3.3)
1.0 ± 0.2
−0.1 ± 0.2
0.2 ± 0.1
0.45 ± 0.05
0.45 ± 0.05
0.0 ± 0.2
0.5 ± 0.2
0.2 ± 0.1

250.6
127.5
181.8
451.3
451.3
112.7
98.1
256.4

(265)
(106)
(221)
(507)
(507)
(108)
(91)
(285)
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Table 5.2: Radio and X-ray flux (densities) and spectral information. For each radio epoch, we list the low band (4.5 or 5.5 GHz for VLA or ATCA,
α
respectively) and high band (7.5 or 9 GHz) flux density Sν and the radio spectral index α, where Sν ∝ ν . In the X-rays, we list the measured 0.5
– 10 keV flux, spectral index Γ, and W-statistic with degrees of freedom. Each Swift/XRT spectrum was fitted with a tbabs*powerlaw model,
but NH was fixed to zero as no absorption was required for any of the fits. *In these two epochs, flaring in 3C 48 might lead to an underestimate
of the target flux density by ∼ 7–10%, see Section 2.1 for details.

3 Results

3.2

Long term light curves

In Figure 5.2, we show the long-term X-ray and radio light curves, and the radio
spectral index as a function of time. Between 30 and 110 days after the outburst
detection by BAT, Sw J1858 was in Sun constraint for Swift. The X-ray count rate
light curve (top) reveals strong variations between observations, changing more than
two orders of magnitude. However, no clear outburst profile, with a distinct rise and
decay, can be seen. The apparent variability between observations is affected by the
presence of X-ray flaring in Sw J1858, which, in combination with the short Swift
exposures, boosts the count rate in observations covering one or more flares. After
day ∼ 135, the dynamic range between observations decreases, with all count rates
lying within one dex. At the time of writing, Sw J1858 still remains active, much
longer than for instance the 2015 outburst of V404 Cyg that it was compared to early
on in its outburst (Ludlam et al. 2018; Paice et al. 2018; Reynolds et al. 2018)
The radio light curve, shown in the middle panel, does show an initial peak that
decays over time. However, again, the source does not monotonically decay in radio
flux density. The radio sampling becomes sparse after the Sun constraint period, but
Sw J1858 never decays below ∼ 170 µJy in our observations. All plotted radio flux
densities, at both observing frequencies, are listed in Table 5.2 as well. Finally, we
show the radio spectral index as a function of time. In all observations, the spectral
index is either consistent with zero or positive, implying a flat or inverted spectrum,
respectively. Such a radio spectral shape X-ray binary system is consistent with the
presence of a compact, steady jet (Fender et al. 2004; Russell et al. 2014). There
appears to be no systematic evolution of the spectral index as the radio brightness
decays.

3.3

X-ray flux measurements

Alongside the radio flux densities and spectral shape, we also list the measured X-ray
fluxes and spectral fit parameters in Table 5.2. To measure the observed fluxes, we
fitted every spectrum with a simple phenomenological power law model, tbabs*po.
First fitting all spectra jointly to measure the absorption column NH , we find that
– when using this model – the data does not require the inclusion of interstellar
absorption. Hence, we fix NH to zero in the fits to individual spectra. We stress that
this value does not imply a zero column density towards the target; instead, it arises
from our non-physical model. Indeed, the measured power law indices are very hard
(−0.1 < Γ < 1.0), also as a result of our model.
Considering more complex spectral models, Reynolds et al. (2018) showed how
Swift observation 00010955004 (used in epoch 3) can be better fitted with a complex
local absorption model, similar to that seen in V404 Cyg and V4641 Sgr (Motta et al.
2017; Morningstar & Miller 2014). Our simple power law approach, however, can
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Figure 5.1: Detection image of epoch 2 at 7.5 GHz. Note the nearby flat-spectrum background
source, used to assess the systematic short-time-scale variability of the entire field. The green circle
shows the 90% confidence region on the Swift X-ray position.

also be applied to the lower-flux spectra; for those spectra, we find that the local
absorption model returns large degeneraries between parameters as the spectra are
overfitted. Moreover, as we discuss in Section 4.1, there is no systematic difference
between the flux measurements obtained from the two models in the observations
where both can be applied. Since we aim to determine the observed flux, and discuss
the effects of local absorption mostly qualitatively in Section 4.4, we therefore decided
on using the power law model in the analysis of all X-ray spectra.
Two sets of observations, namely radio epochs 1 and 2 (which are the closest to
first Swift observation), and epoch 9, stand out. Firstly, for epochs 1 and 2, the
closest Swift/XRT spectrum is merely 30 seconds long. Therefore, instead of fitting
the spectrum, we converted the measured WT-mode count rate to a flux. For this
purpose, we measured the power law index in the preceding and following X-ray
observation (Γ = 0.06 ± 0.15 and Γ = 0.19 ± 0.15, respectively). We then selected the
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Figure 5.2: The long term X-ray, radio, and radio spectral index light curves of the 2018/2019
outburst of Sw J1858. Roughly 30 days after the source’s discovery, Sw J1858 went into X-ray
Sun constraint for ∼ 80 days. The top panel shows the Swift/XRT count rate in PC mode (black
squares) and WT mode (purple circles). The PC and WT axes are offset by 39%, which represent the
difference in count rate for the same flux (measured from observations 00010955004 and 00010970002;
see Tables 5.1 and 5.2). Note that in PC mode, the markers are larger than the uncertainties. The
middle panel shows the radio flux density at 4.5 GHz (red circles) and 7.5 GHz (blue squares).
Finally, the bottom panel shows the calculated radio spectral index α. While clear variations in
X-ray count rate are visible, no clear rise-decay outburst shape can be distinguished. The radio light
curve does show a gradual decrease over time.
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Figure 5.3: Light curves of the 5.5 (red squares) and 9.0 (blue circles) GHz flux density and the
radio spectral index α at a five-minutes resolution, for the ATCA observation (epoch 1). The grey
band shows the 9-GHz light curve of the nearby flat-spectrum background source.
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Figure 5.4: Light curves of the 4.5 (red squares) and 7.5 (blue circles) GHz flux density and the
radio spectral index α at a three minute time resolution, for the first eight VLA observations (epoch
2 – 9). Note the different vertical range in the upper left panel. The spectral index panels correspond
to the epoch shown above it. The grey bands show the 1σ band for the background source visible in
Figure 5.1.
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Figure 5.5: Same as Figure 5.4, for epoch 10. Note the difference in observation length with respect
to the other VLA epochs. At the start of the observation, the source is not significantly detected in
every 3-minute time bin; therefore, we only calculate the spectral index α for time bins where the
source is detected at both 4.5 and 7.5 GHz.
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Figure 5.6: A comparison of the fractional variability in radio and X-ray at a 3-minute and 100second time resolution, respectively. The grey points indicate the background source, showing the
typical level of variability that is not intrinsic to Sw J1858.
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Figure 5.7: The X-ray – radio luminosity plane for black hole and neutron star X-ray binaries.
The grey crosses show black hole (candidates), while the circles show different classes of accreting
neutron stars. We show the average 0.5 − 10 keV X-ray and inferred 6-GHz radio luminosities of Sw
J1858 for a 15 kpc distance. The two brightest radio points are epochs 1 and 2, which share the
same X-ray observation. Note that the errors do not reflect the variability within observations, nor
account for the non-simultaneity of the X-ray and radio observations and the variability between
Swift observations (Sec. 3.5). The comparison sample was taken from Gallo et al. (2018).

most extreme values within their 1 − σ error ranges and used webpimms to convert
the count rate to a minimum and maximum flux. We select the average of those as
the measured flux and refer to the range as the systematic error in Table 5.2. Finally,
we also include the Poisson error on the count rate. Secondly, the ninth radio epoch
was surrounded by two Swift/XRT observations with approximately the same time
difference of ∼ 1.3 days. Therefore, we fitted both spectra and measured fluxes for
both observations. We measure consistent fluxes in these two observations; in the
remainder of this work, we adopt the value of the X-ray observation taken after the
radio epoch (ObsID 0001097024, ignoring ObsID 0001097023).

3.4

Short-time-scale variability

Given the flaring behaviour of Sw J1858 in both X-ray and optical bands, we set
out to investigate whether similar extreme variability is present at radio frequencies.
Therefore, we imaged the radio counterpart at both observing frequencies on a 5/3
minute (ATCA/VLA) time scale. Time resolving at this time scale allowed us to study
quick changes in both flux and spectral index, without the increased uncertainties
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Figure 5.8: The X-ray – radio luminosity plane with Sw J1858 shown in red circles. Here, the error
bars reflect the variability range in X-ray count rate (on 100 sec time scales) and radio flux density
(on 3 min time scales) during each observation.

masking any variability. In Figures 5.3, 5.4, and 5.5, we show the resulting light
curves for each epoch. We then calculated the spectral index α in each time bin,
shown in Figures 5.3, 5.4, and 5.5 as well. The VLA light curves also show, in grey,
the 1σ bands of the flux density of the nearby background source. These bands show
to what extend the image-plane analysis is affected by atmospheric or instrumental
effects and vary typically on or slightly above the level of the target flux densities’
uncertainties.
The ATCA light curve in Figure 5.3 shows a highly variable target at both observing frequencies during the ∼ 6 hour observing time. At the start of the observation,
a flare is observed, rising and decaying on a time scale of tens of minutes. During
the rise and decay of this flare, the spectral index gradually decays from inverted
(α > 1) to flat (α ≈ 0). The flux densities across the observation span a dynamical
range of more than four, varying between less than 200 µJy to more than 800 µJy on
time scale of tens of minutes. We stress that we are plotting the statistical error on
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the flux density only, as determined from the uv-plane fit to the point source, which
is of the same order as the image-plane RMS in the averaged observation (i.e. 15
µJy). Therefore, the uncertainties are often smaller than the markers. We also show
the light curve of the background source, which gives an indication of the systematic
uncertainties on the flux density measurements (assuming it is intrinsically constant).
Turning to the VLA light curves in Figure 5.4, we observe significant intrinsic
variability compared to the background source at either one or both radio frequencies
in most epochs. For instance, epoch 4 shows a sequence of decay, rise and decay
within the single 40-minute observation. Alternatively, we observe a clear radio flare
in epoch 5, rising from ∼ 200 to ∼ 600 µJy in less than 15 minutes, than decaying
over approximately 20 minutes. Epoch 8 shows a strong decay at 7.5 GHz, from
∼ 350 µJy down to ∼ 50 µJy in less than 30 minutes. The variability in the other
epochs appears more erratic, of a seemingly stochastic nature. We do not observe any
strong flares on the time scale of ∼ 3 minutes, i.e. in a single time bin. Due to the
image-plane approach for these VLA observations, the uncertainties on the individual
measurements are significantly larger than for the ATCA epoch.
With its long total observing time, the final VLA observation (epoch 10; Figure
5.5) offers a complementary view to epochs 2 to 9: during this observation, the source
was not significantly detected in every 3-minute time bin. Particularly around the
start of the observation, Sw J1858 hovered around flux densities three times the typical
short-time-scale RMS sensitivity. Therefore, we only calculate the spectral index in
time bins where the source is significantly detected at both 4.5 and 7.5 GHz. During
the second half of the observation, Sw J1858 reaches a steady level above the detection
threshold, with a relatively flat spectral index. At that point, it does however not
appear significantly more variable than the background source. These results show
that the behaviour of Sw J1858 in the 40 minute observations during epochs 2–9 is
not necessarily stationary and can change quite rapidly.
To assess the level and significance of the radio variability, we calculated the
fractional variability Fvar of the light curves of Sw J1858 at both frequencies, and
of the background source, following the description in Vaughan et al. (2003). These
values are listed in Table 5.3. For all epochs but 1, 8 and 10, we observe stronger
variability at the lower frequency. In most VLA epochs, the observed fractional
variability also exceeds that of the background source, indicating that Sw J1858 was
intrinsically variable. In epoch 3 and 5–8, this is the case at both frequencies, while
for epochs 4, 9, and 10, only at a single frequency Fvar significantly exceeds the
background source. Only in epoch 2, Sw J1858 and the background source show
consistent levels of variability. Note that for epoch 9, Fvar could not be calculated
at 7.5 GHz as the observed variations in flux density where smaller than the average
2
2
error on the data (S < σerr
in the notation of Vaughan et al. 2003). Finally, the
much lower uncertaintiesa on the Fvar measurements for epoch 1 are caused by using
only the statistical uncertainty on the uv-plane fit.
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In Figures 5.3, 5.4, and 5.5, we also show the radio spectral index as a function
of time. We do not observe any optically thin, i.e. α ≈ −0.7, radio flares, that are
associated with the launch of individual ejecta. For instance, in the flare observed at
the start of epoch 1, the spectrum is flat to inverted, while during the flare observed
in epoch 5, the spectrum is tightly constrained to be flat. With the exception of
the decreasing spectral index during the flare in epoch 1, we generally observe little
structured evolution in the spectral shape as a function of time, as might for instance
result from lags between the two observing bands. Similarly, we do not find evidence
for a relation between the radio flux and spectral shape. Finally, in several epochs,
most notably 2, 7, and 8, we observe strongly inverted radio spectra (α > 2), turning
more flat as the 4.5 GHz flux rises towards the 7.5 GHz flux.
We search for a time delay between the 4.5 and 7.5 GHz light curves using the
method described in Section 3.4 of Buisson et al. (2017). To remove the long-term
delay during the outburst, we subtracted the mean flux per observation and frequency
band. The measured time lag between the full campaign VLA light curves is τ =
−110 ± 360 seconds, where we quote the 1-sigma uncertainty and positive values
imply that the 7.5 GHz band lags behind the 4.5 GHz band. Hence, the observations
are consistent with no time lag between the two frequencies.
Finally, since strong variability is also observed in X-rays, we investigated whether
the levels of X-ray and radio variability in Sw J1858 could be linked. For this purpose, we extracted 100-second time resolution 0.5–10 keV light curves of all Swift
observations listed in Table 5.1, except for the 30-second observation 00010955003 –
which means that we do not include epoch 1 and 2 in this comparison. We then calculated the fractional X-ray variability, which we compared with the radio variability
in Figure 5.6. From this comparison we can see that no clear relation exists between
the fractional variability in X-ray and at either radio observing frequency. We do
note that the X-ray and radio observations were not performed simultaneously but
merely as close as available, and the final observation (epoch 10) shows that the radio
variability can even change within two consecutive segments of 40 minutes.
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1
2
3
4
5
6
7
8
9
10

Inferred 6
Average
435 ± 16
557 ± 32
250 ± 16
282 ± 15
365 ± 27
245 ± 24
204 ± 21
185 ± 16
157 ± 19
171 ± 11

GHz flux densities [µJy]
Min.
Max.
143 ± 16
874 ± 14
453 ± 46
663 ± 93
117 ± 85
280 ± 35
180 ± 37
329 ± 45
229 ± 61
547 ± 41
57 ± 50
387 ± 44
105 ± 86
291 ± 45
80 ± 44
285 ± 73
121 ± 48
182 ± 47
132 ± 47
300 ± 42

Fractional radio variability
low-band
high-band
background
37.8 ± 0.5
44.2 ± 0.3
19.0 ± 0.8
23.9 ± 2.5% 16.7 ± 2.2% 17.7 ± 3.7%
33.7 ± 5.2% 21.8 ± 2.8% 9.0 ± 7.2%
28.3 ± 3.4% 16.4 ± 4.8% 14.8 ± 4.0%
29.2 ± 3.6% 27.0 ± 1.6% 15.3 ± 2.8%
49.0 ± 5.3% 32.5 ± 3.8% 15.3 ± 4.4%
33.7 ± 5.1% 22.7 ± 4.2% 8.9 ± 4.3%
25.9 ± 6.4% 57.7 ± 3.8% 12.4 ± 3.2%
17.0 ± 8.7%
–
8.1 ± 3.0%
23.1 ± 3.5% 32.3 ± 2.3% 19.0 ± 2.2%

Swift/XRT count rates
Average
Min.
0.26 ± 0.01
–
0.26 ± 0.01
–
0.10 ± 0.03 0.024 ± 0.01
+0.019
0.07 ± 0.01 0.013−0.009
+0.032
0.22 ± 0.01 0.058−0.024
+0.03
3.19 ± 0.11
0.06−0.02
+0.03
3.19 ± 0.11
0.06−0.02
+0.04
0.16 ± 0.02
0.07−0.03
0.16 ± 0.02 0.03 ± 0.02
0.28 ± 0.01 0.04 ± 0.02

[cts s ]
Max.
–
–
0.18 ± 0.05
+0.55
0.37−0.27
0.68 ± 0.13
13.8 ± 1.3
13.8 ± 1.3
0.51 ± 0.08
0.23 ± 0.05
1.17 ± 0.16
−1
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Table 5.3: Summary of variability within the X-ray and VLA radio observations. We list the average, minimum and maximum value of the
inferred 6 GHz flux density per epoch, taking both variations in low band flux density and spectral index into account when calculating these values.
As an estimate of the radio variability per epoch, we also show the fractional variability Fvar at both the low (5.5/4.5 GHz for ATCA/VLA) and
high (9.0/7.5 GHz) frequency observing band per epoch, and for the background source (‘background’). Finally, we show the average, minimum,
and maximum Swift/XRT count rates in 100-second segments. Note that the XRT observations used for epoch 1, 2, and 3 were taken in WT
mode, and for epochs 1 and 2 was only 30 seconds long.

3 Results

3.5

The X-ray – radio luminosity plane

Finally, we turn to the X-ray – radio luminosity plane of hard-state X-ray binaries.
While Sw J1858 did not reside in a classical hard state, this figure can offer a comparison with jets from other X-ray binaries, especially in terms of radio luminosity.
As these radio luminosities are typically plotted at 6 GHz, we calculated 6-GHz flux
densities using the 4.5 GHz flux density and the spectral index for the VLA observations. We propagated the errors on both and list the resulting luminosities in Table
5.3. In Figure 5.7, we show the resulting X-ray – radio luminosity plane, showing Sw
J1858 alongside the sample collected in Gallo et al. (2018). The assumed distance of
15 kpc (Buisson et al. 2020b) might be overestimated due to the effects of obscuration
by local material, which would move Sw J1858 slightly in the bottom left direction.
Compared to other neutron star systems, Sw J1858 is radio brighter: it overlaps
more with the black hole sample, that is systematically radio brighter than the neutron
star sample at a given X-ray luminosity Migliari & Fender (2006); Gallo et al. (2018).
However, this might be an effect of strong local absorption in the system: as we will
discuss in Sections 4.1 and 4.4, such absorption can be invoked to explain the strong
optical and X-ray flaring. In the X-ray – radio luminosity plane, intrinsic absorption
moves the source to lower X-ray luminosities, making it appear more radio bright
compared to other sources at those luminosities. Hints for this effect might be visible
in the two X-ray brightest points, which show a similar radio luminosity as the Xray fainter observations and are therefore more consistent with other neutron star
observations.
From the figure, no clear correlation between the X-ray and radio luminosity can
be distinguished: the radio luminosities remain similar despite a jump in observed
X-ray luminosity by a factor ∼ 10 in epochs 7 and 8. However, several effects could
mask an X-ray – radio coupling, if it were present. Firstly, if local absorption not
only reduces the X-ray luminosity but also changes between epochs, the shape of
any correlation between X-ray and radio will also be altered. Secondly, the X-ray
and radio observations were not taken simultaneously. Given the strong variability
observed between Swift observations, the source likely changed in X-ray luminosity
significantly during the time separating the VLA and Swift observations. Finally,
both the X-rays and radio show significant variability during the observations, which
is not reflected by plotting only the average X-ray and radio luminosities.
To quantify the range in radio luminosity spanned by each epoch, we calculated
the inferred 6 GHz flux density in every 3-minute time bin, and selected the minimum
and maximum value. In X-rays, where we could not obtain sufficient spectral infor4
mation on short time scales, we consider count rates : for each epoch, we selected
4

In other words, we effectively assume a constant spectral shape during each Swift observation,
independent of flux or flaring. We note that this is an oversimplification, as the spectral shape could
change during flares.
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the average count rate, and the minimum and maximum count rates on a time scale
of 100 seconds. We then estimated the range in X-ray luminosity by multiplying the
average luminosity by the ratios of minimum versus average and maximum versus
average count rates. Finally, we plotted the results of this exercise in Figure 5.8.
Here, the error bars reflect the range in X-ray and radio luminosity spanned during
the epoch. Taking this range into account, the epochs now overlap in both X-ray and
radio luminosity, showing that the variability washes out any correlations or coupling
that might be observed in strictly simultaneous observations.

4
4.1

Discussion
X-ray spectral modelling

To determine the observed X-ray flux around the time of the radio observations, we
fitted the closest Swift/XRT spectrum in time with a phenomenological power law
model. For several reasons, this model does not provide a full physical description of
the X-ray spectrum; firstly, we fix the interstellar hydrogen column density to zero, as
the fitted value of the absorption pegged at this lower limit. Secondly, the source is
highly variable in X-rays, with strong spectral changes during flares (Hare et al. 2020).
Finally, as noted first by Reynolds et al. (2018), the spectral shape signals significant
local absorption with a more complicated underlying spectral shape, similar to V404
Cyg (Motta et al. 2017) and V4641 Sgr (Maitra & Bailyn 2006; Morningstar & Miller
2014).
One of the Swift/XRT observations fitted in this work (ObsID 10955004; epoch
3) was analysed by Reynolds et al. (2018) with a more complicated partial covering
model: phabs * (bapec + pcfabs*po). They measure a 0.5–10 keV flux, corrected
for ISM absorption but not local absorption by the partial covering, consistent with
the power law estimate. The intrinsic power law flux, corrected for partial covering,
is however a factor ∼ 4 higher. To extend this comparison between the two models,
we also fitted the brightest (both in flux and total counts) Swift/XRT epochs (ObsId
10955008) with the partial covering model. Again, we find consistent values for the
locally-absorbed flux (i.e. only ISM corrected), while the intrinsic power law flux is a
factor ∼ 2.3 higher (i.e. after correcting for local absorption) in the 0.5–10 keV range.
The low flux of Sw J1858 prevents us from a systematic analysis of all Swift/XRT
spectra with the more complicated intrinsic absorption model of Reynolds et al. (2018)
– when trying such an analysis, we find poorly constrained and highly degenerate spectral parameters. However, the above considerations show that using a non-physical
power law model results in similar measurements of the observed fluxes. Similarly,
we find that local absorption only alters the measured flux by a factor of roughly
2–4, which is within the systematic uncertainty introduced by the X-ray flaring (see
e.g. Figure 5.8). We will discuss the effects of local absorption in more detail in
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Section 4.4.

4.2

The origin of radio variability of Sw J1858

In this section, we will discuss what might cause the observed radio variability in
Sw J1858. Firstly, could it be caused by changes in the geometry of the jet, such
as precession? Jet precession has been directly observed (Coriat et al. 2019; MillerJones et al. 2019) or inferred (e.g. Gallo et al. 2014) in several LMXBs, and has
been proposed as the mechanism behind quasi-periodic oscillations in X-rays at (sub)second timescales (Stella & Vietri 1997; Ingram et al. 2009; Ingram et al. 2016).
However, we do not find any evidence for precession in our observations: most of the
radio variability appears to be stochastic, and the exceptions, such as the radio flare
in epoch 5, do not show (quasi)-periodic variations. Therefore, we rule out such a
scenario.
Secondly, we can consider whether radio intensity scintillation caused by scattering
in the interstellar medium might contribute to the observed variations in Sw J1858.
5
Following Pandey et al. (2006), we use the online NE2001 tool by Cordes & Lazio
(2001) to calculate the scintillation characteristics in the direction of Sw J1858, for
several distances. For all observing freqencies, the predicted time scales for amplitude variations due to scintillation are shorter than our time resolution. The affected
angular size scales are of the order of 50–100 µas. At 15 kpc, this size translates to
7
a scale of 5–10 × 10 gravitational radii for a 1.4 M⊙ neutron star. It is (particularly
for neutron star X-ray binaries) poorly known from what physical distances from the
accretor the cm-wavelength radio emission originates. For black holes, the recent correlated X-ray and radio timing study of Cyg X-1 suggests similar or larger scales than
those affected by scintillation (Tetarenko et al. 2019). However, due to the mismatch
in time scales, we consider it unlikely that scintillation contributes significantly to the
observed variability.
Thirdly, the radio variability does not appear to be caused by the launch of discrete
ejecta. The launch of such ejecta has been associated with strong radio variability
as observed in both V404 Cyg (Tetarenko et al. 2017) and V4641 Sgr (Rupen et al.
2003b,a, 2004a,b) during states of extreme X-ray flaring, similar to that seen in Sw
J1858. In Sw J1858, we do not observe the steady, optically-thin spectra associated
with a bright (or decaying) radio flare that are expected in this scenario; indeed,
during the flares observed in epochs 1 and 5, the radio spectrum is flat or inverted
during the peak. Also, we do not see a smoothing of the variability towards lower
frequencies, as observed in this scenario (e.g., Tetarenko et al. 2017). Similarly, we find
no evidence that the radio variability is directly related to the contemporaneous level
of X-ray flaring. While the radio and X-ray observations are not strictly simultaneous,
we do not find a relation between the fractional variability in X-rays and radio. This
5

https://www.nrl.navy.mil/rsd/RORF/ne2001/
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direct relation between the X-ray and radio flaring was neither observed in V404 Cyg
(Tetarenko et al. 2017). This is consistent with a scenario where the X-ray flaring is
caused by strong obscuration of the inner accretion flow combined with a high mass
accretion rate (See Section 4.4), as the obscuration would not affect the jet.
Alternatively, the radio variability might be caused by intrinsic variability in the
accretion flow and mass accretion rate propagating into the jet (e.g., Malzac 2014).
This scenario can explain why the radio spectrum remains, on average, inverted over
time, as the compact jet does not change its global morphology. We observe that the
variability is stronger, in most observations, at the lower observing frequency. This
difference in variability could arise if the fluctuations are smeared out to longer time
scales further down the jet, at lower emission frequencies, therefore better matching
the three to five minute time scales probed by our analysis. Using simultaneous Xray and radio observations, Tetarenko et al. (2019) showed that a similar scenario is
at play in Cyg X-1. However, without simultaneous X-ray coverage of, for instance,
the flare in epoch 5, it is challenging to directly show how the intrinsic variability
propagates from the accretion flow to the jet.
The variability in the accretion flow could arise from, for instance, the mass accretion rate fluctuations in the disc that are typically used to explain rapid broad-band
X-ray variability (Ingram & Done 2011; Rapisarda et al. 2016). Alternatively, disc
tearing due to Lense-Thirring precession, caused by a misalignment between the accretor and disc spin axis, was proposed by Nixon & King (2012) and Nixon et al.
(2012) to cause variations in the accretion rate. To test whether the latter scenario
could contribute, we can estimate the minimum required spin misalignment for Sw
J1858. Neutron stars in LMXBs have typical dimensionless spin parameters a between ∼ 0.05 and 0.25, for a range of equations of state (Haensel et al. 2009; Lo & Lin
2011). We assume a standard viscous disc with α = 0.1 and a moderately vertically
extended flow (H/R ≈ 0.1), valid if the Sw J1858 is intrinsically accreting at higher
rates than observed (see Section 4.4). Then, from equation 9 in Nixon et al. (2012),
we find that the spins must be misaligned by at least 8.6° (1.7°) for a = 0.25 (a = 0.05).
If we add a second requirement, namely that the disc must tear at a radius larger
than the neutron star radius (assumed to be 10 km), we find that the misalignment
angle must be > 14° for a = 0.25, and even larger for smaller spins. The detection of
Type-I bursts in Sw J1858 suggest a relatively weak magnetic field; therefore, such
a spin misalignment should have persisted while the magnetic field decayed, in order
for this scenario to be feasible.

4.3

Sw J1858 in the LX –LR diagram: the effects of variability

Here, we briefly turn to the behaviour of Sw J1858 in the X-ray – radio luminosity
plane and the effects of X-ray and radio variability. We first re-emphasise that Sw
J1858 was not observed in the canonical hard X-ray state, where the other sources
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in the LX –LR diagram reside. Therefore, it is not surprising that we do not observe
a clear coupling between the X-ray and radio luminosity: such a coupling is also not
observed during flaring states of the black holes V404 Cyg (Tetarenko et al. 2017,
2019) or GRS 1915+105 (Pooley & Fender 1997). Similarly, one cannot easily state
whether Sw J1858 is underluminous compared to the sample, even if it intrinsically
accretes at higher rates (see Section 4.4).
Recently, Plotkin et al. (2019) analysed all quiescent observations of V404 Cyg,
focusing on the variability properties in the radio and X-ray band. They showed that,
while the source shows a correlation between its X-ray and radio luminosity during the
non-flaring states, this correlation disappears when accounting for intra-observational
variability and non-simultaneity between X-ray and radio observations. We similarly
find that, when plotting the full range in X-ray and radio luminosities reached in
an observation, different epochs overlap in the LX –LR diagram. So while we do not
observe an X-ray – radio coupling during the time-averaged observations, any such
coupling detected would not have been reliable given the level of observed variability.

4.4

A radio comparison between Sw J1858 and Eddingtonlimited LMXBs

In the black hole LMXBs V404 Cyg and V4641 Sgr, the observed strong optical and
X-ray flaring can be explained by an extreme, ∼Eddington mass accretion rate, combined with a high inclination (Wijnands & van der Klis 2000; Muñoz-Darias et al.
2016; Motta et al. 2017; Sánchez-Fernández et al. 2017, e.g.). Due to the high mass accretion rate, the inner accretion flow puffs up into a vertically extended flow, launching
a highly-ionised and clumpy outflow. As a result, the inner accretion flow is typically
blocked from view, reducing the observed X-ray flux greatly, with brief intervals providing an unobscured view causing the large flares. As similarly strong flaring is
observed in the X-ray and optical bands in the neutron star Sw J1858 (Ludlam et al.
2018; Hare et al. 2019; Vasilopoulos et al. 2018; Baglio et al. 2018; Rajwade et al. 2018,
2019; Paice et al. 2018; Hare et al. 2020), a similar scenario might be at play in the
accretion flow there (although see Hare et al. 2020, for a recent discussion on possible
differences between the X-ray behaviour of V404 Cyg, V4641 Sgr, and Sw J1858). Do
the radio (variability) properties of Sw J1858 fit with such high-inclination, highlyobscured, Eddington-limited accretion?
The recent report by Buisson et al. (2020b) of the detection of Type-I bursts in
Sw J1858 shows the presence of a neutron star primary. Therefore, here, we first
consider whether Eddington-limited accretion in such a neutron star LMXB might
explain the observed radio behaviour in Sw J1858. The neutron star LMXBs with
the highest mass accretion rates are the Z-sources, which are thought to accrete near
or at the Eddington luminosity, tracing out Z-shaped tracks in their X-ray colorcolor diagrams (Hasinger & van der Klis 1989; Homan et al. 2010). Z-sources can
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show strong changes in radio brightness, related to the branch they are positioned on
in their color-color diagram track; they are radio brighter and more variable in the
Horizontal Branch than in the Flaring and Normal Branches (Penninx et al. 1988;
Hjellming et al. 1990b,a; Spencer et al. 2013; Motta & Fender 2019). Time-resolved
radio studies of the different branches in Sco X-1 by Hjellming et al. (1990b) and
Cyg X-2 by Hjellming et al. (1990a) show that these sources have similar levels of
radio variability and luminosity to Sw J1858 during their radio-faint Flaring and lower
Normal Branches. For Sw J1858 to be similar to these sources, it would have to be
viewed a high inclination, reducing its observed X-ray flux and masking the Z-source
variability properties through obscuration. However, a clear radio difference between
Sw J1858 and the Z-sources is the radio spectral index: contrary to Sw J1858, Zsources typically show steep spectra and are indeed associated with the launch of
(resolved) discrete ejecta (Motta & Fender 2019). Also, in this scenario, Sw J1858
should have not have resided in the much more radio bright Horizontal Branch during
any of the observations, which is unlikely given the time scales and commonness of
transitions between the branches (Homan et al. 2010).
We can alternatively make the comparison with the black hole V404 Cyg, which
was extensively monitored in the X-ray and radio bands during its 2015 outburst.
At the peak of its Eddington-limited outburst, it showed a strongly-flaring X-ray
state (Motta et al. 2017; Sánchez-Fernández et al. 2017) in which the observed radio
variability – flaring up to flux densities of 1 Jy – is associated with the launch of
discrete ejecta (Tetarenko et al. 2017). As it decayed towards quiescence, V404 Cyg
transitioned into a more calm state where a compact, but still variable (albeit at a
lower level) radio jet starts to dominate the radio emission at the level of several mJy
(Tetarenko et al. 2019). In addition, in the first several days of the outburst, before the
peak, the X-ray band already showed flaring while AMI-LA radio monitoring reveals
a relative faint and variable radio source at tens to hundreds of mJy (Muñoz-Darias
et al. 2016).
While the peak of the V404 Cyg outburst might resemble the X-ray behaviour
of Sw J1858 most closely, the radio properties of both sources do not match in this
state: Sw J1858 does not show evidence for optically thin, discrete ejecta, and is
significantly underluminous compared to V404 Cyg in this state. In terms of levels of
radio variability, radio spectral index, and radio luminosity, Sw J1858 is in fact more
similar to the behaviour of V404 Cyg during the decay of its 2015 outburst: a large
distance of 15 kpc to Sw J1858 can account for the difference in radio flux density,
and both sources show an inverted spectrum. In addition, Tetarenko et al. (2019)
suggest that the radio variability observed in this state have propagated down the
jet from the accretion flow, as we suggest for Sw J1858. However, during this state,
the X-ray behaviour does not match: at that point, the X-ray flaring had halted in
V404 Cyg. That leaves the very start of the outburst. Again, for the Type-I burst
distance to Sw J1858 of 15 kpc, the radio luminosities are similar, while V404 Cyg
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already showed X-ray flaring at this point (Muñoz-Darias et al. 2016). Comparing
the radio variability properties is however difficult, as the detailed variability studies
by Tetarenko et al. (2017) and Tetarenko et al. (2019) of V404 Cyg do not include
the AMI-LA observations from this part of the outburst. Also, a clear difference in
this scenario is the duration: this short lived state in the 2015 outburst of V404 Cyg
was followed by the radio-flaring outburst peak only days later, while in Sw J1858,
the same behaviour has persisted for months (see Figure 5.2).

5

Conclusions

In this paper, we have reported radio monitoring of the new transient neutron star
X-ray binary Sw J1858. While the source does not show a canonical hard state,
we detect a compact jet in every observation. Time-resolving the observations, we
find that the jet emission is highly variable in most observations. Finally, we do not
observe a clear correlation between the radio and X-ray luminosity of Sw J1858, as
also seen in other LMXBs showing similar flaring X-ray states. We find that the radio
variability is most likely associated with a compact jet responding to variations in the
accretion flow propagating down the jet. Precession, scintillation, and the launch of
discrete ejecta can be ruled out as possible explanations. Finally, we discuss how the
radio properties of Sw J1858 compare to other LMXBs showing similar X-ray flaring
behaviour, finding that none of these previously observed sources provides a perfect
match. Therefore, while several of the radio properties of Sw J1858 are similar to
either Z-sources, V404 Cyg or V4641 Sgr, it also shows as-of-yet unseen behaviour.
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Abstract
We report the discovery of radio emission from the accreting X-ray pulsar and symbiotic X-ray binary GX 1+4 with the Karl G. Jansky Very Large Array. This is the first
radio detection of such a system, wherein a strongly-magnetised neutron star accretes
from the stellar wind of an M-type giant companion. We measure a 9 GHz radio flux
density of 105.3 ± 7.3 µJy, but cannot place meaningful constraints on the spectral index due to a limited frequency range. We consider several emission mechanisms that
could be responsible for the observed radio source. We conclude that the observed
properties are not consistent with shocks in the interaction of the accretion flow with
the magnetosphere, but do fit with a synchrotron-emitting jet or a propeller-driven
outflow. The stellar wind from the companion is unlikely to be the origin of the radio
emission. If the detected radio emission originates from a jet, it would show that that
12
strong magnetic fields (≥ 10 G) do not necessarily suppress jet formation.

6 Radio emission from GX 1+4

1

Introduction

GX 1+4 is an accreting X-ray pulsar with a long, ∼ 120 second rotation period, which
was discovered in 1970 with balloon X-ray experiments (Lewin et al. 1971). Glass &
Feast (1973) identified its optical counterpart as the M6III-type red giant V2116 Oph.
The companion star orbits the pulsar most probably in a wide, 1161 day orbit (Hinkle
et al. 2006; Iłkiewicz et al. 2017), although a shorter orbital period of ∼ 304 days has
also been claimed (Cutler et al. 1986). The magnetic field strength of GX 1+4 is
13
14
debated: standard disc accretion theory predicts a magnetic field B ∼ 10 − 10 G
(Dotani et al. 1989; Cui & Smith 2004), while both Rea et al. (2005) and Ferrigno
12
et al. (2007) marginally detected a possible cyclotron line implying a field of B ∼ 10
G. While the former estimate would be among the largest inferred field strengths in
accretion-powered slow pulsars, the latter is more typical for this class of sources.
Jets, strongly collimated outflows, are ubiquitous in accreting systems. Accreting black holes (BHs) show a correlation between their X-ray emission (tracing the
accretion flow), their radio emission (tracing the jets), and BH mass, spanning over
eight orders of magnitude in mass (Merloni et al. 2003; Falcke et al. 2004; Plotkin
et al. 2013). The subset of neutron star (NS) low-mass X-ray binaries (LMXBs) that
accrete through Roche-lobe overflow of the companion, has been suggested to follow
similar correlations, although no universal relation has emerged (Migliari & Fender
2006; Tudor et al. 2017; Gusinskaia et al. 2017). Despite the ubiquity of jets, their
formation and collimation are still poorly understood. Hence, comparing jet properties between classes of accreting systems can reveal relevant parameters and necessary
conditions for jet formation. For instance, no jets have to date been observed in ac9
creting NS systems where the magnetic field strength exceeds ∼ 10 G (Fender et al.
1997; Fender & Hendry 2000; Migliari & Fender 2006; Migliari et al. 2011b, 2012).
Indeed, theoretical arguments exist in support of the suppression of jet formation by
stronger magnetic fields (Meier et al. 2001; Massi & Kaufman Bernadó 2008).
A class of systems where (radio) jets have not yet been detected are the symbiotic
X-ray binaries (SyXRBs), which are NS LMXBs accreting from the stellar wind of
a M-type giant donor. With V2116 Oph as its optical counterpart, GX 1+4 was
the first discovered SyXRB, although the larger object class of SyXRBs has only
emerged in the past decade (e.g. Masetti et al. 2006, 2007a,b; Nespoli et al. 2008;
Bahramian et al. 2014a; Kuranov & Postnov 2015). Currently, eight accreting NSs
have been confirmed as SyXBRs, and six more have been proposed (e.g. Bahramian
et al. 2014a; Kuranov & Postnov 2015). More commonly observed than SyXRBs are
their white-dwarf equivalents, called symbiotics or symbiotic stars (SySts), of which
around 200 sources are known (e.g. Rodríguez-Flores et al. 2014). Jets have been
observed in several SySts, both through resolved radio imaging, and X-ray or optical
spectroscopy (see Brocksopp et al. 2004, for a list).
In this Letter, we report on the discovery of radio emission from the SyXRB GX
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1+4 using the Karl G. Jansky Very Large Array (hereafter VLA). This detection
constitutes both the first radio detection of a SyXRB and the first hints of a jet
from a accreting X-ray pulsar with a strong magnetic field. After describing the
observations and the results, we will consider the nature of the radio emission, compare
the detection with other classes of accreting systems and discuss the implications for
jet formation mechanisms.

2
2.1

Observations
Radio

We observed GX 1+4 with the VLA (project code: VLA/13A-352, PI: Degenaar) on
16 June 2013 from 06:24:49 to 07:08:41 UT for an on-source time of ∼ 27 min, as part
of a larger programme studying persistent X-ray bright NS LMXBs. We observed at
X-band in the frequency range from 8 to 10 GHz. The primary calibrator used was
J1331+305, while the nearby phase calibrator was J1751-2524 (angular separation:
o
4.5 ). During the observation, the VLA was in C-configuration, corresponding to a
o
resolution of a 4.05” × 1.80” synthesised beam (with a position angle of 1.59 ).
We used the Common Astronomy Software Applications package (CASA) v.4.7.2
(McMullin et al. 2007) to calibrate and image the data. There was no significant
RFI during the observation. We imaged Stokes I and V using the multi-frequency,
multi-scale clean task, with Briggs weighting and a robustness of zero. We note that
we did not explicitly apply a polarisation calibration, which means that our estimates
of the circular polarisation might be affected by beam squint at the level of a few
percent. In the absence of bright radio emission in the field, we did not apply any
−1
self-calibration. We reached an RMS noise of ∼ 7.3 µJy beam , corresponding to a
−1
3σ threshold of ∼ 22 µJy beam for a detection. As we expect LMXBs to be point
sources at the available resolution, we determined flux densities by fitting in the image
plane using the imfit task, forcing an elliptical Gaussian with the same FWHM as
the synthesised beam. Additionally, we searched for time and frequency variability;
we imaged each of the three target scans separately to search for time-variability and
imaged the 8–9 and 9–10 GHz bands separately to place constraints on the radio
spectrum of GX 1+4.

2.2

X-ray

We searched the archives for X-ray observations of GX 1+4 contemporaneous with
the VLA radio observations. Only the MAXI monitoring telescope onboard the International Space Station (Matsuoka et al. 2009) performed X-ray observations of
GX 1+4 around the time of our radio epoch. We downloaded the 2–20 keV Gas
Slit Camera (GSC) spectrum for entire day of 16 June 2013 from the MAXI web-

157

6 Radio emission from GX 1+4

site (http://maxi.riken.jp). Despite the relatively low spatial resolution of MAXI, no
known bright X-ray sources were located in the automatically selected source extraction region so our obtained source spectrum should be free of contamination by any
source. The background region does overlap with the ultra-compact X-ray binary
SLX 1735-269, which was undetected by MAXI during the VLA epoch, and the NS
LMXB GX 3+1. The background spectrum might thus be slightly contaminated.

3
3.1

Results
Radio

Figure 6.1 shows the zoomed, full-bandwidth VLA target image of the entire observation. GX 1+4 is detected at a ∼ 14.4σ significance with a radio flux density
Sν = 105.3±7.3 µJy at 9 GHz. Assuming a distance of D = 4.3 kpc (Hinkle et al. 2006)
2
28
and using LR = 4πνSν D , this corresponds to a luminosity of LR = (2.10±0.15)×10
−1
erg s . GX 1+4 is not detected in Stokes V, implying a 3σ upper limit of 21% on
the circular polarisation. This rules out a coherent emission mechanism, as then a
∼ 100% circular polarisation is expected. The target is also significantly detected in
each of the separate 8–9 GHz and 9–10 GHz bands, at 109 ± 11 and 93 ± 10 µJy
respectively. Due to the small frequency range and relatively large uncertainties, the
α
spectral index α (where Sν ∝ ν ) remains poorly constrained at α = −0.7 ± 3.3. We
do not detect any significant intra-observational time variability, as the flux densities
for each individual source scan (96 ± 13, 82 ± 13 and 106 ± 13 µJy) are consistent
within their uncertainties.
h m s
s
The full observation provides a source position of RA = 17 32 02 .13 ± 0 .008
o ′
′′
′′
and dec = −24 44 44 .37 ± 0 .28. The uncertainties on this position are calculated by
dividing the synthesised beam size by the S/N ratio of the detection. Our position
is consistent with the best known source position from the near-infrared 2MASS
survey (Skrutskie et al. 2006, object name J17320215-2444442), which has a positional
′′
accuracy of 0 .1. We overlay this near-infrared position with the radio image in Fig
6.1.

3.2

X-ray

We estimate the X-ray flux and luminosity by fitting the MAXI GSC spectrum. The
GSC spectrum contains ∼ 850 counts, sufficient for a basic model fit in xspec. We
model interstellar absorption using tbabs, assuming abundances from Wilms et al.
2
(2000). An absorbed powerlaw-model does not provide a decent fit, with a χ of
34.7 for 12 degrees of freedom. An absorbed bbodyrad-model instead returns a
−10
−1
−2
better fit with a unabsorbed 0.5–10 keV flux of (4.6 ± 0.6) × 10
erg s cm and
2
a χ of 5.4 for the same number of parameters. For a distance of 4.3 kpc (Hinkle
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Figure 6.1: VLA 9 GHz image of GX 1+4. The black cross shows the most accurate position of
GX 1+4, from 2MASS (near-infrared), which is accurate to 0.1 arcsec. The half-power contour of
the synthesised beam is shown in the bottom left corner.

et al. 2006), this flux corresponds to an X-ray luminosity of LX = (2.0 ± 0.2) × 10
−1
erg s , of the order of ∼ 1 percent of the Eddington Luminosity. While a blackbody
model most accurately describes the spectrum, it is difficult to assign an X-ray state
to the source as it is unclear whether there is an accretion disc, the spectrum is of
low quality and GX 1+4 does not show canonical NS LMXB states.
36
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4

Discussion

We report a 105.3 ± 7.3 µJy (> 14σ significance) radio detection of the SyXRB GX
1+4 with the VLA at 9 GHz. Previously, Seaquist et al. (1993) and Fender et al.
(1997) reported non-detections with upper limits of 90 µJy at 8.3 GHz and 240 µJy
at 2.3 GHz, respectively. Martí et al. (1997) presented a marginal 3σ detection of the
source (60 ± 20 µJy at 5 GHz) with the VLA from the best known optical position of
GX 1+4 at the time, but did not claim a significant detection. As their radio position
is consistent with ours, it is likely that they indeed observed GX 1+4. Our analysis
presents the first significant detection of radio emission from GX 1+4.
Manchanda (1993) reported the detection of two radio sources approximately
equidistant to (∼ 4 arcmin) and aligned with the optical position of GX 1+4, proposing that these two emission regions could be radio lobes from a jet. Similar to Martí
et al. (1997) and Fender et al. (1997), we detect these two emission regions. However,
we measure their positions to be consistent with the Manchanda (1993) detections,
implying they do not move away from the binary system. Furthermore, as already
noted by Fender et al. (1997), one of the two sources is resolved into two individual
sources, and no radio emission is detected connecting them to GX 1+4. Hence, they
are likely unrelated to GX 1+4 and their alignment is probably coincidental.
The origin of the detected radio emission is not immediately obvious. Coherent emission, which would be ∼ 100% circularly polarised, is ruled out by the nondetection in Stokes V implying a 21% upper limit on the circular polarisation. Here,
we will discuss several alternative possibilities: the stellar wind, shocks in the magnetosphere, a jet and a propeller-driven outflow. Since the evidence for the cyclotron
line in GX 1+4 is weak at best (Rea et al. 2005; Ferrigno et al. 2007), we will consider
12
these mechanisms for both the magnetic field implied by the cyclotron line (∼ 10
G, typical for a slow X-ray pulsar), and the maximum field inferred from standard
14
disc theory (∼ 10 G).
As Fender & Hendry (2000) suggested for the marginal radio detection by Martí
et al. (1997), the radio emission could arise from the stellar wind in GX 1+4. A similar
scenario has been postulated for the radio detection of the high-mass X-ray binary
GX 301-2, which accretes from the wind of a B-hypergiant with a very high mass loss
−5
−1
rate of ∼ 10 M⊙ yr (Pestalozzi et al. 2009). For GX 1+4, we can estimate the
radio flux density from free-free emission from a stellar wind using (Wright & Barlow
1975):
4/3

0.6
ν
Te 0.1
Ṁ
Sν = 7.26 (
) ( 4 ) ( −6
)
10GHz
10 K
10 M⊙ /yr

(

−4/3
µe v∞
D −2
)
(
) mJy
kpc
100km s−1

(6.1)
where ν is the observing frequency, Te the electron temperature, Ṁ the mass-loss
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rate, µe the mean atomic weight per electron and v∞ the terminal wind velocity. We
−1
assume that µe = 1 (i.e. a pure hydrogen wind) and set v∞ = 100 km s , consistent
with measurements in cool, evolved stars (Espey & Crowley 2008), the escape velocity
of the donor and the wind velocity estimates in GX 1+4 by Chakrabarty & Roche
(1997) and Hinkle et al. (2006). For our basic estimate, we ignore the Te term due to
its low power and hence negligible effect on the radio flux.
To estimate the mass-loss rate, we use the semi-empirical relation for cool, evolved
(for instance M-type) stars given by Reimers (1987, but see also Espey & Crowley
2008):
Ṁ = 4 × 10

−13

η(L/L⊙ )(g/g⊙ ) (R/R⊙ ) M⊙ yr
−1

−1

−1

(6.2)

where 1/3 < η < 3 is a dimensionless scaling to account for the uncertainty in Ṁ
2
measurements, L is the bolometric luminosity, g ∝ M /R is the surface gravity, and
R and M are the stellar mass and radius. For the range of stellar parameters of
−9
−1
GX 1+4 as found by Chakrabarty & Roche (1997), we estimate 3 × 10 M⊙ yr
−8
−1
≲ Ṁ ≲ 7 × 10 M⊙ yr . This yields a wind radio flux of 0.14 µJy ≲ Sν ≲ 11 µJy.
Since we detect radio emission at a level of ∼ 100 µJy, the stellar wind is unlikely to
account for the detected flux. However, caution should be exercised when estimating
the mass-loss rate in late type M stars; while the mass-loss rate is lower than in the
B-type hypergiant in GX 301-2, and can be estimated through the equation above, the
mass-loss rates for the M-type giant donors in SyXRBs and SySts are poorly known
−10
−5
−1
and estimates span orders of magnitude from ∼ 10
to ∼ 10 M⊙ yr (Espey
& Crowley 2008; Enoto et al. 2014). We discuss the role of stellar winds in radio
emission from SyXRBs in more detail in Part III of this thesis as well.
Alternatively, we might observe radio emission from shocks as the accretion flow
interacts with the magnetosphere. The Compton limit on the brightness temperature
12
1
of 10 K sets a minimum size of the emission region of ∼ ×10 1 km. The size of the
magnetosphere, set by the radius where magnetic and gas pressure are equal, depends
on the magnetic field strength and the mass accretion rate, estimated from the X-ray
flux (e.g Cackett et al. 2009, equation 1). For our observed flux and standard NS
14
parameters, GX 1+4’s highest estimated magnetic field strength of 10 G yields a
5
magnetosphere size of ∼ 2.4 × 10 km. Hence, such shocks are not compatible with
the properties of GX 1+4.
The radio emission could also be synchrotron emission from a collimated jet: the
observed combination of LX and LR is in agreement with the radio and X-ray lumi9
nosities in a large sample of low-magnetic field accreting NSs (e.g. ≲ 10 G; Migliari
& Fender 2006; Migliari et al. 2011a, 2012; Tetarenko et al. 2016a; Tudor et al. 2017;
Gusinskaia et al. 2017), where the radio originates from such a jet. However, a jet
identification will require independent confirmation through new observations, as we
discuss below. Interestingly, while slow disc winds have been inferred in a handful
9
of NSs with magnetic field strengths above ∼ 10 G (e.g. Degenaar et al. 2014, and
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references therein), no radio jets have been observed in such sources (Fender et al.
1997; Fender & Hendry 2000; Migliari & Fender 2006; Tudose et al. 2010; Migliari
et al. 2011b, 2012).
Massi & Kaufman Bernadó (2008) argue that a jet can only form when the magnetic pressure is lower than the gas pressure at the truncation radius of the disc, as
otherwise the field lines will not be twisted by the disc rotation. In this scenario, slow
X-ray pulsars would indeed not launch a jet due to their strong magnetic field. If
a jet is actually present in GX 1+4, or alternatively in Her X-1, a strong-magnetic
field intermediate-mass X-ray binary where we also recently discovered radio emission
(van den Eijnden et al. 2018b), either this argument is incomplete or an alternate jet
launching mechanism occurs for strong magnetic fields.
If we observe a jet, the alternative launching mechanism might be a magnetic
propeller. Such an outflow has been inferred from X-ray observations in two high
magnetic field X-ray pulsars (Tsygankov et al. 2016a), and has been proposed earlier
for GX 1+4 based on its correlated X-ray flux and pulsation behaviour (Cui & Smith
2004). A magnetic propeller can arise when, at the radius where the magnetic pressure
equals the gas pressure, the rotational velocity of the field (the pulsar spin P ) exceeds
the Keplerian velocity of the disc, creating a centrifugal barrier. As the gas pressure
depends on the mass accretion rate and thus the X-ray luminosity, we can estimate
the maximum X-ray luminosity for a propeller to occur as a function of magnetic field
strength and pulsar spin (e.g. Campana et al. 2002):
37 7/2

LX,max ≈ 4 × 10 k

2

B12 P

−7/3

−2/3

5

M1.4 R10 erg s

−1

(6.3)

where k is a geometry factor, typically assumed to be 0.5 for disc accretion, B12 is
12
the magnetic field strength in units of 10 G, M1.4 is the pulsar mass in 1.4M⊙ and
finally R10 is the pulsar radius in 10 km.
14
For the highest magnetic field estimate of GX 1+4 (i.e. ∼ 10 G) and standard
35
−1
NS parameters, LX,max ≈ 5 × 10 erg s , which differs by only a factor of a few from
our observed X-ray luminosity. Indeed, our observed X-ray flux is similar to the X-ray
−10
flux where Cui & Smith (2004) infer the onset of the propeller regime (i.e. 3 × 10
−1
−2
erg s cm ). However, this propeller scenario might be difficult to reconcile with the
marginal radio detection by Martí et al. (1997), where LX was an order of magnitude
higher (Galloway 2000) and a propeller was thus not expected. Furthermore, if the
12
magnetic field is instead ∼ 10 G, LX,max drops by four orders of magnitude and a
propeller scenario can be excluded.
The above calculation assumes disc accretion, although in GX 1+4 it is unclear
whether the NS accretes directly from stellar wind or there is a wind-fed disc (e.g.
Lü et al. 2012). In SySts, such a disc is only inferred in 4 out of 10 sources known
to launch a jet (Sokoloski et al. 2001). Using k = 1, as appropriate for spherical
36
−1
accretion, the maximum inferred magnetic field yields LX,max ≈ 6 × 10 erg s ,
implying that GX 1+4 was in the propeller regime. However, we again note that the
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cyclotron-line estimate of the magnetic field rules out a magnetic propeller, even with
k = 1.
While GX 1+4 is the first SyXRB where radio emission is detected, radio emission
and jets are more common in SySts, i.e. white dwarf equivalents of SyXRBs. Six SySts
show a resolved radio jet, while four more systems have a jet as inferred from X-ray
or optical spectroscopy (e.g. Brocksopp et al. 2004, and references therein). Contrary
to GX 1+4, the magnetic field of the WD accretor in SySts is typically orders of
magnitude weaker than that required to suppress jet formation in the argument of
Massi & Kaufman Bernadó (2008): Z And has the strongest inferred magnetic field
5
in jet-forming SySts at ≳ 10 G.
The point source nature and the luminosity of the radio emission in GX 1+4 are
consistent with the radio properties of the detected SySts: while all are resolved by
MERLIN, VLA or ATCA (angular extents of 0.1-3arcsec, corresponding to hundreds
of au), five out of six sources are significantly closer than GX 1+4 and their angular
extent would not be resolved with the VLA in C-configuration at 4.3 kpc (Padin et al.
1985; Dougherty et al. 1995; Ogley et al. 2002; Brocksopp et al. 2004; Karovska et al.
2010). The sixth source, HD 149427, is located at a larger distance and was resolved
by ATCA (Brocksopp et al. 2003), but only because its angular extent is exceptionally
large in comparison with the other sources. The SySts show a large range of radio
27
30
−1
luminosities, spanning up to three orders of magnitude (∼ 10 –10 erg s ). GX
1+4 falls well within this range, with a radio luminosity similar to the SySts Z And,
AG Dra and CH Cyg.
While the stellar wind is unlikely to be the origin of the radio emission in GX 1+4,
a jet and a magnetic propeller cannot be excluded. More observations are required to
better understand the radio emission; for instance, a jet nature can be tested by measuring the spectral index from multiple radio bands, searching for linear polarisation
or an extended structure, or potentially detecting a jet break in the broad-band spectrum. By observing the source simultaneously at radio and X-ray wavelength around
the X-ray luminosity where the propeller is expected to switch on and off, the magnetic propeller explanation can also be tested: above the X-ray luminosity threshold,
the radio is expected to be quenched in this scenario. Furthermore, this first radio
detection of a SyXRB warrants follow-up radio observations of this class of sources, to
establish whether these sources generally are radio emitters or GX 1+4 is an outlier.
Finally, also motivated by our recent radio detection of the strongly-magnetised X-ray
pulsar Her X-1 (van den Eijnden et al. 2018b), the hypothesis that strong magnetic
field suppress jet formation should be revisited with deep radio observations of a large
sample of such X-ray pulsars.
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Radio emission from the X-ray pulsar Her X-1: a
jet launched by a strong magnetic field neutron
star?
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Abstract
Her X-1 is an accreting neutron star in an intermediate-mass X-ray binary. Like lowmass X-ray binaries (LMXBs), it accretes via Roche-lobe overflow, but similar to many
high-mass X-ray binaries containing a neutron star, Her X-1 has a strong magnetic
field and slow spin. Here, we present the discovery of radio emission from Her X-1
with the Very Large Array. During the radio observation, the central X-ray source
was partially obscured by a warped disc. We measure a radio flux density of 38.7 ± 4.8
µJy at 9 GHz but can not constrain the spectral shape. We discuss possible origins of
the radio emission, and conclude that coherent emission, a stellar wind, shocks and a
propeller outflow are all unlikely explanations. A jet, as seen in LMXBs, is consistent
with the observed radio properties. We consider the implications of the presence of a
jet in Her X-1 on jet formation mechanisms and on the launching of jets by neutron
stars with strong magnetic fields.

7 Radio emission and jets in Her X-1

1

Introduction

Her X-1 is an extensively-studied accreting X-ray pulsar, discovered with the UHURU
satellite (Tananbaum et al. 1972). The pulsar has a low spin period of 1.24 s and is
in a binary system with an orbital period of 1.7 days (Leahy & Abdallah 2014). Her
X-1 was the first accreting neutron star (NS) where a cyclotron line was discovered
(Trümper et al. 1978), with an energy of ∼ 40 keV. Although this energy varies with
time and X-ray flux (e.g. Staubert et al. 2016), it provides a direct measurement of
12
the pulsar magnetic field of a few times 10 G.
Her X-1 shows peculiar variability in X-rays over a 35-day cycle, originating from
the precession of a warped accretion disc (Scott & Leahy 1999, see also Figure 7.1):
the cycle starts in the bright Main High (MH) state, offering an unobscured view of
the central X-ray source. This is followed with the Low State (LS), where the X-ray
flux drops ∼ 99% and only reflected X-rays (for instance off the face of the companion)
are visible (Abdallah & Leahy 2015). This LS is interspersed by the Short High (SH)
state, reaching a few tens of percent of the original MH state flux. This variability
is geometric, and the central X-ray source does not intrinsically vary on the 35-day
timescale.
The companion star of Her X-1 has a mass of 2.2M⊙ (Reynolds et al. 1997; Leahy
& Abdallah 2014). At the simplest level, accreting NSs are classified based on the
donor star mass into low-mass X-ray binaries (LMXBs, ≲ 1M⊙ ), high-mass X-ray
binaries (HMXBs, ≳ 10M⊙ ) and the rare intermediate-mass X-ray binaries (IMXBs)
inbetween. Her X-1 is an IMXB but combines characteristics from both other classes:
as in LMXBs, it accretes through Roche-lobe overflow and an accretion disc (Scott
& Leahy 1999), while most HMXBs accrete from the wind or circumstellar disc of
the donor. In addition, Her X-1 has the strong magnetic field and low spin that are
typically seen in HMXBs; NS LMXBs instead tend to have weaker magnetic fields
9
of B ≲ 10 G and if pulsations are seen, these are typically at millisecond periods
(Patruno & Watts 2012).
Another observational difference between HMXBs and LMXBs is the presence of
radio emission and inferred jets. LMXBs very commonly show synchrotron emission
from jets, which is correlated with the X-ray emission from the accretion flow (Migliari
& Fender 2006; Tudor et al. 2017; Gusinskaia et al. 2017), similar to accreting black
holes (BHs; Merloni et al. 2003; Falcke et al. 2004). On the contrary, in NS HMXBs
jets have only been observed in Cir X-1, a young NS that might have a high-mass
donor (Johnston et al. 2016). As jet formation is still poorly understood, it is unclear
which properties of NS LMXBs and HMXBs could explain this apparent systematic
difference: the spin period, magnetic field, or the presence of an accretion disc might
all play a vital role. As Her X-1 shares characteristics of both classes, it can help
understand the difference between their jet launching abilities.
In this Letter, we present the discovery of radio emission from Her X-1. We present
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the observations and results in Sections 2 and 3, and afterwards discuss the origin of
the emission and implications for our understanding of jet formation in LMXBs and
HMXBs. We also consider the possibilities for future observations.

2
2.1

Observations
Radio

We observed Her X-1 with the Karl G. Jansky Very Large Array (VLA) on 06 June
2013 (MJD 56449) from 02:12:01 to 03:26:38 UT, for a total of ∼ 54 minutes of
on-source observing time (project ID: 13A-352, PI: Degenaar). We observed the
target in X-band between 8 and 10 GHz in two basebands, while the array was in Co
configuration, yielding a synthesised beam of 3.24” × 1.8” (position angle 8.57 ). We
o
used J1331+305 and J1635+3808 (5.3 from the target) as the primary and secondary
calibrators, respectively.
The observation was calibrated and imaged following standard procedures with the
Common Astronomy Software Applications package (CASA) v4.7.2 (McMullin et al.
2007). We did not encounter any significant RFI or calibration issues. Using CASA’s
multi-frequency, multi-scale clean task, we imaged Stokes I and V to make a source
model of the field. With Briggs weighting and setting the robustness parameter to 0
−1
to balance sensitivity and resolution, we reached an RMS noise of 4.8 µJy beam . We
fit a point source in the image plane by forcing the fit of an elliptical Gaussian with
the FWHM and orientation of the synthesised beam. In addition, we also individually
imaged the 8–9 and 9–10 GHz basebands with the same approach as the full band.
As we did not observe a polarisation calibrator, beam squint can affect our circular
polarisation estimates away from the pointing centre by a few percent.

2.2

X-rays

We examined the X-ray properties of Her X-1 during the VLA epoch in order to obtain
a simultaneous X-ray flux and determine the source’s phase in the 35-day precession
cycle. To measure the X-ray flux, we extracted the MAXI /Gas Slit Camera (GSC;
Matsuoka et al. 2009) spectrum for the MJD of the VLA observation from the MAXI
website (http://maxi.riken.jp). We extracted the spectrum for the full MJD to ensure
a sufficient number of counts for a basic characterisation of the spectrum. We also
obtained the MAXI /GSC and Swift/Burst Alert Telescope (BAT) (Krimm et al.
2013) long term X-ray lightcurves of Her X-1. Figure 7.1 shows the MAXI and Swift
light curves, clearly showing the 35-day cycle and revealing that Her X-1 was in the
first low-state of its precession cycle. Finally, we also downloaded the MAXI spectrum
on MJD 56437, the peak of the prior MH state, to estimate the unobscured X-ray
flux.
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Figure 7.1: MAXI /GSC and Swift/BAT daily X-ray lightcurves of Her X-1 around the radio epoch
on MJD 56449. The 35-day cyclic variability, due to precession of the warped accretion disc, is clearly
visible. The VLA epoch is shown by the dashed line.

3
3.1

Results
Radio

Her X-1 is detected at a flux density Sν = 38.7 ± 4.8 µJy at 9 GHz, with a significance
of 8σ. A zoom of the target field is shown in Figure 7.2. For a distance of D = 6.1
2
kpc (e.g Leahy & Abdallah 2014) and defining the radio luminosity LR = 4πνSν d ,
28
−1
this corresponds to LR = (1.6 ± 0.2) × 10 erg s . The source is also detected in
the 8–9 and 9–10 GHz bands separately at 42.2 ± 6.8 and 36.2 ± 6.8 µJy respectively.
However, the low significance means we do not well constrain the radio spectrum with
α
α = −0.7 ± 5.3, where Sν ∝ ν .
h m
s
s
o ′
We measured a position of RA = 16 57 49 .792±0 .027 and Dec = +35 20 32”.578±
0”.225, where the uncertainties equal the synthesised beam size divided by the signalto-noise of the detection. This position is consistent within the 1 − σ errors with the
best known position of Her X-1, from the infrared 2MASS survey (Skrutskie et al.
2006), which is shown in Figure 7.2 as well, and with the lower-accuracy positions at
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Figure 7.2: VLA image of Her X-1 at 9 GHz. The black cross indicates the best known position,
from the infrared 2MASS survey. In the bottom left corner, we show the half-power contour of the
synthesised beam

other wavelengths. Hence, this is unlikely to be a background source.

3.2

X-rays

We fit the two downloaded MAXI 2–20 keV spectra of Her X-1 to determine the flux
on the MJD of the radio observation and at the height of the previous MH state. As
the latter is only a short (∼ 120s) exposure, both spectra contain few photons (∼ 145
and 40 photons, respectively) and are only suitable for a very simple fit. In both cases,
we used xspec to fit an absorbed (tbabs) blackbody (bbodyrad) spectrum. We fix
the NH in both cases, as the data quality is not sufficient to determine it directly. We
22
20
set NH = 1.0 × 10 for the obscured LS (İnam & Baykal 2005) and NH = 1.7 × 10
−2
−11
cm in the HS (Fürst et al. 2013). This yields 0.5–10 keV X-ray fluxes of ∼ 9 × 10
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erg s cm during the radio observation and ∼ 3 × 10 erg s cm during the
MH state. The latter is slightly lower than the typical range of X-ray fluxes of Her
−9
−8
−1
−2
X-1 in the MH state of 5 × 10 to 10 erg s cm (Staubert et al. 2016). This
difference might be due to the short exposure of the MAXI spectrum, combined with
the dips often seen during the MH state (Igna & Leahy 2011).
−1

4

−2

−9

−1

−2

Discussion

We present the first radio detection of the IMXB Her X-1, at a flux density of Sν =
38.7 ± 4.8 µJy. Her X-1 has been the subject of multiple radio searches, but similar to
most NS HMXBs, was hitherto never detected. Coe & Crane (1980) observed Her X-1
every day of an entire 35-day precession cycle. The source was not detected in any of
the observations, with 3σ upper limits of 9 mJy. Nelson & Spencer (1988) observed
Her X-1 twice in a large sample study of X-ray binaries and cataclysmic variables,
reaching a 5σ upper limit of 1.3 mJy. In this discussion, we will first compare the
radio properties of Her X-1 with different classes of accreting NSs. Subsequently, we
will discuss the origin of the radio emission and implication for future research.

4.1

Comparison with NS LMXBs and HMXBs

Radio detections and jets are ubiquitous in disc-accreting, weak magnetic field NS
LMXBs (Migliari & Fender 2006; Tudor et al. 2017; Gusinskaia et al. 2017). While
LX and LR do appear to be related for these types of NS systems, no universal
relation has emerged (Tudor et al. 2017). Most relevant for the comparison with Her
X-1 are the handful of LMXBs containing a slow pulsar. With the exception of one
(see below), none of these sources have been detected in the radio. 2A 1822-371 and
4U 1626-67 have unconstraining upper limits on their radio flux of 200 µJy (Fender
& Hendry 2000). GRO 1744-28 (The Bursting Pulsar) does have deep ATCA upper
limits during it small 2017 outburst (Russell et al. 2017). Finally, for the mildly
recycled 11-Hz pulsar IGR J1748-2466 no radio upper limits are known.
As stated, a single slow pulsar in an LMXB has been detected: the symbiotic
X-ray binary GX 1+4 was recently discovered in radio (van den Eijnden et al. 2018a).
In this type of sources, the NS accretes from the stellar wind of an evolved low-mass
companion. The origin of the radio emission in GX 1+4 can not be unambiguously
inferred. Other symbiotic X-ray binaries have not been targeted by radio campaigns
and it is thus unknown whether radio emission occurs is more sources of this type.
Given the current upper limits or lack of observations, new, deep radio observations
are needed to infer whether Her X-1 is an outlier among slow pulsars in LMXBs or
whether radio emission occurs more commonly among such sources.
Her X-1 also shares characteristics with many of the NS HMXBs: a strong mag12
netic field (≳ 10 G) and a slow spin. Radio detections of HMXBs are relatively rare
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(Duldig et al. 1979; Nelson & Spencer 1988; Fender & Hendry 2000; Migliari et al.
2011a): the NS Cir X-1 launches resolved radio jets (Tudose et al. 2006), and likely
is a HMXB (see Johnston et al. 2016 for a recent discussion). However, no magnetic
field estimate is known for Cir X-1. Two other NS HMXBs have been detected in
radio. Most notably, the wind-accreting HMXB GX 301-2 was detected over multiple
radio epochs (Pestalozzi et al. 2009). However, the flux levels were consistent with
those expected from the stellar wind, and the claimed transient outflow component
in the emission has not been confirmed (Migliari et al. 2011a). Additionally, the
Be/X-ray binary A 1118-61, consisting of a NS and a Be companion, was detected in
only one out of eight observations by Duldig et al. (1979). Due to the crowded field,
this detection might not be related to the Be/X-ray binary. Both these (possible)
detections are thus not conclusive about the presence of a jet.
There exist numerous radio non-detections of NS HMXBs. However, for most of
these sources, the radio upper limits (ranging from hundreds of µJy to mJy levels;
Duldig et al. 1979; Nelson & Spencer 1988; Fender & Hendry 2000) are not constraining compared with NS LMXBs and deep observations with current generation radio
telescopes might reveal these sources. Only the Be/X-ray binaries A 0535+26 (Tudose
et al. 2010) and X Per, and the wind-accreting NS HMXB 4U 2206+54 (Migliari &
27
Fender 2006) have radio luminosity upper limits of ≲ 5 × 10 erg/s, below our Her
X-1 measurement. However, these sources were observed at much lower (more than
an order of magnitude) X-ray luminosity, making any direct comparison with Her X-1
difficult.

4.2

The emission mechanism and physical origin

Three radio emission mechanisms are relatively unlikely to explain our detection of
Her X-1. First, thermal emission would require too high densities of emitting material
on too large scales. Secondly, we imaged Stokes V in addition to Stokes I and did
not detect the target, setting a 3σ upper limit on the circular polarisation of 37%.
Coherent emission should be highly circularly polarised and can thus be excluded.
Finally, free-free emission from a strong stellar wind, as observed in the HMXB GX
301-2 (Pestalozzi et al. 2009), is unlikely: while a wind might be present (Leahy
2015), its strength implies a flux density over two orders of magnitude lower than
our detection (Wright & Barlow 1975). On the contrary, synchrotron emission is
consistent with the observed radio properties. In the following, we will discuss possible
physical origins of such synchrotron emission.
First, synchrotron-emitting shocks could occur in the interaction between the disc
and the magnetosphere or in the accretion column on to the magnetic poles. How12
ever, the Compton limit on the brightness temperature of 10 K sets a lower limit
1
on the size of the emitting region of ≳ 10 1 km. We can estimate the size of the
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magnetosphere Rm by rewriting equation 1 from Cackett et al. (2009):
Rm = k (

4/7
fang
B
Fbol
) ( η
)
5
1.2 × 10 G
10−9 erg s−1 cm−2

−4/14

−8/7
M
R −12/7 D −4/7
(
)
(
)
(
)
Rg
1.4M⊙
10km
5kpc

(7.1)

where k is a geometry factor relating spherical and disc accretion, typically assumed
to be 0.5 for disc accretion, B is the magnetic field strength, fang is the anisotropy
correction factor, η is the accretion efficiency, Fbol is the bolometric flux, and M , R
12
and D are the mass, radius and distance of the NS. We use B ∼ 3 × 10 G (Staubert
et al. 2016), k = 0.5, fang = 1, η = 0.1, M = 1.4M⊙ , R = 10 km (Leahy 2004) and
D = 6.1 kpc (Leahy & Abdallah 2014).
As Rm scales inversely with flux, the maximum magnetospheric size can be esti−11
mated with the LS 2–10 keV X-ray flux without a bolometric correction (e.g. 9×10
−1
−2
4
erg s cm ): this yields Rm ≈ 1.7 × 10 km, smaller than the minimum emission region size. As the low flux during the LS of Her X-1 originates from a geometric effect,
it is actually more accurate to use the MH state bolometric flux; for the measured
−9
−1
−2
4
MH state flux of 3 × 10 erg s cm , Rm is even smaller at ∼ 0.7 × 10 km. Hence,
shocks can be exluded as well, assuming that they indeed occur at the magnetosphere
and not further out in the accretion flow.
Another possibility is that we observe a propeller-driven outflow: if the magnetosphere spins faster than the disc where the magnetic and gas pressure are equal, it
creates a centrifugal barrier that can either trap the disc (D’Angelo & Spruit 2010)
or expel the material (Illarionov & Sunyaev 1975; Campana et al. 1998). The latter
has, for instance, recently been inferred through X-ray monitoring in several strong
magnetic field accreting NSs (e.g. two Be/X-ray binaries; Tsygankov et al. 2016a) and
might explain the recent radio detection of GX 1+4 (van den Eijnden et al. 2018a).
For a given NS magnetic field and spin period, one can estimate the maximum LX
for which the magnetosphere can still create this centrifugal barrier as (e.g. Campana
et al. 2002):
37 7/2

LX,max ≈ 4 × 10 k

(

2
−2/3
P −7/3
M
R 5
B
−1
)
(
)
(
)
(
) erg s (7.2)
1s
1.4M⊙
10km
1012 G

where P is the pulsar spin and all other parameters are already defined. For a magnetic
12
field of ∼ 3 × 10 G, a spin period of 1.24 s and standard NS parameters, we estimate
37
−1
the LX,max ≈ 1.9 × 10 erg s for Her X-1.
To assess whether a magnetic propeller could be at play in Her X-1, we need to
compare this maximum X-ray luminosity with the correct LX of Her X-1. During the
35
−1
LS radio epoch, LX ≈ 4 × 10 erg s , comfortably below the upper limit for the propeller effect. However, the actual, unobscured X-ray luminosity is the more accurate
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probe of the relevant physical properties (i.e. the mass accretion rate that balances
37
the magnetic pressure). During the prior MH state, Her X-1 reached LX ≈ 1.2 × 10
−1
erg s between 2–10 keV. With a bolometric correction, the X-ray luminosity of Her
37
−1
X-1’s MH state typically reaches (2.5 − 5) × 10 erg s (Staubert et al. 2016). This
is of comparable magnitude as the LX,max estimate, although it should be noted that
not every MH state reaches the same luminosity (e.g. Staubert et al. 2016) and Eq.
7.2 is merely an estimate. However, in other accreting NSs propellers have been linked
to a simultaneous decrease in X-ray flux and pulsation strength and such behaviour
has not been observed in Her X-1 in its regular, 35-day cyclic behaviour.
Finally, we might observe a compact, synchrotron-emitting radio jet, similar to
9
those seen in NS LMXBs with weaker (≲ 10 G) magnetic fields. If we compare
Her X-1’s radio properties with the NS LMXB sample in the LX /LR diagram (see
e.g. Tudor et al. 2017; Gusinskaia et al. 2017, for recent versions), we see that these
are consistent with several AMXP observations if we assume the LS flux. While an
interesting comparison, as AMXPs have ∼ 3 − 4 orders of magnitude weaker magnetic
fields and faster spins, we should actually again use the estimated unobscured (i.e.
MH state) flux. In that comparison, the LR of Her X-1 is three to ten times lower
than hard-state and several soft-state Atoll sources at similar LX , and more similar
to that of jet-quenched sources (e.g. Gusinskaia et al. 2017).
As jet formation is poorly understood, the cause of jet quenching is puzzling. It
is observed in all BH LMXBs if and when they transition into the soft spectral state
(e.g. Gallo et al. 2003), but the picture is more ambiguous in accreting NSs: only in a
handful of sources is quenching observed (see e.g. Miller-Jones et al. 2010; Gusinskaia
et al. 2017). If jet formation requires large scale-height poloidal magnetic fields,
quenching might be explained as follows: in the hard spectral state, the accretion
disc might be truncated away from the compact object (e.g. Done et al. 2007) as a
radiatively-inefficient accretion flow (RIAF; Narayan & Yi 1995) replaces the inner
disc, providing the required fields. As the disc moves inwards during the transition
to softer spectral states, the RIAF disappears or cooled, breaking the jet formation
mechanism.
If the above scenario indeed underlies jet quenching, it is difficult to reconcile with
the low LR in Her X-1: there, the strong stellar magnetic field prevents the disc from
moving inwards. However, this stellar field might instead hamper the initial formation
of a RIAF, also effectively quenching the jet. Alternatively, the jet formation might
be partially suppressed as the disc pressure can not dominate and twist the strong
magnetic field (Massi & Kaufman Bernadó 2008), or as the magnetic field prevents
the formation of a boundary layer at the NS surface, which might play a role in NS
jet formation (Livio 1999).
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4.3

Implications for future research

Out of the considered origins for the radio emission (shocks, a propeller outflow and a
compact jet), a jet appears most compatible with both the correlated X-ray and radio
properties and with the known properties of the Her X-1 system. The presence of a
jet in Her X-1 automatically implies that (the combination of) a strong magnetic field
and a slow spin do not completely impede jet formation (as suggested by e.g. Massi &
Kaufman Bernadó 2008). This would imply that our understanding of jet formation,
in the presence of a strong NS magnetic field, needs to be revisited. Additionally, it
opens up the possibility of observing radio emission from several currently undetected
sources: for instance, the LMXBs containing slow X-ray pulsars and Be/X-ray binaries
accreting from an (small) disc would be prime targets for such studies, as current
generation radio telescopes (e.g. VLA, ATCA) reach sensitivities orders of magnitude
below the current typical upper limits for these sources.
In order to confidently confirm a jet nature of the radio emission in Her X-1, new
observations are necessary. A measurement of the radio spectral index, combined with
a linear polarisation measurement, and a search for extended structure or a jet-break
in the spectrum, could reveal the emission mechanism. If a jet is indeed present, this
opens up interesting possibilities to better understand Her X-1 itself. For instance,
observations at different states during its 35-day cycle could independently confirm
that precession causes this cycle, as the jet likely emits from further out without being
obscured. Additionally, a jet might be a better tracer of the mass accretion rate on
to the NS than the X-rays, if it is indeed not influenced by obscuration. That could
possibly also allow a more detailed study of Her X-1’s rare off state, wherein barely
any X-ray emission is observed for extended periods of time.
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Abstract
Relativistic jets are observed throughout the Universe, strongly impacting their surrounding environments on all physical scales, from Galactic binary systems (Gallo
et al. 2005) to galaxies and galaxy clusters (Fabian 2012). All types of accreting black
holes and neutron stars have been observed to launch jets (Fender 2016), with one
12
exception: neutron stars with strong (B ≥ 10 G) magnetic fields (Fender & Hendry
2000; Migliari et al. 2012), creating the theory that their magnetic field strength inhibits jet formation (Massi & Kaufman Bernadó 2008). Radio emission was recently
detected in two such objects, with a jet origin being one of several possible explanations in both cases (van den Eijnden et al. 2018a,b). While this provided the first
hints that this long-standing idea might need to be reconsidered, definitive observational evidence of jets was still lacking. Here, we report the discovery of an evolving
jet launched by a strongly-magnetised neutron star, accreting above the Eddington
limit, finally disproving the original theory. The radio luminosity of the jet is two
orders of magnitude fainter than seen in other neutron stars at similar X-ray luminosities (Migliari & Fender 2006), implying an important role for the neutron star’s
properties in regulating jet power. This jet detection necessitates fundamental revision of current neutron star jet models and opens up new tests of jet theory for all
accreting systems. It also shows that the strong magnetic fields of ultra-luminous
X-ray pulsars do not prevent such sources from launching jets.
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1

Results and discussion

On 3 October 2017, the Neil Gehrels Swift Observatory (Swift) detected the outburst
of the new X-ray transient Swift J0243.6+6124 (hereafter Sw J0243 Kennea et al.
2017). The discovery of 9.86-second pulsations (Jenke & Wilson-Hodge 2017) identified this transient as an accreting pulsar: a relatively slowly spinning neutron star with
12
a strong magnetic field (defined as B ≥ 10 G Doroshenko et al. 2018), most likely
accreting from a high-mass companion Be-star. Throughout its outburst, we observed
this source at radio wavelengths over eight epochs with the Karl G. Jansky Very Large
Array (VLA), see Figure 8.1. After an initial non-detection early in the outburst, we
detected significant (18.3σ) radio emission at 6 GHz close to the X-ray peak (Figure
8.2), when the neutron star was accreting above the theoretical Eddington limit. The
radio luminosity of the system subsequently decayed with the X-ray flux, while the
α
radio spectral index α (where the flux density Sν ∝ ν ) gradually evolved throughout
the outburst. We did not detect linearly polarised emission during any epoch, with a
most stringent upper limit of ∼ 15% during the third observation (see Extended Data
for all measurements).
Its radio properties show that Sw J0243 launches an evolving jet. Whenever
accreting compact objects launch steady jets, the radio and X-ray luminosity are
coupled (see Figure 8.3 Migliari & Fender 2006; Merloni et al. 2003), indicating a
direct relationship between the X-ray emitting accretion flow and the radio-emitting
jet. After the initial radio non-detection, we observe such a coupling between the
X-ray and radio luminosities of Sw J0243, with the radio luminosity decreasing as
the outburst decayed in X-rays. Estimating the correlation index between the 0.5-10
0.54±0.16
keV X-ray and 6 GHz radio luminosities, we measure LR ∝ LX
(see Methods),
consistent with both black hole and neutron star X-ray binaries (Gallo et al. 2018).
The radio spectral shape and evolution also argue a jet origin. In radio, jets
launched from stellar-mass accretors emit synchrotron radiation with a spectral index that can vary over time, as observed in Sw J0243. The radio spectral index
in Sw J0243 started out steep (α < 0), only to gradually evolve to a flat spectrum
(α > 0) as observed in canonical steady X-ray binary jets (Fender et al. 2004). This
systematic evolution during the outburst decay can be interpreted as follows: during
the super-Eddington phase, where strong outflows are expected theoretically (Kosec
et al. 2018b), discrete transient ejecta were launched. When the accretion rate decayed during the remainder of the outburst, the radio – X-ray correlation and the
transition towards an inverted spectrum signalled that the radio emission instead
arose from a compact, steady jet (Fender et al. 2004). Alternatively, a gradual shift
of the break frequency where the jet spectrum transitions from optically thin to thick
synchrotron radiation could also be responsible for the observed evolution of the radio
spectral index. As discussed in the Methods section, alternative physical or emission
mechanisms cannot explain the observed combination of spectral index evolution, flux
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Figure 8.1: Radio and X-ray outburst light curve of Swift J0243.6+6124. (a) The radio flux
densities at 6 and 22 GHz and the Swift BAT count rate between 15 and 50 keV throughout the
outburst. Sw J0243 was not detected during the first radio epoch, marked as downward arrows.
α
(b) The radio spectral index α (where Sν ∝ ν ) as a function of time. Error bars are given at the
one-sigma level, upper limits at three sigma.

levels, radio – X-ray coupling, and polarisation. We note that both the observed polarisation properties and the spectral shape and evolution rule out that coherent radio
pulsations are responsible for the radio emission.
Before our radio monitoring campaign of Sw J0243, jets had been confirmed in
all types of X-ray binary systems (Fender & Hendry 2000; Migliari & Fender 2006),
except in the strongly-magnetised accreting pulsars, which are the most common Xray binary type. Multiple large surveys in the 1970s and 80s failed to detect radio
emission from these sources (Migliari et al. 2012; Duldig et al. 1979; Nelson & Spencer
1988), leading to the observational notion that the strong magnetic field prevents the
formation of jets. Until recently, searches for radio emission from individual neutron
stars with such field strengths also yielded non-detections (Migliari & Fender 2006),
further strengthening this idea. As a result, strongly-magnetised accreting neutron
stars are often disregarded in theoretical studies of neutron star jet formation (Kato
et al. 2004).
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Figure 8.2: VLA detection images of Swift J0243.6+6124. (a) The 6 GHz image of the first VLA
observation of Sw J0243. No significant radio emission is observed within the black dashed circle,
which indicates the 90% Swift XRT position contour. (b) The 6 GHz image of Sw J0243 during the
second VLA epoch, where the target was first detected. A new, 18.3-sigma significance source is
coincident with the Swift XRT position. The synthesised beam is shown in the bottom left corner
of both panels.

Jet formation models developed for accreting neutron stars commonly invoke a
magneto-centrifugal launch mechanism (Massi & Kaufman Bernadó 2008; Blandford
& Payne 1982; Parfrey et al. 2016), where the jet is launched by field lines anchored
in the innermost accretion disc. Such models offered a straightforward theoretical
explanation for the prevention of jet formation by strong magnetic fields: the neutron
star magnetosphere stops the formation of the inner accretion flow by dominating
over the disc pressure (Massi & Kaufman Bernadó 2008), therefore preventing the
launching of a jet. The first observational results to question this view were the
recent radio detections of the two strongly-magnetised pulsars Her X-1 and GX 1+4
(van den Eijnden et al. 2018b,a). However, contrary to our Sw J0243 monitoring,
both sources were detected at a single frequency during a single epoch, meaning
that the origin of the emission remained ambiguous. Given the lack of information on
spectral shape, temporal evolution or coupling with the X-ray flux, a jet could neither
be excluded nor directly inferred. Moreover, the properties of any putative jets – if
present – could not be determined from the limited information available.
Our clear discovery of an evolving jet in Sw J0243 now disproves the long-standing
idea that strong magnetic fields prevent the launch of a jet. This directly implies
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Figure 8.3: The radio and X-ray luminosities plane for X-ray binaries. The X-ray and radio
luminosities of Sw J0243 during the eight epochs, together with a large sample of accreting stellarmass black holes and neutron stars. The dashed line shows that Eddington X-ray luminosity for a
1.4 M⊙ neutron star. See the Methods section for details on the sample shown and the estimation
of the distance used. Note that for visual clarity we do not plot any non-detections in the sample,
or uncertainties of any source in the figure.

that existing models of jet formation in neutron star X-ray binaries (e.g. Massi &
Kaufman Bernadó 2008; Blandford & Payne 1982) need to be revisited. For instance,
the jet launching region must be much further out than seen in other classes of jetforming systems. The presence of X-ray pulsations (Jenke & Wilson-Hodge 2017)
shows that the magnetosphere dominates the inner accretion flow, channeling the
material to the neutron star poles. Conservatively estimated, its minimum size – at
the outburst peak, during the first jet detection – is Rm ≥ 320 gravitational radii
(see Methods). Hence, the geometrically thin accretion disc must be truncated much
further away from the compact object than typically seen in X-ray binaries with weak
9
magnetic fields (e.g. ≤ 10 G), where the observed jets are thought to be launched
close to the accretor (Massi & Kaufman Bernadó 2008; Blandford & Payne 1982;
Gandhi et al. 2017). Moreover, in strongly-magnetised pulsars accreting at superEddington rates, such as Sw J0243, the magnetosphere might be completely enveloped
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by accreting material (Mushtukov et al. 2017). Such a configuration provides entirely
different (geometrical) properties of the inner accretion flow than in other types of
X-ray binaries. Interestingly, however, the apparent coupling between the X-ray and
radio luminosity during the decay and the spectral index evolution in Sw J0243 are
similar to other black hole and neutron star X-ray binaries, but at much higher mass
accretion rates. Therefore, it is unclear what similarities there are in the jet formation
mechanism and what role the magnetosphere plays.
Despite the phenomenological similarities with jets from stellar-mass black holes
and weakly-magnetised neutron stars, the jet in Sw J0243 is orders of magnitude
fainter in radio luminosity. This difference is evident in the LX – LR diagram shown
in Figure 3, where Sw J0243 falls two orders of magnitude below other neutron stars
accreting at similar super-Eddington X-ray luminosities. Importantly, the only difference with Sw J0243 is that these other neutron stars have a weak magnetic field
9
(e.g. ≤ 10 G) and are spinning faster. Therefore, the difference in radio luminosity might suggest an important role for these fundamental properties of the neutron
star in regulating jet power. This role fits with recent theoretical work (e.g. Parfrey
et al. 2016) discussing a neutron star jet model where the jet is powered by the accretor’s rotation, as in the Blandford-Znajek-type models for black holes (Blandford
& Znajek 1977), and not launched by field lines in the inner accretion disc, as in the
magneto-centrifugal (Blandford-Payne-type) jet models commonly assumed for neutron stars (Massi & Kaufman Bernadó 2008; Blandford & Payne 1982). This model,
subsequently shown by numerical simulations to be applicable to the super-Eddington
accreting regime of Sw J0243 (Parfrey et al. 2017), also predicts a two orders of magnitude suppression of jet power for slowly-pulsating, strongly-magnetised accreting
pulsars compared to their weakly magnetised, rapidly-spinning counterparts.
Our discovery of a jet in a strongly-magnetised accreting pulsar has two additional
major implications. Firstly, it implies that accreting pulsars form a large, hidden
class of radio emitters, now accessible for the current generation of observatories with
upgraded sensitivities. This unexplored population opens up new avenues to test
general predictions of jet theory for all accreting systems. In Blandford-Znajek type
models of jet formation, a correlation would be expected between the spin and jet
power (Parfrey et al. 2016; Blandford & Znajek 1977), This straightforward prediction
has been difficult to test – estimates of the spin of black holes are challenging, and
while pulsations provide an undisputed measurement of neutron star spins, the only
neutron stars previously known to launch jets (those with weak magnetic fields) span
merely a small range in spin frequency (a factor ∼ 5–6 Patruno et al. 2017). Accreting
pulsars with strong magnetic fields on the contrary can span over three orders of
magnitude in spin, while having similar and well-measured magnetic fields. Now
that we have found that strongly-magnetised accreting pulsars can launch jets, future
observational campaigns of this source class will probe the predicted relation between
spin and jet power.
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Secondly, the detection of a jet in Sw J0243 expands the possible types of outflows in ultra-luminous X-ray sources (ULXs), which are binary systems with X-ray
luminosities greatly exceeding the Eddington luminosity of a stellar-mass accretor.
Super-Eddington winds have previously been observed in both black hole and neutron star ULXs (Kosec et al. 2018b), while jets have been inferred in a handful of
black hole ULXs through direct detection and the presence of surrounding bubbles
(Kaaret et al. 2017). While a number ULXs have been confirmed to be neutron stars
through the detection of pulsations, it is now theoretically (e.g., King & Lasota 2016)
and observationally (e.g., Walton et al. 2018b) realised that such strongly-magnetised
ULX pulsars could make up a large fraction of the population. Interestingly, the
known ULX pulsars show similar X-ray behaviour to Galactic pulsars accreting from
Be stars at super-Eddington rates (Tsygankov et al. 2017a), like Sw J0243. Our detection of a jet in Sw J0243 therefore implies that, in addition to winds, ULX pulsars
might also launch jets, unhampered by their strong magnetic fields.
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2
2.1

Methods
Radio observations

We observed Sw J0243 with the VLA over eight epochs between 10 October 2017
and 9 January 2018. The observations were part of two Director’s Discretionary
Time programmes, respectively VLA/17B-406 and VLA/17B-420 for the first two and
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remaining six epochs. The total observing time was 13 hours. In two observations,
we observed the target only at C band, centred at 6 GHz with 4 GHz of bandwidth.
In the other six observations, we observed both at C band (with the same setup) and
K band, the latter centred at 22 GHz with 8 GHz of bandwidth. Detailed information
about each epoch can be found in Table 8.1.
In all epochs, the primary calibrator was J0137+331 (3C48) and the nearby phase
calibrator was J0244+6228 (1.04 degrees angular separation to the target). When
included in the setup (epochs three to seven), the leakage calibrator was J0319+4130
(3C84). For the target field, the centre was pointed 6" offset in the north direction
from the Swift/XRT detection position (Kennea et al. 2017), to prevent possible correlator artefacts at the phase centre from affecting the results. During all observations,
the VLA was in its B configuration. More detailed information, such as beam sizes
and position angles in each observing band and epoch, are also listed in Table 8.1.
To analyse the observations, we used the Common Astronomy Software Application (CASA) package (McMullin et al. 2007) v4.7.2 to flag, calibrate and image the
data. We removed RFI using a combination of automated flagging routines and careful visual inspection. Given the lack of bright radio emission in the target field, we
did not self-calibrate. Using the multi-frequency multi-scale clean task with Briggs
weighting and a robustness of 1 (to reduce effects of side-lobes of a neighbouring
source), we imaged Stokes I at all observed frequencies for all epochs, and Stokes
Q and U at 6 GHz for epochs with leakage calibration. We do not image Stokes Q
and U at 22 GHz, since we do not detect any linearly polarised emission at 6 GHz.
Therefore, no such emission is expected at 22 GHz, and the better RMS at 6 GHz
yields tighter upper limits.
Accreting X-ray binaries are expected to be unresolved point sources for the VLA.
Therefore, we determined fluxes by fitting an elliptical Gaussian equalling the beam
size to the source in the image plane. We measured the RMS of the cleaned image
over a region close to the target position. We determined a single flux density in each
band and, owing to the faintness of the radio emission, did not divide the C and K
band frequency ranges further. A quick check for time variability did not reveal any
evidence for significant variability within observations.
The target was not detected in our first observational epoch, with three sigma
upper-limits on the flux densities of 12 µJy/beam and 9 µJy/beam at C and K band,
respectively. Sw J0243 was detected in all following observations. All flux densities
are listed in Table 8.2. The radio position of Sw J0243, measured at 6 GHz from the
first detection, is:
RA = 02h 43m 40.440s ± 0.029s
o
Dec = +61 26’ 03.73" ± 0.10”
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Table 8.1: Overview of VLA radio observations of Sw J0243. For each radio epoch, we list the start and end time of the target observations
in UTC (i.e. not including initial setup and calibration), the observing frequencies, whether we observed a leakage calibrator, and the beam size
and position angle (degrees east of north) at each frequency. The 6 GHz observations were performed with 4 GHz of bandwidth; the 22 GHz
observations with 8 GHz of bandwidth.

Radio Epoch

Start (UTC)

End (UTC)

1

2017-10-10 05:37:00

2017-10-10 06:09:50

2

2017-11-08 00:46:52

2017-11-08 01:29:42

3

2017-11-15 03:31:31

2017-11-15 04:46:36

4

2017-11-21 06:27:33

2017-11-21 07:52:46

5

2017-11-22 23:29:24

2017-11-23 00:54:36

6

2017-11-28 00:26:51

2017-11-28 01:58:04

7

2017-12-02 05:47:30

2017-12-02 07:20:14

8

2018-01-09 22:14:52

2018-01-09 22:57:44

Observing
frequencies
6 GHz
22 GHz
6 GHz
6 GHz
22 GHz
6 GHz
22 GHz
6 GHz
22 GHz
6 GHz
22 GHz
6 GHz
22 GHz
6 GHz

Leakage
calibrator
No
No
No
Yes
no
Yes
No
Yes
No
Yes
No
Yes
No
No

Beam size
(position angle)
1.12"x0.74" (47.4 deg)
0.30"x0.20" (55.3 deg)
2.13"x1.12" (-80.0 deg)
1.32"x0.99" (35.3 deg)
0.40"x0.29" (52.2 deg)
1.42"x0.97" (-30.9 deg)
0.34"x0.28" (-17.1 deg)
1.89"x1.06" (-87.6 deg)
0.57"x0.33" (-74.1 deg)
1.54"x1.02" (70.7 deg)
0.45"x0.27" (82.3 deg)
1.33"x1.03" (-31.2 deg)
0.35"x0.28" (-12.8 deg)
1.61"x1.10" (76.9 deg)
2 Methods
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Radio
epoch
1
2
3
4
5
6
7
8

Observing
frequency
6 GHz
22 GHz

Flux density
[µJy]
< 12.0
< 9.0

Spectral
index α
–
–

Linear
polarisation
–
–

6 GHz

77.1 ± 4.2

–

–

6 GHz
22 GHz
6 GHz
22 GHz
6 GHz
22 GHz
6 GHz
22 GHz
6 GHz
22 GHz

92.6 ± 3.8
40.3 ± 5.0
63.4 ± 4.3
28.5 ± 5.6
55.3 ± 4.4
30.0 ± 8.0
34.8 ± 4.0
29.8 ± 5.2
24.7 ± 4.5
27.5 ± 4.7

−0.64 ± 0.16

< 17%
–
< 27%
–
< 34%
–
< 47%
–
< 75%
–

6 GHz

21.3 ± 4.0

−0.62 ± 0.21
−0.47 ± 0.27
−0.12 ± 0.17
0.08 ± 0.21
–

–

6 GHz
position
–
RA:
dec:
RA:
dec:
RA:
dec:
RA:
dec:
RA:
dec:
RA:
dec:
RA:
dec:

02:43:40.440 ± 0.029s
+61:26:03.73 ± 0.10"
02:43:40.425 ± 0.022s
+61:26:03:73 ± 0.18"
02:43:40.419 ± 0.015s
+61:26:03:80 ± 0.13"
02:43:40.430 ± 0.026s
+61:26:03:74 ± 0.10"
02:43:40.440 ± 0.024s
+61:26:03:65 ± 0.13"
02:43:40.419 ± 0.028s
+61:26:03:69 ± 0.23"
02:43:40.432 ± 0.042s
+61:26:03:97 ± 0.21"
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Table 8.2: VLA radio flux density, polarisation and position measurements. For each radio epoch and observing frequency, we show the observed
flux densities or 3σ upper limits in case of non-detection, the spectral index when both 6 and 22 GHz observations were carried out, the most
stringent upper limit on linear polarisation per epoch if available, and the 6 GHz position per epoch. All uncertainties are at 1-sigma, while upper
limits are quoted at three sigma. The errors on the position are calculated by taking the maximum of the synthesised beam size divided by the
signal-to-noise of the source detection and 10% of synthesised beam size, following VLA guidelines.

2 Methods
Table 8.3: Swift XRT flux measurements. For each radio epoch, we list the Swift XRT observations
used to determine the unabsorbed X- ray flux. When two ObsIds are listed, the X-ray flux estimate
for that radio epoch was determined through log-linear interpolation between the two shown observations. Note that three leading zeros have been removed from all ObsIds. All errors are quoted at
1σ

Radio
epoch
1
2
3
4
5
6
7
8

Swift XRT
ObsId(s)
10336007
10336022
10336025
10336025
10336031
10336025
10336031
10336031
10336033
10467007
10467008

Start
date(s)
2017-10-10
2017-11-09
2017-11-15
2017-11-15
2017-11-27
2017-11-15
2017-11-27
2017-11-27
2017-12-01
2018-01-02
2018-01-13

Unabsorbed flux
−8
−1
−2
[10 erg s cm ]
1.43 ± 0.01
36.9 ± 0.25
23.7 ± 0.16
23.7 ± 0.16
10.5 ± 0.07
23.7 ± 0.16
10.5 ± 0.07
10.5 ± 0.07
6.47 ± 0.04
2.04 ± 0.01
1.47 ± 0.01

Interpolated flux
−8
−1
−2
[10 erg s cm ]
N/A
N/A
N/A
16.0 ± 0.11
14.2 ± 0.10
N/A
N/A
1.64 ± 0.01

All positions determined from the radio detections are consistent with the Swift/XRT
X-ray position at every epoch. In Figure 8.2, we show the target field during the initial
non-detection and the first detection. The combination of the spatial coincidence
between the X-ray and radio position and the coupled X-ray and radio variability,
shows that the observed radio emission originates from Sw J0243.
At epochs with both C and K band observations, we calculated the spectral index
to investigate the spectral shape. The power law spectral index α (where the flux
α
density Sν ∝ ν ) between two frequencies ν1 and ν2 , with corresponding flux densities
S1 and S2 , is calculated as:
α = log(S1 /S2 )/ log(ν1 /ν2 )

(8.1)

To calculate the uncertainty on the spectral index for each individual epoch, we
propagate the uncertainties on the measured flux densities and the range in frequencies
through a Monte-Carlo simulation: each iteration, two new flux densities are drawn
from Gaussian distributions centred on the measured flux densities with standard
deviations equalling the measured uncertainties. New frequencies are drawn from
uniform distributions over the frequency range of each band. The resulting calculated
6
spectral index is then saved. After 10 iterations, we calculated the spectral index
uncertainty as the standard deviation of the simulated spectral indices.
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2.2

X-ray flux measurements

For the study of Sw J0243 in the X-ray luminosity/radio luminosity plane, accurate and precise X-ray fluxes during the radio epochs are required. Three X-ray
instruments consistently observed the entire outburst of Sw J0243: the X-ray Telescope (XRT) and Burst Alert Telescope (BAT) instruments aboard Swift(Gehrels
et al. 2004) and the Monitor of All-sky X-ray Image ((MAXI ); Matsuoka et al. 2009)
aboard the International Space Station. The BAT and MAXI are monitoring instruments, while XRT exposures are pointed observations. Both monitoring instruments
only provide count rates of observed targets, which can not be converted to a flux
straightforwardly without knowing the shape of the X-ray spectrum. The comparison
of XRT fluxes and monitoring count rates shows that the broad-band X-ray spectral
shape evolves during the outburst. This implies that the count rate to flux conversion
for the BAT and MAXI is variable as well and therefore makes both instruments inconvenient for accurately estimating the X-ray flux. MAXI is additionally unsuitable,
as a visual inspection of the light curve shows several unphysical jumps in count rate
pointing towards systematic errors in the monitoring.
The above considerations make the XRT the most reliable to determine the X-ray
flux of Sw J0243 during the radio epochs. Five out of the eight radio epochs had quasisimultaneous XRT coverage (within 2 days). For the remaining three epochs, such
XRT observations were not available. However, preliminary flux estimates for all XRT
1
observations, extracted using the Swift-XRT data products generator (Evans et al.
2009), show that Sw J0243 decayed in a steady, log-linear fashion as a function of time.
Therefore, for the three radio epochs without close XRT coverage, we estimated the
logarithm of the X-ray flux using linear interpolation between the logarithmic fluxes of
the preceding and subsequent XRT pointings. Before describing the actual X-ray flux
measurements, we stress that the BAT count rate between 15 and 50 keV of Sw J0243
also decayed in a log-linear fashion during our radio monitoring. This implies that
the XRT observations, which only provide spectra up to 10 keV, are representative of
both the soft and hard X-ray decay of Sw J0243.
We extracted spectra from the radio position of Sw J0243 using the Swift-XRT
data products generator (Evans et al. 2009) and use xspec (Arnaud 1996) v12.9.0u
to fit the data and determine fluxes. All analysed observations were taken in the
Window-Timing (WT) mode. We did not use the fluxes provided by the data products
generator for our actual measurements; these fluxes are based on a power-law-only
model, which is not necessarily accurate for every spectrum. Moreover, the automatic
fits are performed between 0.3 and 10 keV, while the WT mode of XRT is subject to
calibration uncertainties for moderately to heavily absorbed sources, possibly resulting
2
in poor fits at low energies .
1
2
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We fitted each spectrum with a model containing interstellar absorption, a blackbody component and a power law (tbabs*(bbodyrad+po)). As Be/X-ray binaries
can have strongly variable local absorption, we did not tie the absorption column
between spectra. We assumed Wilms abundances (Wilms et al. 2000) and Verner
cross-sections (Verner et al. 1996), and fitted the spectra in the reliable energy range
(0.7 – 10 keV). We then determined unabsorbed fluxes and their uncertainties in the
0.5-10 keV range using cflux and the best-fit model. Information on the analysed observations and the fluxes determined in this analysis, including interpolated fluxes, are
listed in Table 8.3. The best fit parameters for each spectrum are listed in Extended
Data Table 4.

2.3

Gaia distance measurement

We have used the recent Gaia Data Release 2 (Gaia Collaboration et al. 2016, 2018)
to obtain an independent measurement of the distance to the system. The measured
parallax of Sw J0204 is π = 0.0952 ± 0.0302 mas. We followed the standard Bayesian
method to infer the distance towards the system (Bailer-Jones 2015). The likelihood
function assumes a normal distribution on the Gaia parallaxes and a suggested prior
modelled as an exponential decreasing volume density function, with a length scale
Lsh = 1.35 kpc corresponding to the line of sight value (Bailer-Jones et al. 2018).
We have taken into account the zero-point from the global astrometric solution ωzp =
−0.029 mas (Lindegren et al. 2018). We used a Markov Chain Monte Carlo procedure
(as implemented in emcee; Foreman-Mackey et al. 2013) to sample the posterior
distribution of the distance. The marginal posterior distributions are shown in 8.4.
We find a median value of D = 7.3 kpc with 16th and 84th percentiles of 6.1 and
8.9 kpc, respectively. We stress that the posterior distribution is not symmetric and
caution should therefore be exercised in using these numbers.
Given the large fractional error of the parallax, the shape of the posterior distribution deviates from a Gaussian distribution and the upper tail is very sensitive to the
choice of prior. We investigated the robustness of our distance estimate with different
choices of prior, as shown in Extended Figure 1. When using a uniform prior with
a maximum distance of 50 kpc, the median of the distribution shifts towards larger
distances. However, the lower limit of the distance is greater than 5.0 kpc at ≥ 99%
confidence level for the both priors. Therefore, the Gaia measurement shows that the
source is located at a distance of at least 5.0 kpc, independent of the prior used. We
conservatively adopt this lower limit on the distance in Figure 8.3.
During the peak of the outburst, around the time of the first radio detection (epoch
−7
−1
−2
two), the XRT 0.5 — 10 keV unabsorbed flux is (3.69 ± 0.03) × 10 erg s cm . For
the conservative (prior-independent) minimum distance to the source of 5 kpc, this
39
2
−1
flux corresponds to an X-ray luminosity of 1.1×10 (D/5kpc) erg s . If we apply a
bolometric correction, by extrapolating the best model fit to the 0.1 – 100 keV range,
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Figure 8.4: Marginal posterior distributions for the distance to Sw J0243. We show the distribution
for an exponential and a uniform prior. The median value (50th percentile) of the distribution for
the exponential prior is shown as the dot-dashed line.

we find an even higher luminosity of 1.5 × 10 (D/5kpc) erg s . The theoretical
38
−1
Eddington luminosity of an accreting neutron star is 2 × 10 erg s , showing that
even for its closest estimated distance, Sw J0243 firmly reached the super-Eddington
regime during the outburst.
39

2.4

2

−1

Swift BAT light curve

To show the long-term X-ray evolution of Sw J0243, we display the Swift BAT light
curve in Figure 8.1. However, for clarity, we show a cleaned version of this light curve:
due to the extreme count rates of the source, the measured count rate sometimes
dropped down by an order of magnitude in individual exposures. The BAT team
3
ascribes these dropouts to software issues and not to intrinsic variability in Sw J0243 .
Therefore, we masked these anomalously low points in the light curve, which occur
between 19 and 60 days into the outburst, around the times with the highest count
3
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rates. In this time interval the actual rates exceeded 0.7 counts per second, so we
removed all exposure with lower count rates. We stress that this cleaning procedure is
for visual purposes only and does not affect our actual measurements or conclusions.

2.5

Estimating the magnetospheric radius

The magnetospheric radius is defined as the radius where the pressure of the magnetosphere and accreting material are equal. Therefore, this radius will depend on
the strength of the magnetic field B and the rate of accretion. The latter can be estimated from the bolometric flux Fbol , the distance D (together providing the X-ray
luminosity), the accretion efficiency η (converting the mass accretion rate to luminosity) and an anisotropy correction factor fang to account for the anisotropy of the
emitted X-rays. Finally, the type of accretion (i.e. wind or disc) has to be taken
into account through a geometrical correction factor k. For standard neutron star
parameters – a mass of 1.4 M⊙ and a radius of 10 km – the magnetospheric radius
2
Rm (in gravitational radii Rg = GM /c ) can be estimated from the above parameters
as (Pringle & Rees 1972; Ibragimov & Poutanen 2009; Cackett et al. 2009):
Rm = k (

4/7
fang
B
Fbol
)
( η
)
5
1.2 × 10 G
10−9 erg s−1 cm−2

−4/14

(

D −4/7
)
Rg
5kpc

(8.2)

While not all parameters are known precisely, we can use this equation to estimate a minimum size of the magnetosphere during the outburst. The maximum
unabsorbed, bolometric X-ray flux observed by Swift/XRT around a radio epoch,
−7
−1
−2
which will give the smallest magnetospheric radius, is 4.9 × 10 erg s cm (but
see below). Gaia measurements with an exponential prior imply a median distance
estimate of 7.3 kpc, which we will adopt for this calculation – this provides a more
conservative lower limit on Rm than using the 5 kpc minimum distance. The minimum value of k is 0.5, as appropriate for disc accretion (Long et al. 2005). The
accretion efficiency is typically assumed to be 0.1, while the anisotropy correction is
close to unity (Ibragimov & Poutanen 2009). Finally, the magnetic field is not measured directly but can be determined from the X-ray pulsations (Doroshenko et al.
12
2018) to exceed 10 G. Combining these numbers yields Rm ≤ 320 Rg (i.e. ∼ 670
km).
Following typical assumptions, we have used the bolometric X-ray flux, combined
with an efficiency of 10%, to probe the mass accretion rate that balances the magnetospheric pressure. However, a non-negligible fraction of the X-ray flux might be
emitted from the neutron star surface with higher efficiency, which would imply that
this approach might overestimate the mass accretion rate. On the other hand, outflows from the neutron star or disc would cause the flux-derived mass accretion rate to
be underestimated. Given these contradictory possibilities, we do not correct for either of these processes: correcting for the former will lead to a larger magnetospheric
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radius, which is already consistent with our approach of calculating a lower limit;
correcting for the latter will lead to a lower radius, but this correct is small given the
weak scaling between mass accretion rate and magnetospheric radius (−2/7). Thus,
correcting for either case does not affect our conclusions.

2.6

Radio — X-ray correlation sample

For the discussion of the radio – X-ray correlation, shown in Figure 8.3, we use a comprehensive sample of hard state Atoll neutron star sources and hard state black holes,
collected from the large body of observational studies of X-ray binaries performed over
4
the past decades. This sample is freely available online and was originally collected
for a different study focusing on the radio – X-ray plane of accreting neutron stars
(Gallo et al. 2018). To this sample, we add the Z-sources (Migliari & Fender 2006),
two jet-quenched accreting neutron stars (Miller-Jones et al. 2010; Gusinskaia et al.
2017) and the accreting pulsars GX 1+4 and Her X-1 (van den Eijnden et al. 2018a,b).
We add these sources as interesting comparisons with Sw J0243: the Z-sources have
similar X-ray luminosities, the jet-quenched neutron stars have similar radio luminosities, and the accreting pulsars have similar physical characteristics. Note that,
as discussed extensively in the next section, it remains unclear whether the radio
emission from these two accreting pulsars originates from a jet.
The radio luminosities in the full sample are collected at 5 GHz, while we measured
the 6 GHz radio luminosity of Sw J0243 in our monitoring. Hence, we transformed
the 5 GHz sample luminosities to 6 GHz by assuming a flat spectrum, which amounts
to multiplying all luminosities in the sample by 6/5. Assuming a flat radio spectrum
will not be accurate for each observation. For instance, a clear effect of the radio
spectral shape on the position of black hole systems on the radio – X-ray plane has
recently been demonstrated (Espinasse & Fender 2018). However, making this simplifying assumption is valid since we show the large sample only for a broad qualitative
comparison between Sw J0243 and other types of sources. Our conclusions – that Sw
J0243 shows an apparent coupling between in- and outflow as well and is 2 orders of
magnitude fainter than the Z-sources – are not affected by assuming the flat radio
spectrum.
Finally, we note that we plot the 0.5 – 10 keV X-ray luminosity of Sw J0243 to
be consistent with the full sample. Before Sw J0243, no radio emission confirmed to
be from a jet had been detected from any confirmed high-mass X-ray binary system
containing a neutron star. Therefore, all neutron stars in the sample reside in low-mass
X-ray binaries. While the 0.5 – 10 keV X-ray luminosity does not necessarily probe
the same components of the accretion flow in low and high-mass X-ray binaries, we
plot this energy range to remain consistent between all sources and with the existing
literature.
4
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2.7

Measuring the X-ray – radio correlation index

We measured the correlation index from the 0.5–10 keV X-ray and 6 GHz radio
luminosities in epochs 2 to 8 (i.e. those with radio detections). We fit the following
function to these seven data points:

LR = LR,ref (

LX β
)
LX,ref

(8.3)

where LX,ref is the average X-ray flux of all epochs and LR,ref and β are free
parameters. We find β = 0.54 ± 0.16, consistent with the indices for both the black
hole and weakly-magnetised neutron star X-ray binaries (Gallo et al. 2018).
It is important to treat this measurement with caution. Our monitoring of Sw
J0243 spans a factor of approximately twenty in X-ray luminosity and five in radio
luminosity during the outburst. However, to accurately measure the coupling index
between the radio and X-ray luminosities, detailed monitoring over at least two orders of magnitude in X-ray luminosity is strongly recommended (Corbel et al. 2013).
Therefore, while consistent with other X-ray binaries, the exact value is not necessarily
representative of the entire outburst or accreting pulsars in general.
From the LX –LR diagram, it is clear that without including the lowest X-ray
luminosity radio detection, the correlation index would be steeper. While we cannot draw conclusions based on a single data point, this might reflect changes in the
jet properties as the source become sub-Eddington and the accretion flow geometry
changes.

2.8

Alternative interpretations

Here we will briefly discuss a number of alternative interpretations for the observed
radio properties of Sw J0243. As mentioned in the main paper, none of these alternative explanations can account for the observed combination of radio – X-ray coupling,
flux levels, spectral index evolution and polarisation properties.
Firstly, the stellar wind in a high-mass X-ray binary system can emit in radio.
Through a combination of optically thick and thin free-free processes (Wright & Barlow 1975), the radio spectrum of such a wind could be flat (i.e. α = 0), as we observe
in later epochs (see Figure 8.1 and Table 8.1). However, the systematic evolution seen
in the spectral index, similar to that in low-mass X-ray binaries, is not expected for
a stellar wind. The same goes for the clear coupling between radio and X-ray flux.
We can also consider the flux levels expected from a stellar wind. The typical
flux Sν of a stellar wind can be estimated (van den Eijnden et al. 2018b,a; Wright
& Barlow 1975; Körding et al. 2008), for for a given mass accretion rate Ṁ , velocity
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v∞ , distance D and observing frequency ν:
0.6
ν
Ṁ
Sν = 7.26 (
) ( −6
)
10GHz
10 M⊙ /yr

4/3

(

−4/3
v∞
D −2
)
(
) mJy
kpc
100km s−1

(8.4)

where we ignore the electron temperature due to its negligible effect on the predicted flux and assume a hydrogen wind (which yields the highest predicted flux).
Conservatively assuming the escape velocity of a typical Be-star as a minimum for
the wind velocity, and using the lower limit on the distance of 5 kpc (yielding the
highest flux density) at a frequency of 6 GHz, we find that the mass-loss rate in the
−5
wind needs to exceed 10 M⊙ per year to account for the observed flux levels around
the outburst peak. Such rates are only associated with Wolf-Rayet stars and are
−9
highly unlikely for a Be-star, which are more likely to lose mass at maximally 10
−9
M⊙ per year (Snow 1981). At rates of 10 M⊙ per year, the wind flux would not be
expected to exceed 0.01 µJy, orders of magnitude below our radio detections.
Alternatively, accreting neutron stars could launch an outflow through the propeller mechanism. If the rotational velocity of the accreting material is lower than
the neutron star spin at the magnetospheric radius, the material can be expelled in
a propeller outflow (Illarionov & Sunyaev 1975). However, given the magnetic field
strength and spin of Sw J0243, such an outflow is not expected at the high massaccretion rates present when we detect radio emission (Campana et al. 1998), as the
magnetospheric radius is then pushed far inside the co-rotation radius. Instead, the
36
propeller regime and its associated outflows are expected more typically below 10
−1
erg s for Be/X-ray binary systems (Tsygankov et al. 2016a), which is over two orders
of magnitude below the super-Eddington X-ray luminosities of Sw J0243.
Radio pulsations at the neutron star spin frequency also cannot be the origin of the
observed emission. While Sw J0243 is too faint to explicitly search for pulsations at
the known spin, the spectral shape and evolution rule out this origin: radio pulsations
have a steep (α ≈ −1.4) spectrum that does not evolve (Bates et al. 2013), contrary
to the different and evolving spectral shape observed in Sw J0243.
Coherent emission of any form is ruled out due to the lack of observed circular
polarisation in Sw J0243 at any epoch.
Finally, shocks between the accreting material and the magnetosphere could give
rise to radio emission. However, while the luminosity of this mechanism could naively
be expected to scale with the accretion rate and thus X-ray luminosity, we do not
necessarily expect the shock spectrum to evolve as observed: the regular evolution of
the spectrum from optically thin to thick, coupled to the decaying X-rays, implies that
the same mechanism is responsible for all emission. The spectral shape towards the
end of our radio monitoring, i.e. flat, is inconsistent with the optically thin spectrum
expected for the shocked emission.
Therefore, none of these alternative mechanisms can account for our radio obser-
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vations of Sw J0243. The observed radio properties directly point towards a jet origin
(as argued in the main paper). Combined, the exclusion of alternatives and direct
implication of a jet origin make Sw J0243 a completely distinct case from Her X-1 and
GX 1+4. While those strongly-magnetised accreting neutron stars were recently detected in radio, these single-frequency/single-epoch detection could not directly imply
a jet origin (van den Eijnden et al. 2018b,a). Several of the alternative mechanisms
discussed above could also not be excluded. Therefore, while inspiring our multi-band
monitoring campaign of Sw J0243, those detections could neither convincingly prove
that there were jets in strongly-magnetised neutron stars (thus disproving the existing
theory) nor provide details on the properties of such jets.

193

9
A re-establishing jet during an X-ray re-brightening
of the Be/X-ray binary Swift J0243.6+6124
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Wijnands, J. C. A. Miller-Jones, A. Rouco Escorial, G. R. Sivakoff
Monthly Notices of the Royal Astronomical Society, 2019, 483, 4628
Abstract
Transient Be/X-ray binary systems, wherein a compact object accretes from a Becompanion star, can show giant and periastron outbursts. During the decay of their
giant outbursts, some Be/X-ray binaries also show X-ray re-brightenings, the origin of
which is not understood. Recently, we presented the discovery of a jet from a neutron
star Be/X-ray binary, observed during the giant outburst of Swift J0243.6+6124.
Here, we present continued radio monitoring of its 2017/2018 giant outburst decay
and a re-brightening of this source. During the former, we observe a radio flare
with a steep radio spectrum, possibly caused by interactions between discrete ejecta
colliding with the pre-existing jet or the surrounding medium. During the X-ray rebrightening, we observe the radio jet turning on and off within days. Surprisingly,
this re-establishing jet is as bright in radio as at the peak of the super-Eddington
giant outburst, despite more than two orders of magnitude lower X-ray luminosity.
In addition, the jet is only observed when the X-ray luminosity exceeds approximately
36
2
2 × 10 (D/5kpc) erg/s. We discuss how such an X-ray threshold for jet launching
might be related to the presence of a magnetic centrifugal barrier at lower mass
accretion rates. We also discuss the implications of our results for the launch of jets
from strongly-magnetised neutron stars, and explore future avenues to exploit the
new possibility of coordinated X-ray/radio studies of neutron star Be/X-ray binaries.

9 Radio re-brightenings in Sw J0243

1

Introduction

X-ray binaries, wherein either a black hole (BH) or a neutron star (NS) accretes gas
from a stellar binary companion, are often classified based on the mass of the donor
star. In low-mass X-ray binaries (LMXBs), the companion’s mass is typically below
1M⊙ and mass transfer predominantly occurs through Roche-lobe overflow (Shakura
& Sunyaev 1973). In high-mass X-ray binaries (HMXBs), the mass of the donor is
(much) larger, often exceeding that of the accretor, and mass transfer occurs primarily
through stellar winds or a decretion disc (Reig 2011). A significant fraction of Galactic
X-ray binaries are HMXBs, which generally host a NS accretor (Liu et al. 2006, 2007);
12
these NSs in HMXBs in turn have strong (B ≳ 10 G) magnetic fields and long spin
periods (Shi et al. 2015). On the contrary, NSs in LMXBs typically have much weaker
8−9
inferred magnetic fields, below ∼ 10
G (Mukherjee et al. 2015), and faster (e.g.
>> 1 Hz) spin frequencies (Patruno & Watts 2012). However, to complicate this
picture, a small number of LMXBs contain strongly-magnetised, slowly-spinning NSs
instead. (e.g. Rappaport et al. 1977; Kouveliotou et al. 1996; Jonker & van der Klis
2001; Bahramian et al. 2014b; Kuranov & Postnov 2015).
The HMXBs hosting a NS can be further divided into two main subclasses, based
on their donor (see Reig 2011, for a detailed review): the supergiant X-ray binaries
and the Be/X-ray binaries (BeXRBs). In the latter, on which we focus in this work,
the donor is a Be-star (Slettebak 1988; Balona 2000; Porter & Rivinius 2003). Such
sources can show two main types of transient outbursts (Stella et al. 1986): shortlived periastron or Type-I outbursts, where the NS moves through the circumstellar
decretion disc of the Be donor at periastron passage (Okazaki & Negueruela 2001),
and more prolonged giant or Type-II outbursts, unrelated to any specific orbital phase
(Moritani et al. 2013; Martin et al. 2014; Monageng et al. 2017; Laplace et al. 2017).
The latter can last multiple orbital periods and reach (super-)Eddington accretion
36
37
rates, while the former tend to reach X-ray luminosities of only ∼ 10 – 10 erg/s.
During the decay of a giant outburst, re-brightenings are sometimes observed in Xrays (Chen et al. 1997; Wijnands & Degenaar 2016; Tsygankov et al. 2016b; Sguera
et al. 2017; Rouco Escorial & Wijnands 2017). These events, sometimes referred to
as re-flares, might be related to periastron passages – similar to Type-I outbursts –
or, since not all re-brightenings occur at periastron, to cooling waves moving through
the accretion flow (Tsygankov et al. 2017b). Their exact origin remains unclear and
may differ between objects and outbursts.
During an outburst, transient X-ray binaries can launch part of the material in
highly collimated outflows called jets (see e.g. Fender et al. 2004; Migliari & Fender
2006; Fender & Gallo 2014; Fender 2016, for overviews on both black holes and neutron
stars). Emitting primarily through synchrotron processes, these jets can dominate Xray binary spectra from radio up to (mid-)infrared frequencies (Russell et al. 2006,
2007, 2014; Díaz Trigo et al. 2018). Jets can also contribute up to X-ray energies
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through inverse Compton processes (see e.g. Markoff et al. 2003). These jets offer an
independent view of the processes in the X-ray binary, complementary to the X-rays
emitted by the infalling material. For instance, studying the correlation between the
radio and X-ray lumunosity has revealed a clear coupling between the accretion and
ejection processes, in both black hole and neutron star systems (see e.g. Corbel et al.
2003; Gallo et al. 2003; Migliari et al. 2003; Gusinskaia et al. 2017; Tudor et al. 2017;
Gallo et al. 2018).
However, until recently, jets were never observed in either LMXBs or HMXBs
with a strongly-magnetised NS accretor (Wright & Barlow 1975; Nelson & Spencer
1988; Fender & Hendry 2000; Migliari & Fender 2006; Migliari et al. 2012). While
the formation of jets in such systems is not well understood, it was long thought that
their strong magnetic field inhibited the launch of such outflows (e.g. Blandford &
Payne 1982; Massi & Kaufman Bernadó 2008). As HMXB NSs typically have strong
magnetic fields, this paradigm implied that those binaries have rarely been studied
from the perspective of comparing the radio and X-ray emission, connecting the inand outflow of material.
12
The first observational hints that NSs with magnetic fields exceeding ∼ 10 G
might be able to launch jets were the detections of radio emission of unconfirmed
origin from the accreting X-ray pulsars GX 1+4 and Her X-1 (van den Eijnden et al.
2018b,a). More recently, in van den Eijnden et al. (2018c) we reported the first jet
detection from a strongly-magnetised accreting neutron star. This jet was observed
with the Karl G. Jansky Very Large Array (VLA) during a giant, super-Eddington
outburst of the BeXRB Swift J0243.6+6124 (hereafter Sw J0243) – the first outburst
of this transient, which was discovered in October 2017 (Kennea et al. 2017). This
detection clearly shows that NS BeXRBs are capable of launching jets, opening a new
avenue to study the accretion process in these systems. Additionally, it opens up a
new parameter space of jet formation, with strong magnetic fields and slow accretor
spins.
Here, we report on continued VLA monitoring of Sw J0243 during the decay of
the giant outburst. In this paper, we will discuss both the implications for the physics
of jets from strongly-magnetised NSs, and showcase the potential of understanding
jet formation and X-ray re-brightenings in BeXRBs through coordinated X-ray and
radio monitoring.

2
2.1

Observations
Radio

After the discovery of the first outburst of Sw J0243 and the following detection of 9.8
sec X-ray pulsations (Kennea et al. 2017), identifying the accretor as a slowly spinning
NS, we monitored the source with the VLA over 15 epochs (spanning ∼ eight months).
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The first 8 epochs, focusing on the peak of the giant outburst, showed the onset and
evolution of a jet and are fully discussed in van den Eijnden et al. (2018c). Here, we
focus on the remaining 7 epochs (VLA project codes 17B-420 and 18A-456, with the
VLA in configurations A and C, respectively), which targeted the late decay and the
re-brightenings of the outburst. All observing dates/MJDs are listed in Table 9.1.
In Table 9.1, we also list the observing frequencies per epoch. We observed Sw
J0243 at different (combinations) of frequencies in C and K band, to optimise both
frequency coverage and sensitivity per observing band. In C band, we first observed
in 3-bit mode, providing the maximum bandwidth (4 − 8 GHz, epochs 1 and 2), and
subsequently switched to 8-bit mode, with two simultaneous bands centred at 4.5 and
7.5 GHz with 1 GHz of bandwidth each (epochs 3 to 7). In epoch 2, we included
K band in 3-bit mode, centred at 22 GHz with 8 GHz of bandwidth. During all
o
observations, J0137+3309 (3C 48) was the primary calibrator, and the nearby (∼ 1
away) phase calibrator was J0244+6228.
We followed the same data analysis method as described in van den Eijnden et al.
(2018c) for the first eight epochs: we analysed the observations using the Common
Astronomy Software Application (casa; McMullin et al. 2007) package v4.7.2,
removing RFI using both automatic flagging routines and careful visual inspection.
After calibration, we imaged Stokes I using the multi-scale multi-frequency clean
task, setting the robust weighting parameter to one. We then measured flux densities
by fitting an elliptical Gaussian equal to the beam size with the casa-task imfit.
The RMS was determined over a nearby area without any sources. When Sw J0243
was not detected (epochs 3, 4, and 7), we combined the 4.5 and 7.5 GHz bands to
obtain the highest sensitivity. We then measured the RMS over the source position
and tripled this value to determine the 3σ upper limit.

2.2

X-rays

To track the accretion state and outburst evolution of Sw J0243, we determined X-ray
fluxes during each radio epoch. During the first three VLA epochs, the Neil Gehrels
Swift Observatory (hereafter Swift) observed Sw J0243 on the same day with the
on-board X-ray Telescope (XRT), providing a quasi-simultaneous X-ray spectrum.
However, between April 29 and June 19, 2018, Swift did not observe Sw J0243 due
to Sun constraints. Therefore, we instead used the Monitor of All-sky X-ray Image
(MAXI) Gas Slit Camera (GSC) spectra for the following three radio epochs. To
collect enough counts in the MAXI spectra for a flux measurement, we combined all
scans on the day of the VLA observation for epochs 4 and 5. Since the cumulative
MAXI exposure differs between days, we also added all scans on the two preceding
days for epoch 6.
1
We used the Swift XRT data products generator (Evans et al. 2009) to extract the
1
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2

Swift XRT spectra, while using MAXI’s online on-demand tool (Matsuoka et al. 2009)
to extra the GSC spectra. There were no nearby sources in either the automatic MAXI
source or background regions. We fitted the spectra using xspec v12.9.0u (Arnaud
1996) with simple phenomenological models to determine the X-ray fluxes. Assuming
abundances from Wilms et al. (2000) and cross-sections from Verner et al. (1996),
and using C-statistics, all spectra were well described by an absorbed power law
model (tbabs*powerlaw). The exception is epoch 1, which required the addition
of a low-temperature blackbody component (blackbody in xspec; f-test probability
−21
∼ 2 × 10 ). We did not tie the interstellar absorption parameter NH between
observations as BeXRBs can show variable local absorption (see e.g. Grinberg et al.
2015). Due to the low number of counts in the MAXI spectra (epochs 4 to 6), we fixed
22
−2
NH to 2 × 10 cm for those three epochs, additonally fixed Γ to 1 for epoch 4, and
only attempted an absorbed power law model. Finally, we measured the unabsorbed
fluxes in the 0.5 − 10 keV range using the cflux model. All details on the spectral
fits are listed in Table 9.2.
For the final epoch (7), no Swift or MAXI observations were available. Therefore
we used the BAT count rate instead: we assumed a similar spectral shape as during
epoch 3, as this epoch also occurs during the giant outburst decay outside of the
re-brightening, but also has high quality Swift XRT data. We then re-scaled the
epoch 3 X-ray flux using the ratio of BAT count rates on both days. To reflect the
uncertainty and assumptions in this approach, we assign a 20% systematic uncertainty
to the epoch 7 flux estimate.

3

Results

3.1

Radio and X-ray light curves

In Figure 9.1, we show the Swift BAT X-ray and VLA radio light curves of Sw J0243
since its discovery up to the end of our radio monitoring. The BAT light curve clearly
reveals two re-brightenings after MJD 58200, and a possible fainter one before that
date, around MJD 58190 (as also visible in Figure 2 in Tsygankov et al. 2018). We
note that Sw J0243 has continued to show re-brightenings, of increasing duration and
brightness, after the maximum plotted MJD.

2

http://maxi.riken.jp
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others are part of 18A-456. The listed X-ray flux is the unabsorbed flux. Details on prior monitoring can be found in van den Eijnden
et al. (2018c). For details on the X-ray method and X-ray notes columns, see Section 2.2. All errors are quoted at 1σ, while upper
limits are given at 3σ.

Date

MJD

1

21/2/2018

58170

2

09/3/2018

58186

3
4

27/4/2018
01/5/2018

58235
58239

5

04/5/2018

58242

6

11/5/2018

58249

7

21/5/2018

58259

Frequency
[GHz]
6
6
22
4.5+7.5
4.5+7.5
4.5
7.5
4.5
7.5
4.5+7.5

Flux Density
[µJy]
94.7 ± 3.5
24.5 ± 3.9
< 11.5
< 14.25
< 15.3
65.0 ± 6.0
62.0 ± 5.3
67.0 ± 6.5
67.0 ± 5.4
< 13.5

Spectral
index α
−0.4 ± 0.3

0.5 − 10 keV flux
2
[erg/s/cm ]
−9
(1.33 ± 0.03) × 10

X-ray method

X-ray notes

Swift/XRT

00010467025

Swift/XRT

00010467033

(7.5 ± 0.4) × 10
−10
(5.5 ± 1.2) × 10

Swift/XRT
MAXI spectrum

00010645011
Single day

−0.1 ± 0.3

(1.0 ± 0.2) × 10

−9

MAXI spectrum

Single day

0.0 ± 0.3

(1.9 ± 0.3) × 10

−9

MAXI spectrum

Three days

–

(5 ± 1) × 10

BAT count rate

Using epoch 3

≤ −0.13
–
–

(6.0 ± 0.3) × 10

−10
−11

−10

9 Radio re-brightenings in Sw J0243

200
Table 9.1: Observation log for our VLA monitoring of Sw J0243. The first listed epoch is part of VLA programme 17B-420, while all

Table 9.2: Details of the X-ray spectral fits for VLA epochs 1 to 6 (see Section 2.2 for details on epoch 7). Observation refers to the

Swift XRT ObsID (epoch 1-3) or the MJD(s) of the MAXI scans used (epoch 4-6). The p f-test refers to the comparison of a tbabs*po
and a tbabs*(po + bbody) model in xspec. Parameters with an asterisk were fixed during fitting due to the low number of counts
in the MAXI spectra. The low degrees of freedom (dof) for the MAXI spectra is caused by its low energy resolution. All errors are
quoted at 1σ.

Epoch

Observation

1
2
3
4
5
6

00010467025
00010467033
00010645011
58239
58242
58247/48/49

NH
22
−2
[10 cm ]
1.8 ± 0.4
1.3 ± 0.4
2.1 ± 0.4
∗
2.0
∗
2.0
∗
2.0

Γ

Npo

2.1 ± 0.7
0.8 ± 0.2
1.1 ± 0.2
∗
1.0
1.3 ± 0.3
1.8 ± 0.4

1.0−0.4 × 10
−2
(3 ± 1) × 10
−3
(6 ± 2) × 10
−2
(3.5 ± 0.08) × 10
+0.8
−1
1.0−0.4 × 10
+2.5
−1
3.0−1.4 × 10

+0.8

−1

kTBB
[keV]
2.1 ± 0.1
N/A
N/A
N/A
N/A
N/A

NBB
0.015 ± 0.003
N/A
N/A
N/A
N/A
N/A

p f-test
−21

2 × 10
0.47
0.013
N/A
N/A
N/A

2

χν (dof)
1.16 (754)
0.97 (293)
1.09 (331)
0.4 (6)
0.4 (6)
1.0 (7)
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Figure 9.1: Top: X-ray and radio light curves of Sw J0243’s giant outburst and subsequent re-brightenings. The grey circles show the Swift BAT
daily monitoring count rates, and the red squares and blue pentagons show the C and K band radio flux density, respectively. Full details about
the radio flux densities and observing frequencies is listed in Table 9.1. This paper focuses on the last seven radio epochs, while the first eight
α
were published previously in van den Eijnden et al. (2018c). Bottom: the radio spectral index α, where Sν ∝ ν , for observations with sufficiently
large frequency coverage for a measurement.
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1

3 Results

The first two (new) radio epochs (1&2) showed an increase in radio flux, which
then decayed, apparently unaccompanied by a similarly significant event in X-rays.
In the first epoch, we detected the target at 6 GHz. To estimate the radio spectrum at
the time of this observation, we split the band into two halves and separately imaged
each half. This provided a spectral index of −0.4 ± 0.3. During the second epoch,
we detected Sw J0243 at a decreased 6 GHz flux, while not detecting the source at
22 GHz. This non-detection also implies a negative spectral index, with a 3σ upper
limit of α ≤ −0.13 (see below). The spectral shapes of both these epochs are therefore
inconsistent with the steady, compact jet (Fender 2006; Körding et al. 2008; Russell
et al. 2016) observed during the decay of the giant outburst (van den Eijnden et al.
2018c). We will discuss the nature of this radio emission in Section 4.1.
To determine the 3σ upper limit on the spectral index of epoch 2, we performed
a simple Monte-Carlo simulation. We defined a grid of spectral indices between
5
α = −0.5 and α = 0.5. For each value of α, we drew 10 C-band flux densities
assuming a Gaussian distribution with a mean and standard deviation equalling
the observed C-band flux density and RMS. For each of these simulated 6-GHz
flux densities S(6 GHz), we then calculated the predicted K-band flux density as
α
S(22 GHz) = S(6 GHz) × (22/6) . We then calculated the fraction of cases where
the predicted 22 GHz flux density did not exceed three times the observed K-band
RMS; finally, the three-sigma upper limit on α is obtained by determining when this
fraction drops below 0.27% (i.e. 100 − 99.73%). The results of this simulation are
shown in Figure 9.2.
The remaining five radio epochs (3-7) cluster around the second re-brightening.
The source is only detected during the peak of this re-brightening, and at both those
times the detections at 4.5 and 7.5 GHz show that spectrum was flat (α ≈ 0.0) The
observed radio emission was surprisingly similar to the steady-jet phase of the giant
outburst (van den Eijnden et al. 2018c). Combined with the clear connection to
the X-ray flux increase, this similarity strongly implies we observed a jet during the
re-brightening as well.
The radio emission brightens and disappears remarkably abruptly (on time-scales
of days), with similarly deep non-detections before and after the peak of the rebrightening. In fact, the X-ray flux measurements during epochs 3 and 4 indicate
that the re-brightening had already started several days earlier, increasing in X-rays
by at least a factor 7.3 without any radio emission observed in either epoch. The
jet then established within three days between epochs 4 and 5, increasing at least an
order of magnitude in radio luminosity despite only a minor increase in X-ray flux
(less than a factor two). As the X-ray flux subsequently dropped in epoch 7, back to
the level of epoch 4, the jet disappeared similarly quickly.
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Figure 9.2: Monte-Carlo simulation of the spectral index α during epoch 2. The vertical axis
denotes the fraction of simulations where, for the given spectral index, the simulated K-band flux
density does not exceed three times the RMS. The upper limit on α is given by the location where
the fraction drops below 0.27%.

3.2

The X-ray – radio luminosity plane

In Figure 9.3, we show the X-ray – radio luminosity plane for X-ray binaries, plotting
all radio observations of Sw J0243 alongside a sample of accreting BHs and NS LMXBs
3
(collected by Gallo et al. 2018) . While during the giant outburst the jet was orders of
magnitude fainter than those seen in NS LMXBs accreting at similar X-ray luminosity
(e.g. the Z-sources), it is consistent with the lower end of the NS population during
epoch 1 and the radio re-brightenings (epochs 5 and 6). While it is remarkable that
epoch 1 appears to be similar in radio brightness to both the giant outburst peak and
the re-brightening, due to the sparse sampling, there is a considerable chance that
this epoch does not coincide with the maximum flux around this time in the outburst.
Additional interesting comparisons can be made in the horizontal direction – between the giant outburst and the re-brightening – and the vertical direction – between
the detections and non-detections during the re-brightening. The latter highlights the
point made in Section 3.1: while the radio luminosity does not exceed the radio de35
36
tection limit between X-ray luminosities of ∼ 2 × 10 and ∼ 1.5 × 10 erg/s, the
radio jet swiftly appears a factor ∼ 5 above the radio non-detection as LX passes
36
∼ 2 × 10 erg/s (all assuming a distance of 5 kpc; van den Eijnden et al. 2018c).
3

The plotted sample is publicly available at https://github.com/jvandeneijnden/XRB-Lx-LrSample
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Figure 9.3: The X-ray/radio luminosity plane for X-ray binaries. We plot a sample of both BHs and
weakly-magnetised NSs in LMXBs (from Gallo et al. 2018). Additionally, we plot our monitoring
observations of Sw J0243, labeled based on the stage in the outburst (giant outburst, flare, rebrightening) and assuming a distance of 5 kpc (van den Eijnden et al. 2018c). We follow common
practice and rescale all luminosities to 6 GHz assuming a flat spectrum. Remarkably, the Sw J0243
jet is as radio bright during both the giant outburst and the re-brightening. Additionally, it switches
36
on suddenly during the re-brightening as LX passes ∼ 2 × 10 erg/s.

Similarly, the jet, if still present, returns to non-detectable flux levels quickly as the
X-ray luminosity decays below this threshold.
The horizontal comparison between the peaks of the re-brightening and giant
outburst reveals a similar maximum radio luminosity, despite more than two orders of
magnitude difference in X-ray luminosity. Given the sampling of our radio monitoring
of the giant outburst (i.e. van den Eijnden et al. 2018c), it is likely we measured the
peak radio flux density during that stage. The sampling during the re-brightening is
more sparse, so the peak radio luminosity might be higher than what we measure;
even in that case, the similarity in the detected radio flux density levels despite the
orders of magnitude lower mass accretion rate is striking.

4

Discussion

With continued VLA radio monitoring of the BeXRB Sw J0243, we have observed
radio emission during the late decay of the giant outburst and, for the first time,
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detected a BeXRB in radio during an X-ray re-brightening. Most remarkably, the
latter radio emission is as bright as during the super-Eddington phase of the giant
outburst, and turns on and off swiftly (on time-scales of days) as the X-ray luminosity
36
2
passes 2 × 10 (D/5kpc) erg/s. Here, we will discuss the radio flaring and X-ray rebrightening separately, focusing on both the origin of the radio jet and the accretion
process, by combining for the first time X-ray and radio monitoring of a NS BeXRB.
We will separate the first two (1 & 2) and final five (3 to 7) epochs presented in this
paper, given the difference in outburst stage and the substantial separation in time.

4.1

Epochs 1 and 2: a fading radio flare

Epochs 1 and 2, during the late decay of the giant outburst, show varying radio flux
densities. Epoch 1 shows bright radio emission, higher by a factor ∼ 4 than during the
preceding epoch and epoch 2, which show similar flux densities. During both epochs
1 and 2 we observe a steep (α < 0) spectrum, which is inconsistent with a compact
jet (Fender 2006) which was seen during the decay from the super-Eddington peak
and during the re-brightening (Section 4.2). The similarity in spectral shape between
epoch 1 and 2 suggests that the emission originates from the same process, for instance
a decaying radio flare. Alternatively, since no radio observation was taken for ∼ 50
days before epoch 1, another possibility is that only epoch 1 shows radio flaring while
the preceding epoch and epoch 2 represent a contant base level of radio emission.
However, that does not explain the similar radio spectral shape in epoch 1 and 2, and
would require that the radio emission remains constant over months while the X-rays
continually decay.
In both scenarios, at least epoch 1 shows radio flaring of Sw J0243. Different
mechanisms could cause such flaring radio emission. For instance, the increased flux
density and spectral shape might be caused by the launch of discrete ejecta (Fender
2006). However, around epoch 1, the BAT X-ray light curve shows a stable, gradual
decay without any significant X-ray event. As visible in Figure 9.1, there are hints
of a first, weak re-brightening starting around MJD 58190. However, this possible
re-brightening occurs just after epoch 2 and therefore cannot be causally connected
to the launch of discrete ejecta. Based on this lack of a clear X-ray event, we deem
this first explanation for epochs 1 and 2 unlikely. For more considerations about
radio flaring without an accompanying X-ray event in a NS X-ray binary, we refer the
reader to the extensive discussion in Tudor et al. (2017).
Further, an origin in the jet itself, unrelated to the accretion flow, could be the
interaction of outflowing material with either the remnants of the pre-existing jet, or
the ISM. Shocks in such a scenario could produce the optically thin specrum observed
during epoch 2. However, as Sw J0243’s outflows remain unresolved at the resolution
of the VLA, we cannot see such interactions directly. In this scenario, the similarity
of the epoch 1 flux density to the radio peak during both the giant outburst and the
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re-brightening epochs (i.e. 3 to 7) is a coincidence; the alternative is unlikely given
our sparse sampling during the flare, reducing the chances that we actually observed
the peak of the flare.

4.2

The quickly re-establishing jet during re-brightenings

The detected radio emission during the X-ray re-brightening shows clear similarities to
the jet during the giant outburst: we observe flat spectrum radio emission, consistent
with a steady, compact outflow (Fender 2006; Körding et al. 2008; Russell et al. 2013,
2016), with the luminosity levels consistent with those of the earlier jet. Furthermore,
the radio emission is directly linked to the X-ray luminosity, as we will discuss in detail
below. As argued by van den Eijnden et al. (2018c) for the radio detections obtained
during the giant outburst, alternative radio emission processes cannot account for the
combination of observed radio properties during the re-brightening: the stellar wind
is expected to be orders of magnitude fainter (e.g Wright & Barlow 1975; Körding
et al. 2008; Russell et al. 2016), the onset of a radio emitting outflow only at the
highest X-ray luminosities is the opposite behaviour to that of a magnetic propeller
(Illarionov & Sunyaev 1975), and a flat spectrum is not expected for a shock origin.
Therefore, we conclude that the radio emission during the X-ray re-brightenings also
appears to originate from a compact jet.
During the re-brightening, the jet only reaches detectable radio luminosities close
in time to the X-ray peak. Between the radio non-detections in epochs 3 and 4, the
accretion flow brightens by almost an order of magnitude in four days, while during
the three days between the epoch 4 and the first re-brightening radio detection (epoch
5), the X-ray luminosity only increases by a factor less than 2. During the decay of
the re-brightening, the radio jet has again turned off around the same apparent X-ray
36
2
threshold of 2 × 10 (D/5kpc) . The ∼ days time scale of the turn on and off of
the jet is remarkably shorter than observed for jets in other X-ray binaries, where
this process (and large scale evolution of the jet in general) typically takes one to a
few weeks (e.g Corbel et al. 2013; van der Horst et al. 2013; Russell et al. 2014). In
addition, Tsygankov et al. (2018) show that while the X-ray spectral shape gradually
evolves with X-ray luminosity, no dramatic spectral change occurs at the above X-ray
luminosity threshold.
This begs the questions: how can the jet establish so rapidly, and what is changing
in the accretion flow and jet formation process around an X-ray luminosity of 2 ×
36
2
10 (D/5kpc) ? Although this behaviour is currently only observed in Sw J0243,
and remains to be confirmed in other BeXRBs (see Section 4.5), we will discuss one
possible explanation invoking the interaction between the NS magnetic field and the
accretion flow below.
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Magnetic accretion onto neutron stars
When considering accretion onto a (strongly-) magnetised object, the presence of a
single X-ray luminosity threshold between distinct accretion and/or outflow states,
naturally brings to mind the interaction between the magnetic field and the accretion
flow. In particular, the accretion process can be divided into two states, depending on
the location of the magnetospheric radius Rm (where the accretion disc ram pressure
and the magnetic field pressure are equal): Rm is located either inside or outside the
co-rotation radius Rco , where the accretion flow orbital and NS spin frequencies are
equal (see e.g. Illarionov & Sunyaev 1975; Cackett et al. 2009; D’Angelo & Spruit
2010, 2012; Tsygankov et al. 2016b, 2017b). When Rm > Rco , which occurs at relatively low accretion rates, the rotating magnetic field creates a centrifugal barrier
for the inflowing material. Outflows might be launched in this state per the propeller
mechanism. Conversely, when the magnetospheric radius is pushed inwards at higher
mass accretion rates and Rm < Rco , matter can instead flow in undisturbed by the
magnetic field. These states are separated by the case where both radii are equal,
which occurs at a single X-ray luminosity referred to as the limiting luminosity or
Llim .
The importance of the magnetospheric and corotation radii in BeXRB accretion
flows was noted decades ago in order to explain the correlation between orbital period
and spin period in these sources (Davidson & Ostriker 1973; Corbet 1985, 1986, 1987;
Stella et al. 1986; Waters & van Kerkwijk 1989). As discussed in more detail in
Section 4.2, the NS can either be spun up or down due to the angular momentum
difference with the accretion flow. To first order, this difference in angular momentum
depends on the relative positions of the magnetospheric radius and the corotation
radius (Ghosh & Lamb 1978). As BeXRB spin periods are relatively stable over
long time-scales (e.g. covering multiple outbursts), the spin up during outburst and
spin down during quiescence should approximately cancel. The relation between the
equilibrium spin period and orbital period can then be explained by the dependency of
the mass accretion rate, which affects the magnetospheric radius, on the orbital period.
As a BeXRB goes into outburst, it should therefore cross the limiting luminosity where
4
Rm exactly equals Rco .
Although it remains unclear where exactly a jet is launched when the NS magnetic
9
field exceeds ∼ 10 G (see e.g. Massi & Kaufman Bernadó 2008; van den Eijnden
et al. 2018c), we can naively expect that the jet launching region is located inside
3
the corotation radius – approximately 3.7 × 10 Rg for Sw J0243, assuming a 1.4
M⊙ neutron star. A magnetic centrifugal barrier might then prevent material from
(efficiently) reaching this jet launching region. That implies that a jet could only
4

We note that systems with very slow spins, exceeding ∼ 100 seconds, might show a cold disc
state, where the ionisation fraction of the accretion flow is very low. In that scenario, the interaction
between the disc and NS magnetic field might be different (Tsygankov et al. 2017c,b).
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be formed when Rm < Rco or, equivalently, LX > Llim . Such a scenario naturally
provides a single X-ray luminosity for a specific source where the jet would turn on
and off. In the remainder of Section 4.2, we will explore this idea and its implications
further.
Before we do so, it is important to note two caveats: firstly, jet formation is
not understood for strongly-magnetised neutron stars (see also Section 4.4) and we
assume, a priori, that the jet originates from within the corotation radius. Secondly,
we also note that the radio non-detection at the start of the giant outburst occured
when LX > Llim . However, X-ray binaries are known to show different behaviour
during the outburst rise and decay (e.g Fender et al. 2004; Gilfanov 2010; MuñozDarias et al. 2014) and currently no observational constraints exist on the coupling
between the jet and accretion flow during the outburst rise of BeXRBs. Therefore we
cannot conclude whether during the early rise no jet is launched, or it is simply too
faint to detect.
The magnetic field of Sw J0243
In the above scenario for the jets during the re-brightening of Sw J0243, the transition
36
2
X-ray luminosity of 2 × 10 (D/5kpc) erg/s would equal Llim . The limiting X-ray
luminosity can be estimated as (Tsygankov et al. 2017b):
37 7/2

Llim = 4 × 10 k

2

B12 P

−7/3

−2/3

5

M1.4 R6 erg s

−1

(9.1)

where k is a geometric correction factor, typically assumed to be 1/2 for disc and 1
for spherical accretion (Ghosh & Lamb 1978), B12 is the NS magnetic field strength
12
in units of 10 G, P is the NS spin period in seconds, M1.4 is the NS mass in terms
6
36
of 1.4M⊙ , and R6 is the NS radius in 10 cm. Setting Llim = 2 × 10 erg/s, assuming
13
canonical NS parameters and disc accretion, we estimate B ≈ 10 G. Taking into
account that the Gaia DR2 distance of 5 kpc is merely a lower limit (van den Eijnden
13
et al. 2018c), Llim gives a magnetic field of B ≳ 10 G.
With the lack of any observed cyclotron features in the X-ray spectrum of Sw
J0243, its magnetic field strength has not been measured directly. Indirect, modeldependent estimates have been made by searching for the onset of a magnetic propeller
(Tsygankov et al. 2018) and the modelling of the X-ray pulse profiles and frequency
evolution (Tsygankov et al. 2018; Wilson-Hodge et al. 2018). The lack of an observed
13
onset of a propeller implies a magnetic field lower than 10 G (however, see below).
13
Using the pulse profiles and evolution implies a magnetic field exceeding 10 G,
both using only Fermi/GBM and using Fermi/GBM + NICER monitoring. While we
stress that these estimates are model dependent and not direct measurements, they
36
do support that the required magnetic field for Llim = 2 × 10 erg/s is plausible for
Sw J0243.
As discussed extensively in Tsygankov et al. (2018), Sw J0243 is not observed to
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transition to the propeller regime (Illarionov & Sunyaev 1975), wherein material is
expelled by the centrifugal barrier of the rotating magnetic field when Rm > Rco (i.e.
LX < Llim ). Such a propeller is expected to be accompanied by a sudden decrease
in X-ray flux and possibly by brightened and erratically varying radio luminosities
(Tudor et al. 2017), which are both not observed. However, the presence of a centrifugal magnetic barrier does not necessarily lead to mass loss via an outflow from the
system; as noted by Sunyaev & Shakura (1977), Spruit & Taam (1993), and D’Angelo
& Spruit (2010, 2011, 2012), there are well-defined solutions to the interaction of a
spinning magnetosphere inside a thin accretion disc which do not invoke mass loss
through an outflow. In those scenarios, matter accumulates outside the magnetospheric radius instead of being expelled. If such a scenario is at play in Sw J0243,
it could explain the lack of observed propeller characteristics despite a NS magnetic
13
field exceeding 10 G.
Pulse frequency evolution
The location of the magnetospheric radius with respect to the corotation radius can
influence the evolution of the spin frequency of the NS: at high mass-accretion rate,
when Rm < Rco , the accreted material has a higher angular momentum than the NS.
In the opposite case, the NS can instead lose angular momentum to the accretion flow
instead (Ghosh & Lamb 1978; Alpar et al. 1982; Radhakrishnan & Srinivasan 1982).
Without any other processes affecting the NS spin, one could therefore predict that, to
first order, the sign of the NS spin derivative should change when the magnetospheric
and corotation radius are exactly equal. This picture is quite simplistic and the
predicted behaviour is often not observed in long-term monitoring of accreting NSs
(e.g. Bildsten et al. 1997; Chatterjee et al. 2000; Patruno 2010). However, we can still
explore the spin frequency evolution for Sw J0243, especially during the re-brightening
targeted with the VLA.
The pulsation frequency of Sw J0243 has been monitored by Fermi GBM and
NICER throughout the outburst. Due to the orbital motion of the NS, the observed
frequencies have to be corrected by the ephemeris to study the intrinsic spin evolution.
Therefore, (slight) differences exist between the three available spin histories of Sw
J0243: a combined GBM + NICER analysis presented by Wilson-Hodge et al. (2018),
a GBM-only analysis by Doroshenko et al. (2018), and finally the entire GBM moni5
toring available on the GBM Accreting Pulsar Histories webpage . Broadly speaking,
all show that Sw J0243 mainly spun up during the giant outburst, but might have
turned to a spin down phase afterwards during the late outburst decay.
Only the GBM Accreting Pulsar Histories webpage currently contains spin measurements during the re-brightening covered by the VLA, as both others cut off earlier in time. However, at the time of writing, these measurements during the re5
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brightening are corrected with the ephemeris in Jenke et al. (2018), which differs significantly from the more up to date ephemeris derived by Wilson-Hodge et al. (2018);
indeed, on the GBM monitoring webpage, residual variations in the spin frequencies
can be seen on the orbital time scale during the re-brightenings.
Given the known deviations of accreting NSs from the simple accretion-induced
spin evolution scenario presented above, and these challenges with currently available
monitoring, we cannot make detailed inferences for Sw J0243. However, such spin
evolution monitoring, especially of known sources with well-constrained ephemeris,
can be a valuable addition to future radio observations of BeXRB re-brightenings and
help constrain our interpretation in Sections 4.2 and 4.2.

Comparison to AMXP jet formation
The proposed requirement that the magnetospheric radius is located within the corotation radius for jet launching to be possible, can of course be tested for other sources
as well. With their much faster spin and jet detections at lower X-ray luminosities,
the accreting milli-second X-ray pulsars, AMXPs, are especially interesting in this regard: the faster spin decreases the corotation radius, while at lower X-ray luminosity
the magnetospheric radius is larger.
The two AMXPs with radio detections at the lowest X-ray luminosities are SAX
34
34
J1808.4-3658, at ∼ 2 × 10 erg/s, and IGR J00291+5934, at ∼ 1 × 10 erg/s (Tudor
et al. 2017). These NSs rotate at 401 Hz (Wijnands & van der Klis 1998a) and 599 Hz
(Galloway et al. 2005), respectively. For both sources, assuming that a jet detection
can only occur when LX ≥ Llim (e.g. Eq. 9.1), we can derive an upper limit on the
magnetic field strength. Assuming canonical NS parameters and disc accretion (i.e.
k = 0.5), the measured NS spin and the lowest X-ray luminosity where a jet is still
7
7
detected, we infer B ≤ 7 × 10 G and B ≤ 3 × 10 G for SAX J1808.4-3658 and IGR
J00291+5934, respectively. For both sources, these rough estimates are relatively
low, but still broadly consistent with earlier estimates based on the truncation of the
accretion flow by the magnetic field (Mukherjee et al. 2015).
For both AMXPs (or any other AMXP), the magnetic field has not been measured
directly but only estimated, typically through the interaction between the accretion
flow and the magnetic field. If the two AMXPs discussed above in reality have stronger
magnetic fields than our above upper limits, this would imply either (i) that our argument that LX ≥ Llim for jet formation is invalid, or (ii) that NSs with different
magnetic field strengths and spin periods can launch jets through different mechanisms. Given the gaps in the current understanding of NS jets, especially for strong
magnetic fields, the second scenario cannot currently be discarded.
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4.3

The origin of the X-ray re-brightenings

Our scenario for the sudden re-establishment of the radio jet leaves two vital questions
unaddressed: what drives the changes in mass accretion rate responsible for the Xray re-brightenings and moving the magnetospheric radius in- and outwards, and why
should material move inside the corotation radius for jet formation to be possible?
We will discuss the former question in this section, and focus on the formation of the
jet in Section 4.4.
X-ray re-brightenings during outburst decays are seen in dwarf novae and occasionally in LMXBs (see for an overview Chen et al. 1997), such as the NSs SAX
J1808.4-3658 (Patruno et al. 2009; Sanna et al. 2017; Patruno et al. 2016) and IGR
J17379-3747 (van den Eijnden et al. 2018e) and the BHs XTE J1650-500 (Tomsick
et al. 2004b), Swift J1910.2-0546 (Tomsick et al. 2013), GRS 1739-278 (Yan & Yu
2017), and MAXI J1535-571 (Parikh et al. 2018). As discussed in detail in Patruno
et al. (2016), these re-brightenings appear to be caused by the hydrogen-ionisation
instability, which is also responsible for the main outburst (Lasota 2001). It remains
harder to explain why the instability is triggered at the end of the main outburst,
although this behaviour is also seen to occur spontaneously in simulations by Dubus
et al. (2001), or might be related to increased irradiation by the donor (Hameury
et al. 2000).
X-ray re-brightenings are often observed in BeXRBs as well (e.g. Chen et al. 1997;
Sguera et al. 2017; Rouco Escorial & Wijnands 2017), although their origin remains
debated; some recent examples include 4U 0115+63 and V 0332+53 as discussed
by Tsygankov et al. (2016a) and Wijnands & Degenaar (2016), or the recent giant
6
outbursts of XTE J1946+274 and KS 1947+300 . The above explanation of the rebrightenings in LMXBs has also been proposed for BeXRBs (e.g. Tsygankov et al.
2017c), and could be at play in Sw J0243. The time-scale, from weeks to months, of
the re-brightenings in Sw J0243 appear feasible for such a scenario; these are similar
to the durations of outbursts of, for instance, faint transient NS LMXBs, which can
be explained by the hydrogen-ionisation instability model for X-ray binary outbursts
(Lasota 2001). Interestingly, Patruno et al. (2016) argue for the NS LMXB SAX
J1808.4-3658 that the re-brightenings only occur when Rm ∼ Rco , which fits with our
interpretation of the radio behaviour of Sw J0243 (Section 4.2).
Additionally, for BeXRBs the re-brightenings could be connected to Type-I outbursts, which occur at periastron as the NS moves through the Be-companion’s circumstellar disc. The re-brightenings are not always observed at periastron in every
source (e.g. in XTE J1946+274), and hence this connection may not explain all rebrightenings. However, we can also consider this scenario for Sw J0243. Since its
discovery, four publications have reported measurements of the ephemeris based on
pulsation modelling (Ge et al. 2017; Jenke et al. 2018; Doroshenko et al. 2018; Wilson6
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Hodge et al. 2018). These all use the Fermi/GBM pulse monitoring, with Ge et al.
(2017) adding HMXT/Insight observations and Wilson-Hodge et al. (2018) including
NICER monitoring. The epochs of periastron between these four measurements differ
up to three days, and the orbital periods by approximately one day. Therefore, it is
difficult to unambiguously relate the re-brightening peaks in Sw J0243 with periastron
passages.
At the time of writing, the re-brightenings are also continuing and increasing
7
in duration, lasting longer than the orbital period . In contrast, Type-I outbursts
typically last up to ∼ 30% of an orbit (Reig 2011). However, the presence of a
residual accretion flow from the preceding giant outburst might change the effect of
periastron passage in the BeXRBs; for instance, an increase in mass-accretion rate
at periastron could trigger the hydrogen-ionisation instability (e.g. Lasota 2001) in
the remaining material, creating a longer and brighter outburst than during isolated
periastron passages. In such a scenario, it is merely the trigger of the instability that
differs from LMXBs.
Finally, our earlier arguments about the magnetospheric and corotation radii bring
to mind the presence of a trapped disc (Sunyaev & Shakura 1977; D’Angelo & Spruit
2010). In that scenario, a reservoir of material builds up when the centrifugal barrier is
present, gradually increasing the disc ram pressure and moving in the magnetospheric
radius. Eventually this will cause the centrifugal barrier to disappear and accretion to
ensue undisrupted. While an interesting option in the context of the sudden switching
on of the jets, the time-scales of the trapped disc do not work out for the X-ray
evolution. Assuming an accretion disc efficiency of ∼ 10% and the simulations of
this state in D’Angelo & Spruit (2012), we find time-scales of 1 − 10% of the viscous
time-scale at the corotation radius. Despite the large corotation radius of Sw J0243,
the ∼ 1 day viscous time-scale at this radius (e.g. Frank et al. 1992) implies that the
time-scale of the trapped disc is not reconcilable with the ∼ month time-scale of the
re-brightenings.

4.4

Jets from strongly-magnetised neutron stars

In Section 4.2, we assumed that material needs to pass the corotation radius for a jet
to be formed. This assumption is not based in jet theory; in fact, jets from strongly12
magnetised NSs (B ≥ 10 G) currently are poorly understood theoretically. While
jets are ubiquitous in accreting, fast-spinning NSs with weak magnetic fields below
9
∼ 10 G – none of which reside in HMXBs – the jet observed during the giant outburst
of Sw J0243 was the first clear jet detection from a strongly-magnetised NS. This first
detection was preceded by decades of jet non-detections in both large surveys (i.e.
Duldig et al. 1979; Nelson & Spencer 1988; Fender & Hendry 2000; Migliari & Fender
2006) and observations of individual targets (Tudose et al. 2010; Migliari et al. 2011b).
7
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Recently, radio emission was detected from the two strongly-magnetised accreting NSs
GX 1+4 (van den Eijnden et al. 2018a) and Her X-1 (van den Eijnden et al. 2018b).
However, the exact origin of this radio emission remains undetermined as limited
spectral and temporal information made a direct jet inference impossible.
Classical magneto-centrifugal jet models, most commonly assumed for accreting
NSs (or any object without an event horizon) predict that a strongly-magnetised NS
cannot launch a jet (Blandford & Payne 1982; Massi & Kaufman Bernadó 2008).
Therefore, the jet observed in Sw J0243 requires a different explanation. One such
option is the model introduced by Parfrey et al. (2016), where the jet power is not
provided by the accretion disc rotation, but instead by NS magnetic field lines opened
up by the accretion flow. Interestingly, this model correctly predicts the faintness of
the jet in Sw J0243 compared to the Z-sources, based on the stronger magnetic field
and slower spin of the former.
However, our jet monitoring during the re-brightening complicates the picture.
During the re-brightening, the jet becomes as radio bright as it was during the superEddington giant outburst peak, despite over two orders of magnitude difference in
X-ray luminosity. While the jet is remarkably faint during the giant outburst, it
is consistent with the lower end of the NS LMXB radio luminosities during the rebrightening (see Figure 9.3). This consistency implies that the NS parameters do
not regulate jet power in such a simple way as predicted in the Parfrey et al. (2016)
model, assuming of course that a single formation mechanism underlies the jet in both
the super- and sub-Eddington states. The future detectability of jets from stronglymagnetised NSs is greatly increased by this more complex relation; if these jets were
36
37
as suppressed compared to weakly-magnetised NSs around 10 –10 erg/s as during
the super-Eddington stage, current generation radio telescopes could not detect them
during the fainter states.
Assuming a single jet launching mechanism during both the giant outburst and the
re-brightenings is not necessarily valid. Given the significant differences in accretion
flow properties, the possibility exists that the two jets are launched through different
mechanisms and reach similar maximum radio luminosities by coincidence. In the
Parfrey et al. (2016) jet model, the power to expel material from the disc is provided
by the accretion flow opening up magnetic field lines; the rotation of the disc then
collimates the outflow into a jet. The main requirement for this mechanism is that
6
the accretion flow penetrates into the light cylinder radius of the NS (> 1.4 × 10 Rg
for Sw J0243). Our proposed requirement for jet formation during the re-brightenings
– Rm < Rco – is much stricter and does not appear in the Parfrey et al. (2016) model.
Therefore, it might be possible that different jet launching mechanisms are at play in
Sw J0243, with the mechanism by Parfrey et al. (2016) only becoming dominant at the
highest X-ray luminosities. However, the currently available observational constraints
from Sw J0243 are not sufficient to further consider such a scenario.
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What do the X-ray and radio luminosity trace?
When comparing the radio emission during the giant outburst and the re-brightening,
one can ask what the X-ray and radio luminosities trace: how can the observed radio
flux densities be so similar at such different mass accretion rates? Or, alternatively,
do the measured radio luminosities actually probe the jet power in a similar fashion?
Below, we explore these questions, assuming for simplicity a single jet launching
mechanism during both accretion regimes.
The accretion flow geometry and structure during the decay and re-brightenings of
BeXRB giant outbursts is not fully understood (Reig 2011, see Section 4.3). Similar
uncertainty currently exists about the properties of super-Eddington accretion flows
onto NSs, as seen during the peak of some giant outbursts of BeXRBs and in UltraLuminous X-ray pulsars (ULXPs). However, it is expected that significant differences
between the accretion flow in these two states exist; for instance, radiation pressure
at super-Eddington mass accretion rates is thought to puff up the inner accretion
flow into a vertically extended (i.e. thick) accretion flow in ULXPs (e.g. Mushtukov
et al. 2017; Walton et al. 2018b), compared to a thin disc at lower accretion rates.
However, directly comparing the X-ray luminosity of these two states might not trace
the same physical structures in the X-ray binary. In other words, not all X-ray flux
is necessarily related to the launch of the jet.
While it is unclear where exactly in NS X-ray binaries the jets are launched, all
characteristic radii in the accretion flow (i.e. Rm , Rco ) are further out for stronglymagnetised, slowly spinning NSs than for their millisecond, weakly-magnetised counterparts. Therefore, one could naively assume that, if it exists, any radius characteristic of the jet launching (i.e. where matter is funneled into the outflow), moves out
with increasing magnetic field strength and decreasing spin. As stated before, the
accretion flow changes significantly in structure between the super-Eddington regime
of the giant outburst, and the re-brightening at much lower LX . However, if these
significant changes predominantly occur within the – relatively far out – characteristic jet launching radius, the X-ray luminosity effectively coupled to the jet might not
increase as much. In other words, could the jet be coupled only to the outer accretion flow (and its related X-ray luminosity), while the difference in X-ray luminosity
between the super- and sub-Eddington phases is dominated by the inner flow?
There are several issues with this simplistic picture. Firstly, the mass-accretion
rate in the inner flow cannot increase to super-Eddington values, without the mass
accretion rate throughout the entire disc increasing. From an observational point
of view, this scenario is at odds with the coupling between the X-ray and radio
luminosities observed during the giant outburst; the jet would instead be expected
to remain at roughly constant power. Finally, comparing the X-ray spectra between
the giant outburst (van den Eijnden et al. 2018c) and the re-brightening does not
reveal large systematic changes signalling a completely different inner accretion flow
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structure dominating the flux during the former.
In all of this, we make the common assumption that the radio luminosity at a
single frequency – in this case 6 GHz – is representative of jet power in all types of
X-ray binaries (see Russell et al. 2014, for more issues with this assumption). This
assumption can however lead to apparent differences between observations, that do
not necessarily exist; for instance, Espinasse & Fender (2018) recently demonstrated
that the differences between the radio quiet and loud tracks of BHs in the radio/Xray luminosity can be affected by the radio spectral shape. In similar fashion, the
comparable radio luminosities of Sw J0243 might not map onto the same jet power.
For instance, there might be a difference in break frequency of the jet spectrum,
with the jet spectrum extending to higher frequencies at higher mass accretion rates.
Such changes in jet break frequency have been observed both in BHs (e.g. Russell
et al. 2014) and NSs (e.g. Díaz Trigo et al. 2018), although their evolution with
accretion flow geometry remain unclear. In that case, simply comparing the 6 GHz
luminosity would disregard a large fraction of jet power during the giant outburst.
For instance, there might be a difference in break frequency or an evolution of the
synchrotron cooling break, both of which significantly impact the broad-band jet
spectrum at different mass accretion rates. Changes in jet break frequency have been
observed both in BHs (e.g. Russell et al. 2014) and NSs (e.g. Díaz Trigo et al. 2018),
although their evolution with accretion flow geometry remain unclear. Additionally,
while the location and behaviour of the high-energy synchrotron cooling break is not
well understood (Pe’er & Markoff 2012; Shahbaz et al. 2013; Gardner & Done 2013),
its position and evolution will dictate the total radiative jet power (Russell et al.
2014). Therefore, simply comparing the 6 GHz luminosity would disregard a large
fraction of jet power during the giant outburst. As the higher frequencies are emitted
closer to the compact object, such a scenario could imply that the electrons in the jet
are first accelerated closer to the NS.

4.5

Future observations

In this paper, we have reported the first detections of radio emission from a jet during the X-ray re-brightenings of a BeXRB. Our results leave many questions unanswered, concerning both accretion in BeXRBs and the formation of jets by stronglymagnetised neutron stars. To address the former, denser radio and X-ray monitoring
of other giant outbursts and their decays is necessary. Such monitoring would show
how common the behaviour of Sw J0243 is and whether our reasoning about the
magnetospheric and corotation radius holds up under more scrutiny in other sources.
Secondly, radio observations of a Type-I periastron outburst, without a prior giant
outburst, can test the importance of a residual accretion flow for the formation of a
jet in BeXRBs.
To better understand jet formation from strongly-magnetised neutron stars, a
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more extensive phenomenological picture should be constructed based on both detailed monitoring of individual sources and deep observations of a large sample of
such sources. Furthermore, better spectral constraints over a large frequency range
would be enlightening, especially to better probe the jet power and the (evolution of)
the break frequency of these jets. Currently, such an observational campaign would
require coordinated VLA/ATCA and ALMA observations (similar to Díaz Trigo et al.
2018, for a NS LMXB), while in the future the proposed next-generation VLA (Murphy et al. 2018) would be perfectly suited for such studies.
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Abstract
Accretion at super-Eddington rates is expected to be accompanied by strong outflows. Such outflows are observed in Galactic X-ray binaries and extragalactic Ultraluminous X-ray sources (ULXs). However, due to their large source distances, ULX
outflows are challenging to detect and study in detail. Galactic neutron stars accreting from a Be-star companion at super-Eddington rates show many similarities to
ULX pulsars, and therefore offer an alternative approach to study outflows in this
accretion regime. Here, we present Chandra high-resolution spectroscopy of such a
super-Eddington accreting neutron star, Swift J0243.6+6124, to search for wind outflow signatures during the peak of its 2017/2018 giant outburst. We detect narrow
emission features at rest from Ne, Mg, S, Si, and Fe. In addition, we detect a collection of absorption features which can be identified in two ways: either as all Fe
transitions at rest (with a possible contribution from Mg), or a combination of three
blue-shifted Ne and Mg lines at ∼ 0.22c, while the remaining lines are at rest. The
second scenario would imply an outflow with a velocity similar to those seen in ULXs,
including the ULX pulsar NGC 300 ULX-1. This result would also imply that Swift
J0243.6+6124 launches both a jet, detected in radio and reported previously, and an
ultra-fast wind outflow simultaneously at super-Eddington accretion rates.
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1

Introduction

The accretion and subsequent ejection of matter is a ubiquitous process in the Universe, occurring in objects ranging from young stellar objects and planet-forming
systems (e.g. Kuiper et al. 2015; Beltrán & de Wit 2016) to X-ray binaries (see e.g.
Fender et al. 2004; Migliari & Fender 2006, for overviews) and active galactic nuclei (e.g. Merloni et al. 2003; Falcke et al. 2004). In X-ray binary systems (XRBs)
a stellar-mass compact object, either a black hole or a neutron star, accretes from
an companion star in a close orbit. X-ray binaries come in numerous classes, with
different combinations of compact object type, and mass and type of companion. Additionally, the accretion can take place through various channels (Frank et al. 1992),
triggered by for instance Roche-lobe overflow of the donor (Kuiper 1941; Paczyński
1971), a stellar wind (e.g. Reig 2011) or the movement of the compact object through
the circumstellar disc of the donor star (Okazaki & Negueruela 2001).
Accretion in X-ray binaries is often accompanied by the ejection of matter, either
through disc winds or via jets. The latter are strongly-collimated outflows traveling near the speed of light, launched from the inner accretion flow, while winds are
launched further out from the accreting object at lower velocities (ranging from hundreds of km/s to ∼ 0.3c) and with wider opening angles. In X-ray binaries, winds can
carry away a large fraction of the mass from the accretion flow (Neilsen & Lee 2009;
Ponti et al. 2012), possibly triggering instabilities in the flow (Begelman et al. 1983;
Muñoz-Darias et al. 2016) and potentially affecting the outburst profiles of transient
sources (Tetarenko et al. 2018b). Similarly, jets can remove accretion power from
the X-ray binary and deposit large amounts of energy in the surrounding interstellar
medium (Fabrika 2004; Fender et al. 2005; Gallo et al. 2005; Pakull et al. 2010).
In low-mass X-ray binaries (LMXBs) – XRBs with a low-mass (i.e. ≲ 1M⊙ ) donor –
accreting below the Eddington limit, observational and theoretical work suggests that
compact jets and disc winds are generally not launched simultaneously (Miller et al.
2006b; Neilsen & Lee 2009; Ponti et al. 2012; Higginbottom & Proga 2015; Bianchi
et al. 2017). Steady jets are typically seen at relatively low X-ray luminosities (Fender
et al. 2004; Fender et al. 2009) during hard X-ray spectral states (see e.g Gilfanov 2010,
for an overview of spectral states). During the soft state, jets in black hole LMXBs
appear to be quenched (e.g. Fender et al. 2009; Coriat et al. 2011), while the picture is
more complicated for neutron star LMXBs (e.g. Migliari et al. 2004; Miller-Jones et al.
2010; Migliari 2011; Fender 2016; Gusinskaia et al. 2017). Winds, on the contrary,
are typically not seen in the hard state (Ponti et al. 2012; Neilsen 2013), although see
Xu et al. (2018) and Maccarone et al. (2016) for possible counterexamples.
Outflows can alternatively be studied in X-ray binaries accreting around or above
the Eddington luminosity; in such sources, strong outflows are expected due to the
enhanced radiation pressure exerted on the accretion flow (Shakura & Sunyaev 1973;
Ohsuga & Mineshige 2011; McKinney et al. 2014, 2015; Hashizume et al. 2015; King &
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Muldrew 2016). Famous examples of X-ray binaries launching strong outflows in this
regime are the black-hole LMXBs GRS 1915+105 (Mirabel & Rodriguez 1994; Neilsen
& Lee 2009) and V404 Cygni (Muñoz-Darias et al. 2016; Tetarenko et al. 2017), and
the accreting neutron star Cir X-1 (Brandt & Schulz 2000). During super-Eddington
X-ray binary states, the apparent dichotomy between winds and jets can also break
down; for instance, black holes in XRBs and Z-sources – a subset of neutron star
LMXBs categorised based on their X-ray color-color diagram (Hasinger & van der
Klis 1989) and accreting around the Eddington limit – are thought to launch a wind
and jet simultaneously at such accretion rates (Homan et al. 2016; Allen et al. 2018).
In this regard, Ultra-luminous X-ray sources (ULXs) are particularly interesting
(see Kaaret et al. 2017, for a recent review). These extragalactic X-ray emitters have
39
X-ray luminosities (greatly) exceeding ∼ 10 erg/s, or the Eddington luminosity of a
10M⊙ black hole. Recently, a handful of ULXs has been identified as accreting neutron
stars through the detection of pulsations (Bachetti et al. 2014; Fürst et al. 2016a; Israel
et al. 2017a,b; Carpano et al. 2018), with several additional candidates found through
possible cyclotron resonance scattering features (Brightman et al. 2018; Koliopanos
et al. 2019; Walton et al. 2018a). This confirms the super-Eddington nature of at
least a fraction of ULXs. While it is unclear what fraction of ULXs contains a pulsar,
both theoretical (King et al. 2001; King & Lasota 2016) and observational studies
(Koliopanos et al. 2017; Walton et al. 2018b) suggest it could be substantial.
Theoretically, outflows have often been suggested to explain the soft spectra of
(some) ULXs (King 2001; Begelman 2002; King & Pounds 2003; Gladstone et al.
2009; Feng & Soria 2011; Urquhart & Soria 2016). From the observational side,
jets have been observed indirectly from these sources through their impact on the
surrounding medium (Middleton et al. 2013; Cseh et al. 2014, 2015a,b; Mezcua et al.
2015) and inferred from radio detections (e.g. Kaaret et al. 2003; Webb et al. 2012;
Mezcua et al. 2013). Winds have been seen through X-ray (Pinto et al. 2016) and
optical (Zepf et al. 2008) spectroscopy of several targets, including one ULX pulsar
(NGC 300 ULX-1; Kosec et al. 2018b). However, the extragalactic nature of ULXs
complicates the study of their outflows. Scaling for instance typical radio luminosities
of compact jets launched by black holes accreting around the Eddington luminosity
(e.g. Gallo et al. 2018) to Mpc distances, yields flux densities at best around the
detection limit for current generation radio arrays. Similarly, the detection of winds
through X-ray spectroscopy is limited by the low number of counts in the X-ray
grating spectra. As a result, most high-resolution X-ray spectra of ULXs currently
available in the archive are not sensitive enough to reveal any wind signatures (Kosec
et al. 2018a).
With their smaller distances, X-ray binaries in the Milky Way or the Small Magellanic Cloud may offer a valuable alternative avenue to study these super-Eddington
accretion states at higher signal-to-noise ratio (although the sample of such sources
is limited by the smaller volume and extreme count rates can introduce calibration
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issues, as discussed later). In particular, neutron star Be/X-ray binaries, wherein the
donor is a Be-star, show many similarities to the known ULX pulsars (Mushtukov
12
et al. 2015; Koliopanos et al. 2017): strong (≥ 10 G) magnetic fields and slow spins
(i.e. periods on the order of seconds). Importantly, Be/X-ray binaries can also show
super-Eddington accretion rates during the peaks of their giant outbursts (e.g Reig
2011).
In September 2017, the Swift satellite discovered the new neutron star Be/X-ray
binary Swift J0243.6+6124 (Kennea et al. 2017, hereafter Sw J0243;): a strongly12
magnetised neutron star (Tsygankov et al. 2018, e.g. B > 10 G;) with a ∼ 9.8 second
spin period (Kennea et al. 2017). It reached super-Eddington X-ray luminosities
during the peak of its outburst (van den Eijnden et al. 2018c) and has been referred
to as the first Galactic ULX pulsar by both Tsygankov et al. (2018) and Wilson-Hodge
et al. (2018). Through Very Large Array (VLA) radio and Swift X-ray monitoring,
Sw J0243 was found to launch a relativistic jet during its super-Eddington state (van
den Eijnden et al. 2018c), as well as at lower accreting rates (van den Eijnden et al.
2019a). This jet detection constituted the first from a strongly-magnetised neutron
star, contrary to the predictions of neutron star jet formation theory (Blandford &
Payne 1982; Massi & Kaufman Bernadó 2008).
Here, we present Chandra high-resolution gratings X-ray spectroscopy of Sw J0243
in its super-Eddington state. We find evidence for a wind with a velocity of ∼ 0.22c
through the detection of blue-shifted absorption features (Section 4.3), similar to those
detected in ULXs (Kosec et al. 2018b). If these features indeed arise from a wind, this
would imply both a jet and a wind are launched simultaneously by Sw J0243 during
its super-Eddington state.

2

Observations and Data Reduction

In Figure 10.1, we show the X-ray and optical light curves of the 2017/2018 outburst of
Sw J0243. Chandra observed the target around the peak of this giant outburst. While
the distance to Sw J0243 is not precisely known, the Gaia DR2 implies a minimum
of 5 kpc at 99% confidence (van den Eijnden et al. 2018c). Given this minimum
distance, the X-ray luminosity during the stage of the outburst around the Chandra
39
epoch exceeded 10 erg/s in the 0.5 − 10 keV band (Wilson-Hodge et al. 2018; van
den Eijnden et al. 2018c). As the theoretical Eddington luminosity for a neutron star
38
is 2 × 10 erg/s, this luminosity implies a firmly super-Eddington accreting rate.
Chandra performed Director’s Discretionary Observations of Sw J0243 on 11
November 2017 (MJD 58068) for ∼ 25 ks of exposure (ObsID 20859; PI Degenaar)
with the high energy transmission grating spectrometer (HETGS). Given the extreme
flux of the source, the observation setup had to mitigate photon pile-up as well as
minimise telemetry saturation. The telescope aimpoint was moved to the CCD read-
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out where the zero order dithered between the framestore and a few CCD rows and
thus only partially covered the active CCD area. In this configuration only two grating dispersion arms are recorded, the medium energy grating (MEG) +1st order and
the high energy grating (HEG) -1st order plus their higher order dispersions. The
observation was recorded in continuous clocking mode (CC-mode) with a fast readout
time of 3.85 msec to effectively mitigate photon pile-up in the dispersed spectra. The
data were transmitted via GRADED mode which includes onboard event grading
and grade summing. This results in some loss of data information and aspects of
calibration become more approximate. While this mostly preserves the detection of
discrete line features and edges, it does affect the calibration of the spectral continua
in the first order spectra see also Schulz et al. 2009 for another example of CC-mode
observations where mainly the discrete line features are preserved, and Miller et al.
2003 for the analysis of CC-mode spectra of the accreting black hole XTE J1550-564).
The observation data were re-processed via CIAO 4.9 using the latest calibration
product at the time (CALDBv4.7.7). Changes in more recent versions did not have
any impact on the analysis at the time of submission. We used the run_pipe thread
1
within the tgcat package in ISIS . Under normal circumstances this determines the
wavelength scale to the accuracy of a quarter of a resolution element, i.e. 0.005 Å for
MEG and 0.002 Å for HEG. However due to the fact that the zero order is piled as
well as that it dithers on and off the chip likely adds another quarter in systematic
uncertainty. In gratings the dispersion scale is linear in wavelength and all line analysis will be done in wavelength space. We used standard wavelength redistribution
matrices (RMFs) and generated ancillerary response files (ARFs) applying provided
2
aspect solutions, bad pixel maps, and CCD window filters .
Given the possible continuum issues due to the extreme count rates, we also extracted two Swift XRT spectra to compare with the Chandra HEG and MEG spec3
tra. We used the Swift XRT data products generator (Evans et al. 2007) to extract the Swift spectra taken on 10 and 13 November 2017 (MJDs 58067 and 58070,
with ObsIDs 10336023 and 10336024, respectively). Both observations were taken in
WT-mode, which can deal with high count rates, and the data products generator
automatically corrects for any pile-up issues for very bright sources.

1

see http://space.mit.edu/ASC/ISIS
The extracted HEG and MEG spectra and responses are available from the author upon request.
3
http://www.swift.ac.uk/user_objects/
2
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Figure 10.1: Multi-band light curves of the 2017/2018 outburst of Sw J0243. The top panel shows
the Swift/BAT 15–50 keV count rate, the middle panel shows the MAXI /GSC 4–10 keV count rate,
and the bottom panel shows the ASAS-SN V-band magnitude (Vega Mag). The Chandra epoch is
indicated with the red line in the top panel.

3
3.1

Analysis & Methods
Continuum analysis and spline modelling

In Figure 10.2 (top), we show both the Chandra MEG and HEG spectra with the
two Swift XRT spectra taken before and after the Chandra epoch. As described in
Section 2, the unconventional HETGS observing setup required by the extreme flux
can affect the calibration of the continuum in the first order spectra. This is clearly
at play in our observations of Sw J0243: inaccuracies in the HETGS continua are
obvious from the disparity between the MEG and HEG detectors, the large jump in
the HEG spectrum around ∼ 7 Å (∼ 1.77 keV), and both the offset and difference
in spectral shape between the Swift and Chandra spectra. The latter is highlighted
by the bottom panel of Figure 10.2, where we show the ratio of the MEG and HEG
data to a simple tbabs*(bbodyrad+po) model fit jointly to the XRT spectra with

224

3 Analysis & Methods

xspec (Arnaud 1996).
However, while the calibration of the continuum shape is affected by the observational setup, discrete line features and edges are preserved (Schulz et al. 2009). Indeed,
individual narrow features remain. In the HEG spectrum, for instance, a clear Fe K
complex around ∼ 6.4–7 keV is visible, as discussed in detail in Section 4.2. Therefore,
one can still search for narrow emission and absorption features from, for instance,
outflows or donor star material. As the offset between the Chandra and Swift spectra
demonstrates, the HEG and MEG data will not provide an accurate measurement
of the flux. As a result, conventional line strength measures such as the equivalent
width or normalisation of any such narrow features will not be accurate. Furthermore, without an accurate continuum measurement, physically motivated modelling
is challenging for any model that contains a (pseudo)-continuum component. But
despite these restrictions, the presence of narrow emission and absorption features
can still be tested and give valuable physical information about the system.
Any search algorithm for individual narrow X-ray spectral lines requires an accurate description of the continuum. This holds especially for the approach that we
adopt for Sw J0243, which was originally developed for the detection of faint features
in ULX spectra by Pinto et al. (2016) and is introduced in Section 3.2 (for an illustration of the effects of a poorly modelled continuum on the detection and significances
of narrow line features, see also van den Eijnden et al. 2018d). However, this line
search approach only requires an accurate shape of the continuum model to find narrow deviations from; this continuum model does not necessarily have to be physically
motivated. A example of this can be found in Grinberg et al. (2017), where a Chandra
spectrum of the HMXB Vela X-1 is model;ed; in that work, the continuum consists of
four independent power law models, which are not physically motivated, fitted over
a limited wavelength range. However, these models do provide an accurate description of the underlying continuum shape and allow for the search and identification
of narrow line features. A similar mathematical approach to model the continuum
can be found in Yao et al. (2009), where a combination of broad Gaussians makes up
the continuum model. Therefore, instead of fitting the Chandra Sw J0243 continuum
with physical models – which is not possible for the full spectral range, as shown in
Figure 10.2 – we apply a spline interpolation as the continuum instead.
To calculate the spline interpolations of the HEG and MEG spectra, we first
used xspec to write out the flux as a function of wavelength. We then choose the
step size of the interpolation – as we aim to search for deviations from the spline
continuum, we should not interpolate every spectral bin but instead bins separated by
a fixed wavelength – and defined a wavelength grid with such steps on the considered
wavelength range (note that, therefore, this grid is not the same as wavelength bins
of the HEG and MEG detectors). Simply calculating a spline between the fluxes on
this grid has the risk of accidentally using either a statistical outlier or a spectral
bin inside a narrow line feature as part of the continuum. To prevent this effect, we
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instead calculated a first continuum estimate with the third degree spline between
the fluxes Fi at each grid point in wavelength λi . Then, to obtain the final spline
continuum model, we fitted the spline function to the entire spectrum with the Fi
values as free parameters, recalculating the spline for each updated combination of Fi
2
and minimising the χ value between spline and data. Finally, the resulting best-fit
continuum spline model was saved as an additive xspec fits table model.
We calculated separate spline continuum models for the MEG (2.07–13.78 Å) and
HEG spectra. We used two individual splines for the HEG data, covering 1.55–7 Å and
7.1–12.4 Å, in order to account for the steep jump at 7.06 Å. As the presence of a
narrow feature in both the HEG and MEG data is important to conclude it is not
a mere statistical fluctuation, this implies we exclude the 7–7.1 Å range from our
entire analysis. We tried different combinations of step sizes (0.5, 1, 1.5 and 2 Å) and
spectral binnings (no rebinning, and rebinning to a S/N of 10 and 50 per spectral bin)
for the calculation of the continuum splines. After a combination of visual inspection
2
and comparison of the continuum χ values, we concluded that a 0.5 Å stepsize and
no rebinning provided the most accurate continuum for both the HEG and the MEG
2
data: this combination systematically resulted in the lowest χ values (of the order of
2
χν ≈ 1.2), while the other combinations (especially with stepsize ≥ 1 Å) introduced
significant residual structure between the gridpoints interpolated by the spline.

3.2

Line search

We adopt the line search algorithm developed by Pinto et al. (2016) and refer the
reader to that paper and to Kosec et al. (2018b), Kosec et al. (2018a), and van den
Eijnden et al. (2018d) for an extensive description of its details. The basic rationale is
as follows: after setting a continuum model – the spline interpolations in the case of
Sw J0243 – we define a grid in wavelength and choose a fixed velocity line width. We
then step through the wavelength grid, fitting a single Gaussian function with the fixed
velocity width and a free normalisation, centered at the grid point. The significance of
an emission (i.e. positive normalisation) or absorption (negative normalisation) line at
that wavelength is then recorded as the fitted normalisation divided by its one-sigma
error. Alternatively, the line significance can also be probed by the improvement in
2
fit statistic (either χ or C-statistic).
For the correct interpretation of the results of this line search method, several
caveats are important to keep in mind. Firstly, despite fitting the spline continuum
to cancel the effect of outliers, this continuum does not necessarily describe the entire
spectrum accurately. In extreme cases, such as the 7 Å jump in the HEG spectrum,
this requires the calculation of multiple splines. However, for less extreme cases,
it also implies that care should be taken when considering the physical origin of
any suggested lines, and one should carefully inspect the spectra and splines around
the possible line features. Furthermore, the returned significances are single-trial
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Figure 10.2: Unfolded Chandra HEG (blue) and MEG (red) spectra, together with the Swift XRT
spectrum of the preceding (1 day prior) and following (2 days later) epochs. While the two Swift
spectra are similarly shaped, the MEG and HEG spectra show large deviations both from each other
and from the XRT spectra. This can also be seen in bottom panel, which shows the data-to-model
ratio for a tbabs*(bbodyrad+po) model fit jointly to the XRT spectra.

estimates, while estimating the number of independent trials is not straightforward.
Therefore, line search results of a single spectrum should be treated with caution.
To reflect this, we do not quote the single-trial significances of any detected lines as
actual significances.
For Sw J0243, we have two simultaneous but independent spectra from two different detectors with different instrument responses. This latter point is important,
as any imperfections in the response modelling might appear as deviations from the
continuum and resemble a narrow spectral line. However, such features are not expected to appear in both spectra, unless the same response feature is present in both
detectors.
To take these caveats into accounts, we require that any possible spectral lines
possess the following properties before considering them as real spectral features of
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the X-ray binary: (i) the line should be ≳ 3σ significant (single trial) in both the HEG
and the MEG spectrum, (ii) the line should not be located on top of a shared response
feature of both detectors, (iii) the continuum model should look accurate around the
central wavelength of the line in both detectors and the presence of a spectral feature
should hold up to visual inspection of the spectrum, and (iv) the centroid energies,
where the significance peaks, of the line in the two detectors should be close: to
account for slight statistical deviations between the peak wavelengths and possible
small inaccuries in calibration, we require those centroids to be within ∼ 0.01 keV.
Any combination of spectral features adhering to these requirements should of course
also fit within a consistent, physically realistic picture of the X-ray binary system and
its state. In addition, we also performed a careful visual inspection of the spectra and
the line-search results to identify possible features in low S/N parts of the spectra,
where lines are less likely to be picked up as significant by the line search.

3.3

Robustness of the spline continuum

As we did not model the continuum with a physical model, but instead with a spline
interpolation, we performed several checks of our approach; specifically, we tested
whether the line search results, and our inferences, were directly affected by the choice
of continuum. For this purpose, we designed two tests: comparing the interpolated
continuum with a physical continuum, and slightly varying the step size of the spline
grid points.
Figure 10.2 shows that the Chandra and Swift spectral shapes do not generally
match. However, above ∼ 1.8 keV, the (blue) HEG spectrum and both Swift XRT
spectra appear to have a similar shape. Therefore, we fitted two continuum models to these three spectra, using the HEG data between ∼ 1.77 and ∼ 8 keV (7.0 –
1.55 Å), and both XRT spectra between 1 and 10 keV. Using xspec, and assuming
abundances from Wilms et al. (2000) and cross-sections from Verner et al. (1996), we
fitted both a tbabs*po and a tbabs*(bbodyrad+po) model as simple phenomenological continuum models. In both cases, we included a multiplicative constant to
account for offsets between the spectra, while keeping all other parameters tied. Using both these continuum models, we re-applied our line search pipeline with a 500
and 2000 km/s line width. This re-analysis finds the same narrow features in the
line search, although some residual trends in the line significances remain when using
the physical continuum models. These trends suggest that while the HEG and XRT
spectra appear similar above 1.8 keV, small deviations in shape are present. We show
these results in more detail in Figure 10.5 in Appendix A.
Secondly, we re-performed our analysis using a slightly smaller step size for the
calculation of the spline continuum – 0.48 Å instead of 0.5 Å– therefore smoothly
connecting different spectral bins with the spline. This check should therefore reveal
any imperfections due to the spline by chance connecting statistical outliers and/or
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narrow lines, instead of probing the continuum. As shown in Figure 10.6 in Appendix
A in more detail, the line search results of this test are consistent with our first
analysis and do not imply changes in the detected narrow features.

4
4.1

Results
Line search results

In Figure 10.3, we show an overview of the analysis and the results of the line search.
In the top panel, we show the HEG and MEG spectra. The large jump in the HEG
spectrum around 7 Å signals the complications in measuring the continuum shape
discussed extensively in the previous section. The solid, black lines show the spline
continuum models used in the line search. To deal with the 7 Å jump, two different
splines are used for the HEG spectrum, while the range between 7 and 7.1 Å is
removed from the analysis. The top panel also shows the effective area shape for both
detectors in arbitrary units, to indicate the instrument response. This can be used to
test whether any narrow features identified in the line search might be instrumental,
and shows that the 7 Å jump is directly on top of the strongest HEG detector feature.
We note that using the gain command in xspec to investigate the response feature
did not provide a simple gain shift solution to reduce the large response residuals at
for instance ∼ 7 Å and ∼ 6.75 Å.
The middle panel shows the ratio between the spectra and the spline continuum
models, providing a visual aid in searching for and confirming the physical nature of
any narrow features. The results of the line search are shown in the bottom panel: we
plot the single-trial significance (N /σN ) of a Gaussian line of fixed width, added at
the given energy. The red and black lines shows the 2000 km/s velocity width search,
while the black area shows the results for 500 km/s. The 3σ and 5σ single-trial
significance thresholds are shown to guide the eye. We re-emphasise that we analyzed
the HEG and MEG spectra separately, to obtain independent search results that can
be compared to distinguish physical lines from statistical fluctuations or instrumental
features. Note that a negative significance signals an absorption feature.
Finally, in all panels, the grey dotted lines indicate the narrow lines identified
following the requirements set out in Section 3.2. Note that a clear Fe K complex
is visible in the HEG spectrum below 2 Å (∼ 6.4–7 keV), which we do not indicate
with grey lines for clarity of the figure. While this region is only covered in the
HEG spectrum, the shape and centroid energies – matching the Fe fluorescence lines
expected in BeXRBs (Torrejón et al. 2010, see the next section) – of the three lines
clearly show that this feature is real. All identified lines are listed in Tables 10.1
(emission), 10.2, and 10.3 (both absorption).
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Figure 10.3: Overview of the line search. In all panels, the vertical dotted lines indicate possible
narrow features. Top: the HEG (blue in all panels) and MEG (red in all panels) spectra, with the
spline continuum models in black. The instrument effective areas are shown in arbitrary units to
indicate any response features. Middle: the ratio of spectrum to spline model for the HEG and
MEG data. The iron fluorescence complex is clearly visible below 2 Å. Bottom: the single trial line
significance from the line search. The solid line shows the results assuming a 2000 km/s velocity
width, while the dark grey shaded area shows the 500 km/s search results. See also Section 4.
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Figure 10.4: The summed improvement in HEG and MEG fit statistic ∆C for the 500 km/s
(top panel) and the 2000 km/s (bottom panel) velocity width line search. The grey dotted lines
show the identified emission and absorption features, while the grey bands show regions containing
instrument features that are excluded to improve the clarity of the figure. Finally, the dashed and
dash-dotted blue lines show the simulated 2 and 3σ confidence levels. For the uncombined fit statistic
improvement of the individual detectors, see Appendix B

Significance simulations
An alternative significance estimator for narrow features is the change in fit statistic
after the addition of a narrow line at a certain wavelength, ∆C(λ). This estimator
offers the options of combining the results from two independently analysed spectra,
by linearly adding them as ∆C(λ) = ∆CMEG (λ) + ∆CHEG (λ). We plot the combined
∆C values from the MEG and HEG detectors, for the 500 and 2000 km/s velocity
width separately, in Figure 10.4. The grey dotted lines indicate the same identified
features as in Figure 10.3. For visual clarity, we removed three wavelength ranges
(shown by the grey bands) where large instrumental features in a single detector
yield extreme ∆C values. In Appendix B, we also show the uncombined ∆C results
for each individual detector (Figures 10.7 and 10.8).
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Table 10.1: Identification of the detected emission lines in Sw J0243. See Section 4.2 for details.

λobs
1.77 Å
1.85 Å
1.93 Å
4.75 Å
5.04 Å
5.96 Å
6.18 Å
8.4 Å
9.50 Å
12.15 Å

Identification
Fe Kβ
Fe XXV (Heα-like)
Fe Kα
S XVI Lyα
S XV (Heα-like resonance)
Unknown
Si XIV Lyα
Mg XII Lyα
Ne X Lyδ
Ne X Lyα

Rest λ
1.77983 Å
1.85040 Å
1.93 Å
4.72915 Å
5.03873 Å
–
6.18223 Å
8.421 Å
9.48075 Å
12.1339 Å

To assess the significance of narrow features beyond the single-trial estimates
shown in Figure 10.3, we perform Monte-Carlo simulations of the continuum spline
models. For each combination of detector (HEG or MEG) and velocity width (500 or
2000 km/s), we use XSPEC to simulate 3000 spectra based on the continuum spline
model. For each simulated spectrum, we then repeat the line search, with a reduced
resolution of 0.05Å to optimise computational time. At each trial wavelength, we calth
th
culate the 2 and 3σ confidence levels by calculating the 95.4 and 99.7 percentile
of the simulated ∆C values, respectively. For the combined HEG and MEG results,
we first add the simulated fit improvements, and calculate the above percentiles for
this summed ∆C. The simulated confidence levels are shown in Figures 10.4, 10.7,
and 10.8, as the blue dotted and dash-dotted lines, respectively.
The majority of lines identified in Figure 10.4 and listed in Tables 10.1, 10.2,
and 10.3, shown by the grey dotted lines, show up as ≥ 3σ significant in either the
500 or 2000 km/s line search (or in both). The exception is the 12.15 Å emission
line, which is only ∼ 2σ significant at 500 km/s. Unsurprisingly, this line is also
not formally significant in Figure 10.4, which can be explained by the poor S/N in
this region of the spectra. However, given the prominence of this feature in other
BeXRBs (see Section 4.2 and 5), we include it in our further analysis. Finally, several
other features appear significant above 3σ. However, these all originate from a strong
feature in only one of the two detectors and we therefore do not further analyse these
(see also Appendix B).
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4.2

Emission line analysis

Line identification

High-resolution X-ray observations of both super-Eddington X-ray binaries (Pinto
et al. 2016; Koliopanos & Vasilopoulos 2018) and BeXRBs at lower accretion rates
(La Palombara et al. 2016; Grinberg et al. 2017) typically reveal emission lines at rest
. Indeed, six out of seven emission lines detected by our line-search algorithm can be
straightforwardly identified as such. All emission line identifications are summarised
in Table 10.1. The observed wavelengths λobs of four of these features are consistent
with strong Lyα emission from Ne X (λobs = 12.15 Å), Mg XII (λobs = 8.4 Å), Si
XIV (λobs = 6.18 Å), and S XVI (λobs = 4.75 Å). As shown in the above references,
these ions are often observed in rest-emission in X-ray binaries accreting above the
Eddington limit.
This leaves three lines to be identified, at 5.04 Å, 5.96 Å, and 9.50 Å. The first
wavelength, 5.04 Å, coincides with the resonance line of Heα-like S VI, which fits
with the detection of the Lyα emission line of S XVI. The 9.50 Å emission line fits
with Lyδ emission of Ne X, which we know is present from the Lyα line. Finally, no
emission lines appear to be present within 0.1 Å of the 5.96 Å feature and we do not
identify this line. While a feature is visible in the HEG spectrum at this wavelength,
the MEG feature is very close to a large instrumental residual associated with a large
feature in the instrument response. It might therefore be a spurious detection.
In addition to these seven emission lines present in both detectors, the iron fluorescence complex below 2 Å is clearly visible in the HEG spectrum. We measured
centroid wavelengths of 1.93 Å, 1.85 Å, and 1.77 Å, consistent with Fe Kα, Heα-like
Fe XXV, and Fe Kβ, all at rest. Such emission lines at rest are also seen in all Chandra gratings spectra of the ten HMXBs analysed in the overview work by Torrejón
et al. (2010).
Analysing a NuSTAR observation early on in the outburst of Sw J0243 (during
the sub-Eddington phase), Bahramian et al. (2017) report the presence of a broad
(σ = 0.3 ± 0.1 keV) Gaussian iron line at 6.42 ± 0.07 keV (∼ 1.931 Å). This could
either be the same feature as present in the HEG spectrum, only not resolved into the
three individual lines. Alternatively, the NuSTAR feature might be a relativistically
broadened reflection feature, which transitioned into the three narrow lines we observe
as the mass accretion rate increased. Finally, the observed HEG structure could arise
from two absorption features on top of a broad emission feature. However, we could
not find an satisfactory fit of the HEG spectrum with such a combination of emission
and absorption. Combined with the accurate match between the centroid wavelengths
and the expected iron line energies, we conclude that the final option is unlikely.
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Emission line modelling
To further analyse the emission lines, we performed spectral fits with an emission
line model added to the spline continuum. Such physical modelling can provide insights in the properties of the emitting gas, such as temperature and ionisation state.
By comparing different models, the origin of the ionisation can also be constrained.
We performed line modelling using two models in xspec: BAPEC, which models
a velocity-broadened, shock-ionised gas, and PHOTEMIS, describing emission from
a photo-ionised plasma. As we find no evidence for red or blueshifts in the identified emission lines, we freeze the redshift parameter in both models to zero. In both
models, we assume Solar abundance ratios. We fit the MEG and HEG spectra simultaneously, both with their own spline continuum model, and keep the line model
parameters tied between the spectra.
+200
The BAPEC model provides the best fit for a velocity broadening of v = 1100−340
km/s and a temperature kT = 0.68 ± 0.03 keV, with an improvement in C-statistic of
∆C = 47.3 for three extra free parameters (including normalisation). Visual inspection of the residuals reveals that this improvement largely arises from fitting the 12.15
Å Ne X line, while no other emission lines are fitted. An issue with the BAPEC model
is the presence of a significant pseudo-continuum of lines, which cannot be fitted to
the non-physical continuum of the Chandra observations. Therefore, this systematic
effect prevents a more accurate fit of the spectra.
The PHOTEMIS model, however, provides a formally better description of the
emission lines with a ∆C = 146.8 for three additional free parameters, for an ionisation
2
parameter r log ξ = 2.77 ± 0.05 and a turbulent velocity v = (2.2 ± 0.2) × 10 km/s.
The five strongest lines in the model are located at 12.15 Å, 8.4 Å, 6.18 Å, 5.04 Å,
and 4.75 Å, fitting the Ne X, Mg XII, SI XIV, S XV, and S XVI features, respectively.
The only detected narrow features not described in the model (see Table 10.1) are
the unidentified 5.96 Å feature, and the three iron lines below 2 Å, which are located
outside the fitted wavelength range. While this suggests the emitting gas could be
photo-ionised rather than shock-ionised, the comparison with the BAPEC model is
complicated by the systematic pseudo-continuum issues in the latter.

4.3

Absorption line analysis

No outflow scenario
The identification of the detected absorption lines is more ambiguous than that of
the emission lines, as the possible presence of blue-shifted lines greatly increases the
feasible line identifications. Here, we will first focus on an identification scenario
where no outflow was present and all lines are at rest. In this scenario, the absorption
lines are either dominated by only Fe lines or by a combination of Fe and Mg lines.
Out of the seven detected absorption lines, listed in Table 10.2, four can be iden-
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Table 10.2: Identification of absorption lines in Sw J0243 in the no-outflow scenario. See Section
4.3 for details. Note: for the Fe ions, multiple transitions fall close to the observed wavelength.
Therefore we do not list a single rest wavelength.

λobs
3.00
8.21
9.45
9.80

Å
Å
Å
Å

6.50 Å
7.35 Å
7.90 Å
6.50 Å
7.35 Å
7.90 Å

Identification
Both interpretations
Ca XX Lyα / Unknown
Fe XXI-XXIV
Fe XX-XXII
Fe XIX-XXII
Fe interpretation
Unknown
Fe XXII-XXIV
Fe XXII-XXIII
Fe+Mg interpretation
Mg XII
Mg XI
Mg XI Hβ w

Rest λ
3.02029 Å / –
See caption
See caption
See caption
–
See caption
See caption
6.4974 Å
7.3101 Å
7.8503 Å

tified with the same ions in both the only-Fe and Fe+Mg interpretations. Iron absorption can account for the features observed at 8.21 Å, 9.45 Å, and 9.80 Å, where
several transitions of respectively Fe XXI-XXIIV, Fe XX-XXII, and Fe XIX-XXII are
located. The 3.00 Å absorption line could be associated with the Lyα transition of
Ca XX at rest. However, while iron is often invoked to explain observed narrow lines
in X-ray binaries (e.g Pinto et al. 2016) and the clear iron fluorescence lines show
that iron is present in Sw J0243 (c.f. Section 4.2), Ca XX is not typically observed in
these systems. Additionally, the 3.00 Å feature appears predominantly present in the
MEG spectrum. Therefore, there is a possibility that this line is merely a spurious
detection.
Assuming no blue-shifted absorption, we can link the other three detected lines
with either iron (the Fe interpretation in Table 10.2) or magnesium (the Fe+Mg
interpretation). For the former interpretation, the 7.35 Å and the 7.90 Å lines can be
associated with Fe XXII-XXIV and Fe XXII-XXIII, respectively. This would leave
the 6.50 Å feature unidentified. For the Fe+Mg interpretation, this 6.50 Å feature
could arise from Mg XII, while the 7.35 Å and the 7.90 Å lines would be Mg XI and
the Hβ-like resonance of Mg XI, respectively. However, this Fe+Mg interpretation has
several caveats: while the wavelengths match up and the 8.4 Å Mg XII Lyα emission
line shows that Mg is present, it is unexpected that Mg XII would be observed at rest
in both emission and absorption (Grinberg et al. 2017). Furthermore, the 6.50 Å Mg
XII and 7.35 Å Mg XI lines are relatively weak transitions, and one would therefore
expect to see other or a larger number of Mg absorption lines instead. Finally, the
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Table 10.3: Identification of a selection of absorption lines in Sw J0243 in the outflow scenario.
See Section 4.3 for details. The remaining absorption lines are interpreted as in Table 4.3 and 4.3.

Observed λ
6.50 Å
7.35 Å
9.45 Å

Ion
Mg XII Lyα
Ne X Lyδ
Ne X Lyα

Rest λ
8.421 Å
9.48075 Å
12.1339

Shift
−0.226c
−0.225c
−0.222c

rest and observed wavelengths do not match up perfectly in this interpretation.
For the above two interpretations, we can calculate the cumulative improvement
in fit statistic by adding the combined ∆C values for each identified line. The six
identified lines in the Fe interpretation yield a cumulative ∆C of 127.1 (124.5) for 500
(2000) km/s, while the seven identified lines in the Fe+Mg interpretation sum up to
∆C = 141.7 (147.0) for 500 (2000) km/s.
Outflow scenario
Alternatively, we consider a scenario where a selection of the absorption features
are identified as blue-shifted transitions with the same outflow velocity. The firm
detection of Ne, Mg, Si and S in emission aids in this approach, as it provides a
starting point to identify lines that might be expected in absorption. In fact, in the
discovery of ultra-fast outflows (UFOs) in ULXs, Pinto et al. (2016) observed many
of the observed rest emission features in absorption with the same blue-shift. For
instance, in these ULXs, the Ne X Lyα rest emission line that is also present in Sw
J0243, is also observed in absorption with a ∼ −0.2c velocity shift.
To test for a similar scenario in Sw J0243, we calculated the blue-shifts required
to explain every combination of an observed absorption line and an observed higherwavelength emission line (excluding the unidentified 5.96 Å emission feature). In the
case of an outflow, we would expect a similar blue-shift to appear for a number of
such pairings. Indeed, for an outflow velocity of ∼ 0.22c, the 6.50 Å, 7.35 Å and
9.45 Å absorption lines can be linked to, respectively, the observed 8.4 Å Mg XII Lyα
line, 9.50 Å Ne X Lyδ line, and 12.15 Å Ne X Lyα line (see Table 10.3). This scenario
provides a seemingly more feasible explanation of the 6.50 Å feature than that in
Section 4.3, while the required velocity is similar to that of UFOs in ULXs with an
unknown accretor (Pinto et al. 2016) and the ULX pulsar NGC 300 ULX-1 (Kosec
et al. 2018b). The cumulative ∆C for these three blueshifted lines is 57.7 (56.8) for
a velocity width of 500 (2000) km/s.
If Sw J0243 launches an outflow with a velocity of 0.22c, we can ask two more
questions. Firstly, why do we only observe the Ne X and Mg XII emission lines in
absorption as well? Shifting the two S XVI and the Si XIV emission lines by the
same velocity returns wavelengths of 5.45 Å, 4.15 Å, and 4.44 Å. Out of these, hints

236

5 Discussion and conclusions

for an absorption feature can only be seen around ∼ 4.15 Å in the HEG spectrum.
However, this is not a convincing feature, and no hints of a line are present at the
other two wavelengths. Given the strength of the Ne X and Mg XII lines in HMXBs
in general, and in Sw J0243 specifically, it is however not surprising that these ions
are most easily detected in blue-shifted absorption.
Secondly, we consider whether any of the other absorption features might be associated with 0.22c blue-shifted lines from species not observed in emission. Shifting
these four remaining absorption lines, only the 8.21 Å feature yields a possible match;
its shifted wavelength of 9.33 Å is similar to the 9.31 Å forbidden transition of Heαlike Mg XI. However, it appears unlikely that only this forbidden line is observed,
while other stronger transitions are not seen. Therefore, the only direct evidence for
the outflow consists of the three absorption lines listed in 10.3, and we interpret the
remaining absorption features as in Section 4.3.

5

Discussion and conclusions

We have reported high-resolution Chandra X-ray spectroscopy of the super-Eddington
outburst of Sw J0243. A search for narrow emission and absorption features reveals
a number of both, present in both the HEG and MEG spectrum. The emission lines
can be identified with Fe, S, Si, Mg, and Ne ions at rest. The absorption features
can either be interpreted to be all at rest (from Fe and possibly Ca and Mg), or a
combination of some lines at rest and three blue-shifted Mg and Ne absorption lines
at v ≈ −0.22c. Here, we briefly review our method, discuss the possible outflow in
the context of ULXs and close-by BeXRBs, and finally present future improvements
for the study of outflows from BeXBRs during super-Eddington phases.

5.1

Line-search method

As shown in Figure 10.2, the continuum of the Chandra spectrum differs greatly
between detectors and deviates from the shape measured by Swift. However, the
iron fluorescence complex below 2 Å, i.e. around 6.5 keV that is observed in all
HMXBs with Chandra gratings observations (Torrejón et al. 2010), is clearly detected.
Similarly, the Ne X and Mg XII Lyα emission lines at respectively 12.15 Å and
8.4 Å, often observed in neutron star HMXBs (e.g. Grinberg et al. 2017; Koliopanos
& Vasilopoulos 2018; La Palombara et al. 2016), are visible in the spectra even by eye
(c.f. the top panel of Figure 10.3). This suggests that indeed, while the continuum is
affected by the observing setup, narrow features remain detectable (Schulz et al. 2009).
In addition, the consistency checks of the spline continuum model (e.g. Appendix A)
show that none of the detected lines or conclusions are due to the non-physical nature
of this model.
Our adopted line-search method follows the rationale first used by Pinto et al.
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(2016), and later applied to both XMM-Newton RGS and Chandra observations by
Degenaar et al. (2017b), Kosec et al. (2018b), Kosec et al. (2018a), and van den
Eijnden et al. (2018d). However, as discussed in more detail in van den Eijnden
et al. (2018d), estimating formal significances of detected features is challenging. The
significances shown in Figure 10.3 are single-trial values, while estimating the number
of independent trials is difficult: fitting a Gaussian line at neighbouring wavelength
gridpoints is not independent, as the Gaussian width exceeds the resolution of the
grid. For a velocity width of 500 km/s, a Gaussian line covers between 4 and 28
wavelength bins of 0.01 Å width in its one-sigma range, where the number varies
since a constant velocity width translates to a variable width in wavelength-space.
For the 2000 km/s search, these numbers are multiplied by four. Therefore, while we
fit the normalisation of a Gaussian line at 1161 wavelength bins, a much smaller –
but difficult to estimate precisely – number of those trials are truly independent.
Therefore, we also performed Monte-Carlo simulations of the continuum shape to
estimate how likely random fluctuations can reproduce the observed excesses (e.g van
den Eijnden et al. 2017; Kosec et al. 2018b). Secondly, we opted for an independent
analysis and subsequent comparison of the HEG and MEG spectrum, since statistical
fluctuations or response-effects are less likely to show up in both detectors at the
same wavelength. Thirdly, searching with two different velocity widths decreases the
probability of statistical fluctuations being identified as a line: while a small number
of bins fluctuating either above or below the continuum by chance might mimick a
narrow line, it would not be identified as such when searching with a broader velocity
width. Finally, it is important that any possible line can be identified within a coherent
physical picture of the system. For this reason, we do not identify for example the
possible line at 5.96 Å.

5.2

An ultra-fast outflow from Sw J0243?

While the combination of detected absorption lines can be interpreted as simply Fe
(and Mg) ions at rest, a more interesting possibility is the presence of an outflow
suggested by the presence of absorption features at a ∼ 0.22c blue-shift from Mg Lyα,
Ne X Lyα, and Ne X Lyδ – which are all observed in emission. The presence of
such an outflow during the super-Eddington regime fits both theoretical predictions
and simulations (e.g. Shakura & Sunyaev 1973; Ohsuga & Mineshige 2011; McKinney
et al. 2014, 2015; Hashizume et al. 2015; King & Muldrew 2016) and observational
work (e.g. Lee et al. 2002; Pinto et al. 2016; Kosec et al. 2018b; Allen et al. 2018).
In the outflow scenario, the blueshifted absorption lines originate from the same
ions as several rest-emission lines. This combination of rest emission and blue-shifted
absorption from the same ions might arise from the outflow, seen in absorption, shocking with the surrounding medium, seen in emission. Such a scenario is also invoked
in Pinto et al. (2016), where the emission can be modelled as a shock-ionised gas.
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Alternatively, the emission might arise from a different region in the system, instead
of the outflow but with the same ions present (Grinberg et al. 2017), such as the
accretion flow.
The Sw J0243 high-resolution X-ray spectrum is similar to that of other Galactic
and SMC BeXRBs in several aspects. For instance, the XMM-Newton RGS spectrum
of SMC X-3 during its super-Eddington state also shows rest-emission lines of Ne
X, Mg XII, and Fe XXIII-XXIV (Koliopanos & Vasilopoulos 2018). Additionally,
a possible blue-shifted Mg XII absorption line is detected, which would imply an
outflow with a ∼ 0.07c velocity. The presence of Mg XII in both rest emission and
blue-shifted absorption mirrors our outflow interpretation for Sw J0243. At slightly
38
sub-Eddington X-ray luminosity (LX ∼ 10 erg/s), the BeXRB SMC X-2 shows both
rest emission lines of Ne X and Si XIV (La Palombara et al. 2016), as we also identify
in Sw J0243 (in addition to several other rest emission lines not seen in Sw J0243
due to the difference between the HEG/MEG and RGS bandpasses). However, no
hints for absorption features or an outflow are present. Even further down in the
sub-Eddington regime, Grinberg et al. (2017) report a plethora of rest emission lines
in Vela X-1, including the Fe, Si, Mg, and Ne species identified in Sw J0243. But
again, no outflow is detected, despite the high-quality observations which would likely
reveal an outflow similar to the one we possibly detect in Sw J0243.
Given the super-Eddington accretion rate of Sw J0243 during the Chandra observation, ULXs form a second interesting source class for comparison. Kosec et al.
(2018b) reported the detection of a possible outflow from the ULX pulsar NGC 300
ULX-1. This outflow was observed through the identification of blueshifted O XVII
and O XVIII absorption lines in RGS spectra, which fall outside the Chandra bandpass. The inferred velocity of 0.22c is however consistent with the velocity of the
possible wind in Sw J0243. In addition, Pinto et al. (2016) present the discovery of
∼ 0.2c outflows from the unclassified ULXs NGC 1313 X-1 and NGC 5408 X-1; interestingly, next to the similarity of the wind velocity, both sources show a combination
of emission lines at rest, absorption lines from the same species at a blue-shift, and
additional rest absorption lines. This mimicks exactly our outflow scenario for Sw
J0243. Finally, an outflow with a higher velocity of ∼ 0.34c was tentatively claimed
in NGC 5204 X-1 by Kosec et al. (2018a), but this result awaits confirmation.
Around the time of the Chandra observation of Sw J0243, the source also launched
a radio jet (van den Eijnden et al. 2018c). Radio observations taken four days later
show an optically-thin radio spectrum, implying that during this super-Eddington
4
state, the jet consisted of discrete ejecta (e.g. Fender 2006) . While there is no
simultaneous radio and high-resolution X-ray coverage, Sw J0243 remained in a very
similar state between the jet and possible wind detection. Therefore, we deem it
4

We note that, as discussed extensively in van den Eijnden et al. (2018c) and van den Eijnden
et al. (2019a), the observed radio properties (flux densities, spectral shape, and evolution) throughout
the entire outburst show that this radio emission can not originate from either a stellar or disc wind.
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likely that both an ultra-fast outflow and a jet are launched at the same time. Such
behaviour is observed more often during the super-Eddington regime in other sources:
black holes and Z-sources also show winds and jets during the same super-Eddington
accretion states (Homan et al. 2007, 2016; Allen et al. 2018). However, while both
winds and jets have been inferred in ULXs (e.g. Middleton et al. 2013; Cseh et al.
2014; Kaaret et al. 2017), these have never been observed in the same target, let alone
at the same time. Given the difficulty to find these outflows (e.g. Kosec et al. 2018a),
due to the large distances to ULXs, Galactic BeXRBs offer a new avenue to explore
the connection between winds and jets in the super-Eddington regime.
One particularly puzzling aspect of the jet launched by Sw J0243 is its faintness compared to fast-spinning, weakly-magnetised accreting neutron stars at similar
super-Eddington accretion rates (van den Eijnden et al. 2018c). This can naively be
explained by the slow spin of Sw J0243 (e.g. Parfrey et al. 2016); however, at lower
accretion rates, the radio brightness of Sw J0243 is consistent with faster-spinning
neutron stars, which implies a more complicated picture (van den Eijnden et al.
2019a). Possibly, the presence of an ultra-fast disc wind during the super-Eddington
phase of the outburst can regulate the jet power; depending on its launch radius, a
wind might decrease the mass accretion rate in the inner accretion flow and reduce
the matter available to form the jet. Alternatively, it might carry away excess angular
momentum and reduce the jet power. A similar interplay between the wind and the
jet has earlier been proposed to explain the jet-wind dichotomy in GRS 1915+105
(Neilsen & Lee 2009, see also Díaz Trigo & Boirin 2013). Since the jet in Sw J0243 is
consistent with the population of other NS jets at lower X-ray luminosity, this scenario
assumes that the ultra-fast outflow was driven by the super-Eddington accretion rate
and disappeared as the outburst decayed.
A scenario where the presence of a strong wind outflow regulates the jet power
does not occur in Z-sources: these sources launch powerful jets with the highest radio
brightness of any type of accreting neutron star. However, while the winds in these
systems can carry away significant amounts of mass (Ponti et al. 2012; Allen et al.
2018), they generally do not reach velocities similar to those in ULXs and inferred here
for Sw J0243 (i.e. maximally one per cent of the speed of light; Díaz Trigo & Boirin
2013). In addition, the inner accretion flow and jet launching regions differ greatly
between weakly-magnetised Z-sources and the more strongly-magnetised ULX pulsars
and BeXRBs (e.g Mushtukov et al. 2017; Walton et al. 2018b). Finally, while Z-sources
accrete close to or above the Eddington limit, our Sw J0243 Chandra observation was
taken at one order of magnitude higher X-ray luminosity. Therefore, any coupling
between the (super)-Eddington winds and jets would not necessarily be the same in
Sw J0243, ULX pulsars, and Z-sources.

240

A Appendix: Checks of the spline continuum

5.3

Future observations

While the presence of an ultra-fast outflow from Sw J0243 fits with the Chandra highresolution X-ray spectrum, the continuum issues complicate a full analysis and more
detailed physical modelling than described in Section 4.2. The possible wind detection
does however showcase the power of studying Galactic BeXRBs for understanding pulsating ULXs and their outflows. Therefore, future observational campaigns combining
radio, X-ray and UV observations would be highly valuable: dense radio monitoring
can track the jets, while high-resolution X-ray and UV spectra (from i.e. the Hubble Space Telescope) taken at different phases in the outburst can track the onset
and evolution of any wind outflow. Through such detailed monitoring, the relation
between the jet and wind can be studied as well, for instance aiming to understand
if and how the (presence of the) wind might influence the jet power. These future
observations can also reveal how commonly super-Eddington BeXRBs launch a wind
and jet simultaneously, to better understand the expected outflow properties of ULX
pulsars.
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A

Appendix: Checks of the spline continuum

Since comparisons between the HEG and MEG detectors, and with Swift spectra
taken at similar times, reveals that the Chandra continuum is not accurate, we have
performed careful checks of the validity of our spline continuum model. In Figures
10.5 and 10.6, we show these checks visually. In both figures, we show the results of
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the line search method, similar to the bottom panel of Figure 10.3. As described in
the main text, we compare our line search results (the black lines in both panels of
both figures) with the results from using different continuum models: two physical
continuum models fitted jointly to the quasi-simultaneous Swift spectra (Figure 10.5)
and a spline continuum with slightly smaller step size (Figure 10.6).
The used spline continuum appears robust during both tests: using a more physical
continuum finds the same narrow features, but contains residual trends in the significance as function of wavelengths (Figure 10.5). These trends artificially enhance any
narrow line significances, and signal that slight difference between the Swift and HEG
spectrum remain even between 1.75 and 7 Å. When we use a smaller stepsize (Figure
10.6), we find results consistent with our original line search. This implies that these
results are not affected by the possibility that the spline connects statistical outliers
or narrow line features instead of the continuum.

B

Appendix: ∆C results from individual detectors

In Figures 10.7 and 10.8, we show the ∆C search results for the HEG and MEG
detectors separately (upper and middle panel) and combined (lower panel). The
simulated 2 and 3σ confidence levels are shown as the black dashed and solid lines,
respectively. For details on these simulations, see Section 4 in the main paper. Figure
10.7 shows the results for the 500 km/s velocity width, while Figure 10.8 shows the
2000 km/s results. The comparison of all three panels shows how several of the
apparently significant features in the combined (bottom) panel, arise from strong
(instrumental) features in only one detector – see for instance the double-peaked
feature around 9.20 Å in the bottom panel of both figures, that is only present in the
MEG data.
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Figure 10.5: The first consistency check of the spline continuum, shown the HEG spectrum below
7 Å: both panels show the results of the line search algorithm for different velocity widths (top: 500
km/s, bottom: 2000 km/s). The black curves use the spline continuum model, while the red and blue
curves use a power law and a power law + blackbody continuum model, respectively. In both cases,
and especially in the bottom panel, residual trends remain when using the physical continuum, which
can artificially enhance single-trial significances. However, the individual narrow features appear for
all continuum models.
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Figure 10.6: The second consistency check of the spline continuum, shown for the MEG spectrum:
both panels show the results of the line search algorithm for different velocity widths (top: 500 km/s,
bottom: 2000 km/s). The black curves use the spline continuum model with a 0.50Å step size, while
the red curve uses a slightly smaller 0.48Å step size – interpolating between different spectral bins.
For both velocity widths, the results are largely consistent, with only slight differences between the
two continuum models. None of the possible narrow features are affected by these small deviations.

244

B Appendix: ∆C results from individual detectors

Velocity width: 500 km/s
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Figure 10.7: The improvement in fit statistic ∆C for the 500 km/s line width search of the
HEG (top panel) and MEG (top panel). The bottom panel shows the combined improvement in
both detectors, as is also shown in Figure 10.4. The grey dotted lines show the identified emission
and absorption features, while the grey bands show regions containing instrument features that are
excluded to improve the clarity of the figure. Finally, the solid and dashed black lines show the
simulated 2 and 3σ confidence levels.
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Velocity width: 2000 km/s
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Figure 10.8: Same as Figure 10.7 for the 2000 km/s line width search.
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Abstract
Evolving on human time scales, X-ray binaries offer an excellent test bed to study
accretion and ejection processes. With a spin that can be measured directly, a stellar
magnetic field, and the presence of a solid stellar surface, accreting neutron stars are
prime systems to assess the effect of the accretor properties on the launch of their
jets. In this work, we present radio observations of a sample of 36 neutron stars in
X-ray binaries, more than doubling the sample in the literature observed at current10
day sensitivity. These sources include 13 weakly-magnetised (B < 10 G) and 23
10
strongly-magnetised (B ≥ 10 G) neutron stars; 16 of the latter category reside in
high-mass X-ray binaries, detections of which have until recently been absent in the
literature on neutron star jets. We detect 4 weakly and 9 strongly-magnetised neutron
28
stars, finding that the latter do not exceed LR ≈ 3 × 10 erg/s and are systematically
radio fainter than the former, which in turn are confirmed to be typically radio fainter
than accreting stellar-mass black holes. The strongly-magnetised neutron star sample
does not reveal a global correlation between X-ray and radio luminosity, although this
might result from sensitivity limits. We discuss the origin of radio emission of highmass X-ray binaries, concluding that in all but one detected source (Vela X-1), the
radio emission is more likely attributable to a radio jet than the donor star wind.

11 A new radio census of accreting NSs

Furthermore, we discuss the effect of neutron star spin and magnetic field on radio
luminosity and jet power, comparing both weakly- with strongly-magnetised sources,
and sources in latter category with each other. We conclude that no current model can
account for their observed properties, necessitating the development and refinement
13
of neutron star jet models to include magnetic field strengths up to 10 G. Finally, we
discuss (the absence of) jet quenching in soft states of neutron star LMXBs, the radio
non-detections of all observed very-faint X-ray binaries, the possible effects of eclipses
on X-ray binary radio emission, and future radio campaigns of accreting neutron stars.
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Introduction

Accretion is a fundamental process occurring across the Universe in a plethora of
objects and circumstances; these range from accreting supermassive black holes in
Active Galactic Nuclei (AGN) and accreting white dwarfs, via stellar mass black holes
and neutron stars in so-called X-ray binary systems, to forming stars surrounded by
proto-planetary discs. All these systems show states where the accretion of matter
is observed to be accompanied by a coupled outflow of material, either in form of
wide-angled, relatively slow winds, or collimated and relativistic jets. These outflows
influence both the accreting systems, for instance contributing to the angular momentum loss in the accretion flow and reducing the effective accretion rate (Tetarenko et al.
2018b), and the surrounding medium (Gallo et al. 2005). Feedback from X-ray binaries and AGN is, for instance, thought to contribute to the stellar feedback regulating
star formation and ionising the early Universe (Fender et al. 2005; Mirabel et al. 2011;
Justham & Schawinski 2012; Fragos et al. 2013b,a).
The formation of jets from an accretion flow is often fundamentally attributed to
one of two mechanisms. In both models, twisted magnetic field lines close to the compact object launch material away from the accretion flow. The fundamental difference
lies in the origin of twisting the magnetic field lines: in the Blandford & Znajek (1977)
mechanism, these field lines are spun up as they thread the rotating ergosphere of
a black hole. A key prediction of this model, that has remained difficult to test unambiguously (e.g. King et al. 2013; McClintock et al. 2014; Russell et al. 2013), is a
dependence of jet power on the black hole spin. Alternatively, as many jet-launching
systems do not contain a black hole, the Blandford & Payne (1982) mechanism proposes that the rotation of the accretion flow itself tangles up the magnetic field. While
this model applies to neutron stars, it predicts an upper limit on the neutron star’s
magnetic field that can be spun up by an accretion flow. Therefore, it predicts that
too-strongly magnetised neutron stars should not launch jets (e.g. Massi & Kaufman
Bernadó 2008; Migliari 2011). Obviously, the Blandford & Payne (1982) model can
also play a role in black hole systems.
While the accretion flow in both AGN and X-ray binaries typically emits strongly
in the X-ray band, the jet dominates at low frequencies through the emission of
synchrotron radiation. This emission results from free electrons in the jet spiralling
around magnetic field lines, locally producing an optically thin synchroton spectrum.
The combined spectrum of an unresolved jet depends on its type: discrete ejecta
α
typically have steep spectra, defined as radio spectral index α < 0 (where Sν ∝ ν )
as they emit as a single, optically thin population. A compact jet instead consists of
the superposition of synchrotron spectra at different frequencies, resulting in a flat
(α = 0) to inverted (α > 0) spectral shape up to the jet break frequency. The highest
frequency jet emission originates from the highest energy electrons, located in the base
of the jet. With the electrons cooling as they move downstream, lower frequencies are
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emitted further along the jet (e.g. Blandford & Königl 1979; Malzac 2013, 2014). The
jet emission can extend into the sub-mm (Díaz Trigo et al. 2018), nIR (Russell et al.
2006, 2007), and possibly even up to the X-ray bands via synchrotron-self-Compton
emission (Markoff et al. 2005). However, the radio band typically offers the cleanest
view of the jet, with fewest possibly confusing other processes.
Accreting black hole systems in their hard spectral state show a correlation between their X-ray and radio luminosity, that holds over orders of magnitudes in black
hole mass from X-ray binaries to AGN (the fundamental plane of black hole activity)
and signals a coupling between the in and outflow of matter (Hannikainen et al. 1998;
Corbel et al. 2000, 2003; Falcke et al. 2004; Merloni et al. 2003; Gallo et al. 2003,
2014). Looking more closely at this X-ray – radio correlation for stellar-mass black
holes, there is evidence for both a radio-loud and radio-quiet track (Soleri & Fender
2011; Dinçer et al. 2014; Meyer-Hofmeister & Meyer 2014; Drappeau et al. 2015).
Despite several possible explanations, including inclination (Motta et al. 2018), and
X-ray (Koljonen & Russell 2019) and radio (Espinasse & Fender 2018) spectral shapes,
these tracks remain not fully understood. While this sample of stellar-mass black holes
is dominated by binaries with a low-mass (≲ 1M⊙ ) donor – the low-mass X-ray binaries (LMXBs) – it includes three HMXBs assumed to be black holes (Cyg X-1, Cyg
X-3, and MWC 656). As these follow the same correlation between X-ray and radio
luminosity, it appears that, for black holes, this coupling is independent of donor type
(Ribó et al. 2017).

1.1

A brief history of neutron star jet observations

The story is more complicated for neutron stars. Neutron star low-mass X-ray binaries
accreting above ∼ 1% Ledd can be divided into two classes based on their tracks in the
X-ray color-color diagram: the Z and atoll sources (Hasinger & van der Klis 1989).
The difference between these source classes and their various sub-classes is thought
to be driven by instanteneous mass accretion rate (Lin et al. 2009; Homan et al.
2010). Z sources, accreting around the neutron star Eddington limit, are the radio
brightest class of accreting neutron stars and their jets were therefore characterised
first (Penninx et al. 1988; Penninx 1989; Hjellming et al. 1990b,a). These studies
found different jet types along the different branches in the X-ray color-color diagram,
changing from a compact jet to discrete ejecta and finally quenching at the highest
mass accretion rates (Migliari & Fender 2006). Jet studies of the X-ray and radio
fainter atolls came later, with Migliari et al. (2003) presenting the first multi-epoch
X-ray and radio campaign for such a source (4U 1728–34).
Using the enhanced sensitivity of current day radio telescopes, neutron star LMXBs
36
have now been studied extensively down to LX ∼ 10 erg/s (e.g. ∼ 1% LEdd ). Observations at lower X-ray luminosities are dominated by radio non-detections (Tudor
et al. 2017; Gallo et al. 2018; Gusinskaia et al. 2020a), although some neutron stars
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have been detected down in this regime as well (e.g. SAX J1808.4-3658; Tudor et al.
2017). The behaviour of neutron star jets at low mass acccretion rates remains poorly
explored. Another open question, for jets in atolls, regards the presence and mechanism of jet quenching (Fender & Muñoz-Darias 2016). Atolls can change (although
not all do) between a thermal- and Comptonised-dominated accretion flow state, respectively their soft and hard state; while several sources show a quenched jet in their
soft spectral state (Migliari et al. 2003; Miller-Jones et al. 2010; Gusinskaia et al.
2017, 2020a), as seen in e.g. black holes (Fender et al. 2004), others do not (Rutledge
et al. 1998; Migliari et al. 2004). Finally, coordinated X-ray and radio studies have
often focused on transient neutron star LMXBs, in order to probe different accretion
rates – leaving persistently accreting sources more poorly explored.
The first sample collections of radio and jet detections of neutron stars were presented by Fender & Hendry (2000) and Migliari & Fender (2006). Since then, many
individual accreting neutron stars have been added to the X-ray – radio luminosity
plane; see the compilations in Tetarenko et al. (2016b) and Gallo et al. (2018), and,
1
for the most up to date database, Bahramian et al. (2018) . All these sources –
10
both atoll and Z – contain weakly-magnetised neutron stars (e.g. B < 10 G), where
the Blandford & Payne (1982) mechanism can be applied. Compared to the black
holes, these neutron stars appear more scattered in radio luminosity, although they
are typically observed over smaller ranges in X-ray luminosity. As a sample, these
weakly-magnetised neutron stars are radio-fainter than stellar-mass black holes – a
difference that cannot simply be accounted for by the difference in accretor mass,
bolometric X-ray corrections, or the presence of a boundary layer around the neutron
star (Fender & Kuulkers 2001; Gallo et al. 2018).
The fundamental difference between accreting black holes and neutron stars – with
respect to jet formation – is the presence of a solid stellar surface in the latter. This
comes with additional differences, such as anchored magnetic fields and a compact
object spin that can be measured via pulsations for neutron stars. As shown by X-ray
pulsations detected in a subset of accreting neutron stars, their magnetic fields can
dynamically alter the geometry of the inner accretion flow, where jets are launched
from. The neutron star magnetic fields can be measured directly through the measurement of the cyclotron resonance scattering feature (herafter cyclotron lines; see
Staubert et al. 2019, for a recent review). Alternatively, and more indirectly, one can
measure the location of the inner disc radius and use that to constrain the magnetic
field (Cackett et al. 2008; Degenaar et al. 2017b; Ludlam et al. 2019), or constrain
the magnetic field strength from the relation between the spin evolution and mass
accretion rate (e.g. Ghosh & Lamb 1978; Campana et al. 2002; Strohmayer et al.
2018b). Neutron star spins are measured directly through X-ray pulsations or nearlycoherent oscillations during thermonuclear bursts on their surface (Patruno & Watts
1

https://github.com/bersavosh/XRB-LrLx_pub
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2012; Staubert et al. 2019).
Despite decades of radio studies, jets were until recently not observed in stronglymagnetised neutron stars. Large sample studies between the 70s and 00s reported only
non-detections (Duldig et al. 1979; Nelson & Spencer 1988; Fender & Hendry 2000;
Migliari & Fender 2006; Migliari et al. 2011b), while the radio detection of the HMXB
X-ray pulsar GX 301-2 by Pestalozzi et al. (2009) could be attributed to the radio
emission from the stellar wind. The young neutron star X-ray binary, Cir X-1 (Heinz
et al. 2013), is known to launch strong jets (Stewart et al. 1993; Fender et al. 1998;
Tudose et al. 2006; Heinz et al. 2007; Soleri et al. 2009; Coriat et al. 2019). However,
the magnetic field strength of the neutron star in Cir X-1 has not been measured
directly. The series of jet non-detections for strongly-magnetised neutron stars also
formed the basis for the theoretical reasoning from Massi & Kaufman Bernadó (2008),
explaining why the Blandford & Payne (1982) mechanism should not operate in this
magnetic field regime.
Recently, the first jet from a strongly-magnetised neutron star was discovered,
contrary to the theoretical prediction and observational precedent. The slow (e.g.
with spin period exceeding 1 second) X-ray pulsar Swift J0243.6+6124, that accretes
from a Be star (Kouroubatzakis et al. 2017), launched a jet both during its so-called
giant outburst in 2017/2018 (van den Eijnden et al. 2018c), and during X-ray rebrightenings in the outburst decay (van den Eijnden et al. 2019a). While it is clear
that this jet is not launched through the Blandford & Payne (1982) mechanism, it
remains unknown what alternative process is responsible. Additionally, the stronglymagnetised neutron stars Her X-1 and GX 1+4 were detected in radio (van den
Eijnden et al. 2018a,b), although the origin of this emission remains to be confirmed.
All three sources were detected at faint radio flux densities below ∼ 100 µJy, which
explains the radio non-detections of this source class in earlier decades.

1.2

An extended parameter space for neutron star jets

The inclusion of strongly-magnetised neutron stars into the class of jet-launching
sources, greatly expands the parameter space to study (neutron star) jets. Firstly,
in addition to the larger range in neutron star magnetic field, a much greater spin
range can now be accessed: where weakly-magnetised neutron stars show spins in the
millisecond range (Patruno et al. 2017), their strongly-magnetised counterparts reach
spins up to thousands of seconds (Staubert et al. 2019). Secondly, all confirmed high2
mass X-ray binary (HMXB) neutron stars are, when measured, strongly magnetised .
Therefore, we can now probe a much wider range of donor types, binary periods,
eccentricities, and mass transfer mechanisms, that was not accessible through only
2

Note that the opposite in not true: no all strongly-magnetised neutron stars have high-mass
companions. Instead, a handful of them sit in LMXBs, feed from the stellar wind of wide-orbit,
evolved low-mass stars in Symbiotic X-ray binaries, or have an intermediate mass donor.
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weakly-magnetised neutron stars. As the vast majority of HMXBs contains a neutron
star, probing the effect of these binary and donor properties on jet formation was also
barely possible with black hole systems.
At the same time, the origins of radio emission in HMXBs can be more complicated
to untangle. Unresolved radio emission from a stellar-mass black hole or weaklymagnetised neutron star with a low mass donor is, by now, almost automatically
assumed to originate from a jet. With a high-mass donor, the donor’s stellar wind
can also contribute to the radio emission. Studies of isolated O/B giants and Bestars have shown them to be radio sources (Lamers 1998a,b; Güdel 2002), implying
that the companion cannot be ignored when interpreting the radio emission from
HMXBs: depending on the wind properties such as mass-loss rate, clumpiness, and
density, it can show either thermal or non-thermal (shock) radio emission (Wright &
Barlow 1975; Blomme & Runacres 1997; Dougherty & Williams 2000). Estimating
the required wind properties to explain a high-mass X-ray binary radio detection, and
having (multiple) coordinated radio and X-ray observations, are therefore important
tools to distinguish the stellar winds from the jet.
While a larger parameter space for jet studies is now accessible in terms of both
neutron star magnetic field strength and spin frequency, it remains unclear what
model can explain the existence of jets such as observed in Swift J0243.6+6124. Possible models, including jets powered by opened neutron star field lines (Parfrey et al.
2016) or magnetic propellers (Romanova et al. 2009), typically predict a dependence
of jet power on magnetic field and spin frequency. Searches for such dependencies have
been performed earlier for samples of weakly-magnetised neutron stars (Migliari et al.
2011b), or samples including both neutron stars and black holes (King et al. 2013).
However, these studies were typically inconclusive or unable to find strong evidence for
these relations, partially due to the limited spin range covered by weakly-magnetised
neutron stars (Patruno et al. 2017). With a sample of neutron stars including a sufficient number of strongly-magnetised, slowly spinning sources, such studies can be
revisited and extended – assuming, fundamentally, a common jet launching mechanism across the entire sample.
In this paper, we present a detailed study of a large set of new radio and X-ray
observations of accreting neutron stars. Our sample includes 13 weakly-magnetised
and 23 strongly-magnetised targets, more than doubling the total number of neutron stars in the radio X-ray–luminosity plane observed at current radio sensitivities.
Preliminary results from the weakly-magnetised sample were reported in Gallo et al.
(2018, which included, in total, 41 neutron stars), while here we provide the full data
analysis and the most up-to-date results. With this large set of new observations,
we present the first systematic study of differences between the jets of weakly and
strongly-magnetised neutron stars where sources from both categories are detected,
and aim to observationally constrain the neutron star jet formation mechanism.

255

11 A new radio census of accreting NSs

2

Observations and data analysis

In this section, we will first introduce the sample of observed neutron star X-ray
binaries and the observing campaigns in radio and X-rays. In Sections 2.2 and 2.3,
we will give a general introduction into the reduction and analysis of the radio and
X-ray observations, respectively. Given the large number of analysed sources and the
wide variety in setup of both the radio and X-ray campaigns, we discuss all details
per source in Appendix A.

2.1

Targets and observing campaigns

The sample of targets presented in this paper consists of 13 weak-magnetic field neutron stars and 23 strong-magnetic field neutron stars, where we define weak and strong
10
10
magnetic fields as B ≤ 10 G and B > 10 G, respectively. For most strong-magnetic
field sources, the detection of a cyclotron line provides direct, robust magnetic field
measurements. For the remaining targets in this category, from a combination of
the neutron star spin (evolution) and comparisons with slow pulsars with measured
field strengths, their strong magnetic fields have been inferred (although therefore no
actual measurement is performed). For weakly-magnetised accreting neutron stars,
on the other hand, direct magnetic field measurements are not available. Instead,
indirect measurements based on reflection spectroscopy (Cackett et al. 2008; Degenaar et al. 2017b; van den Eijnden et al. 2018d; Ludlam et al. 2019), spin frequency
modelling (Patruno 2012), and magnetic propeller states (e.g. Mukherjee et al. 2015)
8
9
imply typical magnetic fields between ∼ 10 and ∼ 10 G. In Appendix A, in Table
11.5, we list magnetic field measurements and estimates for all sources, alongside their
spin and orbital period, when known. We’d want to stress again that these B-field
measurements can be rather uncertain and be affected systematic effects – hence our
broad classification in weak and strong magnetic fields.
The observations of all but one of the weak-magnetic field sources – IGR J173793747 – were already included in the statistical analysis of neutron star LMXBs by
Gallo et al. (2018). However, that work only focused on the overall sample properties
without focusing on individual systems. Moreover, it did not include details on the
radio and X-ray data analysis, which are presented in the current paper. To the
comparison literature sample, we have also added the recently published observations
of two weakly-magnetised neutron stars: IGR J16597-3704 (Tetarenko et al. 2018a)
and IGR J17591-2342 (Russell et al. 2018; Gusinskaia et al. 2020b), for the latter
assuming the 7.6 kpc reported by Kuiper et al. (2020). Given the novelty of radio
detections of the strongly-magnetised neutron stars, in the studied sample we include
the few recently published observations of such sources: the radio detections of GX
1+4 (van den Eijnden et al. 2018a) and Her X-1 (van den Eijnden et al. 2018b), where
a jet origin of the radio emission was not confirmed, and the multi-epoch monitoring
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of Swift J0243.6+6124 (van den Eijnden et al. 2019a).
An overview of all sources, divided based on neutron star magnetic field, is shown
in Tables 11.1 and 11.2. These sources cover different, and overlapping, source classes:
the thirteen weakly-magnetised neutron stars include (i) atolls; (ii) accreting millisecond X-ray pulsars or AMXPs, hosting a neutron star whose X-ray pulsations reveal
a spin of several hundreds of Hz (Patruno et al. 2017); (iii) ultra-compact X-ray
binaries or UCXBs, systems with an orbital period less than one hour; and (iv) veryfaint X-ray binaries or VFXBs, where the neutron star persistently accretes below
36
∼ 10 erg/s (Wijnands & Degenaar 2016). In the VFXB category, we include the
quasi-persistent source XMMU J174716.1-281048, that was likely continuously active
between 2003 and 2011 (see e.g. Degenaar et al. 2011) but was not detected in X-rays
during the 2014 radio observations reported in this work. These four source classes
combined tackle different, relatively unexplored science cases: the jet properties of
neutron star LMXBs that are persistently accreting (i and iii), are in the soft state
(i), or are X-ray faint (ii, iii, and iv).
The strongly-magnetised neutron stars (Table 11.2) include one candidate and two
confirmed symbiotic X-ray binaries, where the neutron star accretes from the stellar
wind of an evolved low-mass donor in a wide orbit; three LMXBs (of which one is a
UCXB); one intermediate-mass X-ray binary (IMXB); and sixteen HMXBs. Based on
the donor type, the latter are categorised either as Be/X-ray binaries, i.e. BeXRBs, or
as Super-giant X-ray binaries, i.e. SgXBs. For an overview of the differences between
these sources classes, see Reig (2011). Finally, 3A 1239-599 is simply denoted as
HMXB as it is unknown in what subcategory it falls. The sources in this class were
mainly targeted to study the poorly-understood jet properties of strongly-magnetised
neutron stars and explore the effect of other radio emission mechanisms, such as their
stellar winds. The four new BeXRBs (i.e. all but Swift J0243.6+6124) were targeted
specifically to probe their radio properties at very low accretion rates, close to or in
their propeller regimes.
The latter class also includes GRO J1744-28, known as the Bursting Pulsar: a
LMXB where the neutron star has an intermediate spin frequency of 2.1 Hz (Cui
1997). With its intermediate spin frequency, it does not fall clearly into either two
source categories. Its magnetic field is lower than typically seen in strongly-magnetised
12
systems (e.g. B ≥ 10 G): using different methods, it has been claimed to lie be10
11
tween 2 × 10 and 7 × 10 G (Cui 1997; Rappaport & Joss 1997; Bildsten et al.
1997; Degenaar et al. 2014; Younes et al. 2015). For this paper, we include it in
the strong-magnetic field class, although ultimately, this classification does not affect our conclusions significantly: as shown by the preliminary results published by
Russell et al. (2017), the Bursting Pulsar is not detected in radio, with a relatively
unconstraining upper limit due its proximity to the Galactic centre.
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2.2

Overview of radio data analysis

The radio observations of our neutron star sample were performed with the Karl G.
Jansky Very Large Array (hereafter VLA) for sources with declinations above ∼ −40°
and the Australia Telescope Compact Array (ATCA) for Southern targets (negative
declinations). ATCA was in the most extended 6-km configurations during all campaigns, while the VLA changed configuration between observations. All raw data
sets are publicly available under VLA programme codes 13A-352, 14A-163, 17B-136,
17B-406, 17B-420, SD0134, 18A-456, and 18B-104, and ATCA programmes C3108,
C3184, C3243, and CX379 (see Appendix A).
To flag, calibrate, and image the observations, we used the Common Astronomy
Software Application (casa; McMullin et al. 2007) package v4.7.2. We removed
RFI using a combination of automatic flagging routines and visual inspection. We
performed imaging using the multi-scale multi-frequency clean task, with a robust
parameter adjusted to the target field in order to balance sensitivity and confusion.
We then fitted an elliptical Gaussian with Full-Width Half Maxima equal to the
beam size of the observation using the casa-task imfit. We measured the RMS over
a nearby region devoid of sources in case the target was detected, or over the target
region for a non-detection. In the latter case, we set the 3σ upper limit to three times
this RMS measurement. Target-specific details, such as VLA configuration, primary
and secondary calibrator, and beamsizes, are listed per source in Appendix A).
For several neutron stars, the radio observations were taken at two frequencies
(quasi-)simultaneously. In those cases, we calculated the radio spectral index α,
α
where Sν ∝ ν , between the two bands. The error on α is estimated through a propagation of the uncertainties on the radio flux densities measured at each frequency,
using Monte-Carlo simulations. In case radio emission is detected in only the lower
frequency band (2 sources), we follow the Monte-Carlo approach of van den Eijnden
et al. (2019a) to estimate an upper limit on the spectral index. For those sources, we
show the diagnostic figures of this method in Appendix D. In this work, we will refer
to negative and positive spectral indices as steep and inverted spectra, respectively.

2.3

Overview of X-ray data analysis

We measured unabsorbed X-ray fluxes of our targets using pointed observations of
the Neil Gehrels Swift Observatory (Swift Gehrels et al. 2004) or monitoring observations with the Monitor of All-Sky X-ray Image (MAXI Matsuoka et al. 2009).
Details about the X-ray analysis per source, such as observations used and spectral
fit parameters, can be found in Appendix B. We aimed to use observations taken on
the same day as the radio observation; in the cases where such observations did not
exist, we used the closest X-ray observation in time. In those cases, we used longerterm X-ray monitoring and typical time-scales of state changes, to check whether the
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source was expected to have significantly changed state or X-ray flux around the radio
observation. We preferentially used pointed Swift observations, either measuring the
flux directly from the spectrum, or for very faint sources converting the count rate or
count rate upper limit into the flux. When no pointed observations were available, we
measured the flux from the (multi-day) MAXI spectrum or converted the detected
MAXI count rate into a flux. For all sources that are systematically undetected in
MAXI, we ensured that Swift observations were performed.
In order to convert either Swift or MAXI count rates into unabsorbed fluxes, we
3
used the webpimms tool . When the source was in a state with a typical and known
X-ray spectrum, we used the literature to model the spectrum used in the count
rate conversion. Otherwise, we used the Crab conversion following the NuSTAR
measurement of the Crab spectrum in Madsen et al. (2017).
All measured fluxes were calculated in the 0.5–10 keV range; while differences exist
in the morphology and therefore structure of the X-ray spectrum between LMXBs
and HMXBs, we used the same energy band to enable direct comparison between the
source classes and with the literature. We fitted X-ray spectra using xspec v.12.10.1
(Arnaud 1996), setting the ISM abundances and cross-sections to Wilms et al. (2000)
and Verner et al. (1996), respectively. As some spectra contain few counts, we used
C-statistics to find the best fit. All spectra were modelled by interstellar absorption
(tbabs) combined with either a power law (powerlaw) or blackbody (blackbody)
model, or their sum. We used an f-test and fit statistics to determine the best fitting
model, and subsequently measured the flux and its uncertainty using the convolution
model cflux. While this approach is phenomenological, it suffices to measure the
X-ray flux even for observations with low numbers of total counts.
For two radio observations, no X-ray information from either monitoring or pointed
observations was available sufficiently close in time, compared to the source’s typical
time scale of variability and state transitions. These observations were the second
radio observation of GX 1+4 and the second radio observation of 4U 1954+31. The
former was detected in radio during this epoch, while the latter was not. Given
the lack of X-ray data, we do not include these observations in the X-ray – radio
luminosity diagrams later in this paper.

3

Results

We list all sources, radio flux densities and X-ray fluxes in Tables 11.1 (the 13 weaklymagnetised sources) and 11.2 (the 23 strongly-magnetised sources). Out of the weaklymagnetised category, a radio counterpart is detected for four targets: the persistent
atolls GX 3+1, GS 1826-24, and 4U 1702-429, and the AMXP IGR J17379-3747.
None of these sources were priorly detected in the radio band. From the 23 strongly3

https://heasarc.gsfc.nasa.gov/cgi-bin/Tools/w3pimms/w3pimms.pl
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Figure 11.1: The X-ray – radio luminosity plane for X-ray binaries. Archival observations of black
holes are shown as the grey crosses, while those of weakly-magnetised neutron stars are shown in
black circles. The observations presented in this work are shown in blue (weakly-magnetised) and
red (strongly-magnetised). Apart from GX 1+4 and Her X-1, we do not show previous observations
of strongly-magnetised neutron stars, as these are all upper limits at typically unconstraining levels
(although we discuss several exceptions in Section 5.3). Radio luminosities have been converted to
6 GHz, using a measured spectral index if available or assuming a flat spectrum otherwise.

magnetised neutron stars, nine sources are detected: the symbiotic X-ray binaries GX
1+4 and 4U 1954+31, the intermediate-mass X-ray binary Her X-1, the Supergiant
X-ray binaries 1E 1145.1-6141, 4U 1700-37, Vela X-1, IGR J16318-4848 and IGR
J16320-4751, and the Be/X-ray binary Swift J0243.6+6124. The radio dectection of
the latter and Her X-1 were already reported (van den Eijnden et al. 2018b,c) but we
include these as they were not compared with a larger sample of strongly-magnetised
neutron stars yet. GX 1+4 was also detected before (van den Eijnden et al. 2018a),
but here we add three more detections in new observations at different observing
frequencies.
In Figure 11.1, we show the X-ray – radio luminosity plane for black hole and
neutron star X-ray binaries, in order to search for coupling between the X-ray emitting
accretion flow and radio-emitting jets. For now, we do not yet attempt to distinguish
between sources where the radio emission is clearly attributable to a jet, or other
processes might contribute; see Section 4 for an extensive discussion on this topic.
The newly added sources from our sample are shown per magnetic-field class as the
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blue (weak magnetic field) and red (strong magnetic field) data points. We compiled
the comparison sample originally for the statistical study in Gallo et al. (2018), and
complemented it by two neutron stars discovered since (see Section 2.1). We stress
that this comparison sample does not include soft state atolls, while our weaklymagnetised sample does. We plot the 6-GHz radio luminosity, which we calculated
by first estimating the 6-GHz flux density Sν using the spectral shape where known
2
or otherwise assuming a flat radio spectrum. Then we calculated LR = 4πνSν D ,
where ν = 6 GHz and D is the distance to the source. All X-ray luminosities LX are
2
calculated in a similar fashion in the 0.5-10 keV range using LX = 4πFX D , where
FX is the measured, unobscured X-ray flux.
From Figure 11.1, it is immediately apparent that no neutron stars were detected
34
36
in radio below an X-ray luminosity of LX ≈ 7×10 erg/s. Reversely, above LX ≈ 10
erg/s, most of the radio observations of accreting neutron stars yield a detection at current sensitivities. As discussed in detail in Section 5.1, none of the strongly-magnetised
28
neutron stars reach above LR ≈ 3 × 10 erg/s, independent of the X-ray luminosity.
This faint apparent maximum radio luminosity explains why these sources remained
undetected in previous observing campaigns at lower radio sensitivity (Duldig et al.
1979; Nelson & Spencer 1988; Fender & Hendry 2000).
In Figure 11.2, we again show the X-ray – radio luminosity plane, however now
we individually label each source in our sample. Filled markers correspond to stronglymagnetised sources, while open markers show weakly-magnetised neutron stars. Showing individual sources reveals how the strongly-magnetised sample is dominated,
37
especially above LX ≈ 2 × 10 erg/s (∼ 10% Ledd for a neutron star), by Swift
J0243.6+6124: the only transient HMXB in our sample and therefore the only HMXB
with radio coverage across multiple orders of magnitude in X-ray luminosity (van den
Eijnden et al. 2019a). At the faint X-ray luminosity end of the diagram, it is clear
that none of the four VFXBs (1RXH J173523.7-453013, AX J1754.2-2754, XMMU
J174716.1-281048, and IGR J17062-6143) and the four faint BeXRBs (V*V490 Cep,
MXB 0656-072, SAX J2239.3+6116, V0332+53) were detected in radio, despite deep
VLA observations. Similarly, none of the UCXBs in our sample (2S 0918-549, 4U
1246-588, 4U 1626-67, and, again, IGR J17062-6143) were detected at radio frequencies, independent of their magnetic fields.
In the large sample of sources in Figure 11.2, two subtle points are easily missed.
Therefore, we point them out here: firstly, two strongly-magnetised neutron stars, the
SyXRB 4U 1954+31 and the HMXB IGR J16318-4848, were only detected in radio
and not in X-rays. Secondly, we plot the detected X-ray luminosity of 2A 1822-371;
however, this source is likely viewed at high inclinations and therefore likely has an
obscured inner flow with an intrinsic X-ray luminosity exceeding the Eddington limit
38
(Burderi et al. 2010; Bak Nielsen et al. 2017), which would move it to LX ≥ 2 × 10
erg/s.
As noted before, the strongly-magnetised neutron stars do not show radio lumi-
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Figure 11.2: The same as Figure 11.1, now labelling individual sources in our sample. Filled
markers indicate strongly-magnetised neutron star, while the open ones show weakly-magnetised
sources.
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Figure 11.3: Histograms of the radio (left) and X-ray (right) luminosity for the full (archival
plus this work) samples of black hole, weakly-magnetised, and strongly-magnetised X-ray binaries.
Coloring is black, blue, and red, respectively, following Figure 11.1. We only show detected sources
and do not take upper limit into account. The histograms are normalised by their peak values to
ease comparison of their shapes.
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nosities above ∼ 3 × 10 erg/s. To compare this limiting radio luminosity to the
other neutron stars and black holes, we show a normalised histogram of the radio
luminosities of detected X-ray binaries in Figure 11.3 (left panel). We do not make
any selections in X-ray luminosity. From the radio luminosity histogram it is clear
that, as has been noticed several times in the literature, neutron stars are in general
radio fainter than accreting black holes (Fender & Kuulkers 2001; Migliari & Fender
2006; Gallo et al. 2018). However, we can also see that strongly-magnetised neutron
stars are systematically radio fainter than weakly-magnetised neutron stars.
We note that a bias can be introduced by differences in the X-ray luminosity
distribution, as the three different source classes might be dominated by different
X-ray luminosities, translating in different dominant radio luminosities if a coupling
exists between both (see e.g. Gallo et al. 2018, for a detailed discussion). To assess this effect, we also show the X-ray luminosity histograms of each source class
in the right panel. While there are differences in the distributions, these are minor
compared to the differences in radio luminosity. In fact, the only major difference
is the peak at super-Eddington X-ray luminosities for strongly-magnetised sources,
attributable completely to Swift J0243.6+6124. However, this difference only emphasises the striking faintness of strongly-magnetised neutron stars: if a black hole-like
coupling between X-ray and radio luminosity would exist for these sources, without
an apparent maximum radio luminosity, this super-Eddington peak in X-rays would
shift the entire radio luminosity distribution of strongly-magnetised sources to higher
values. In other words, the strongly-magnetic neutron stars are radio faint, despite
the relative peak due to Swift J0243.6+6124 at bright X-ray luminosities.
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GX 9+9
GX 9+1
GX 3+1
GS 1826-24

Source
type
Atoll (s)
Atoll (s)
Atoll (s)
Atoll (h)

4U 1702-429

Atoll (s)

4U 1735-44

Atoll (h)

2S 0918-549

UCXB

4U 1246-588

UCXB

IGR J17062-6143
XMMU J174716.1
1RXH J173523.7
AX J1754.2-2754

UCXB*
VFXB
VFXB
VFXB

Source name

Radio
freq. [GHz]
9.0
9.0
9.0
9.0
5.5
9.0
5.5
9.0
5.5
9.0
5.5
9.0
5.5+9
10
10
10

Radio flux
density [µJy]
< 16.5
< 10.5
26.6 ± 5.1
63.7 ± 3.7
161 ± 9.5
110 ± 9.5
< 30
< 28.5
< 20
< 20
< 21
< 24
< 30
< 8.4
< 2.6
< 4.0

Spectral
index α

−0.8 ± 0.3

X-ray flux
2
[erg/s/cm ]
−8
(1.0 ± 0.1) × 10
−8
(6.6 ± 0.7) × 10
−8
(1.0 ± 0.1) × 10
−9
(2.0 ± 0.2) × 10

X-ray
sat.
MAXI
MAXI
MAXI
MAXI

distance
[kpc]
a
5.0
b
5.0
c
6.1
d
5.0

Swift

5.4

(5.9 ± 0.2) × 10

−9

MAXI

8.5

(3.0 ± 0.1) × 10

−10

Swift

5.4

(3.8 ± 0.1) × 10

−10

Swift

4.3

(6.3 ± 0.5) × 10
−11
< 1.2 × 10
−12
(3.7 ± 0.4) × 10
−12
(2.6 ± 0.3) × 10

Swift
Swift
Swift
Swift

7.3
j
8.4
k
9.5
l
9.2

(3.94 ± 0.02) × 10

−9

−11

e

f

g

h
i
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Table 11.1: Radio and X-ray observations of 13 weakly-magnetised accreting neutron stars. For source type acronyms, see Section 2.1 – hard (h)
and soft (s) for atolls refer to their state during the radio observation. XMMU J174716.1 is short for XMMU J174716.1-281048, 1RXH J173523.7
for 1RXH J173523.7-354013. *IGR J17062-6143 is also an AMXP and VFXB. Upper limits in radio are listed at the 3σ level, while X-ray upper
limits are shown at the 90% level. All other uncertainties are 1σ. The X-ray fluxes are unabsorbed fluxes in the 0.5–10 keV band. Distance
a
b
c
references: poorly constrained, see Savolainen et al. (2009), poorly constrained, see van den Berg & Homan (2017), van den Berg et al. (2014),
d
e
f
g
h
i
Thompson et al. (2005), Iaria et al. (2016), Galloway et al. (2008), in’t Zand et al. (2005), in’t Zand et al. (2008), Keek et al. (2017),
j
k
l
m
Degenaar et al. (2011), Degenaar et al. (2010), Chelovekov & Grebenev (2007), Chelovekov et al. (2006).

Continuation of Table 11.1.
Source
Source name
type
1
2
IGR J17379-3747

AMXP

3
4
5
6
7

Radio
freq. [GHz]
4.5
7.5
4.5
7.5
4.5+7.5
4.5+7.5
4.5+7.5
4.5+7.5
4.5+7.5

Radio flux
density [µJy]
431 ± 7.0
422 ± 7.0
87 ± 11
92 ± 9
< 14
< 14
< 21
< 22
< 24

Spectral
index α

X-ray flux
2
[erg/s/cm ]

X-ray
sat.

−0.04 ± 0.05

(2.1 ± 0.1) × 10

−10

Swift

0.1 ± 0.4

(8.5 ± 0.7) × 10

−11

Swift

(3 ± 1) × 10
−11
(3.9 ± 0.3) × 10
−12
(3 ± 1) × 10
−13
(8.8 ± 4.4) × 10
−12
(2.2 ± 1.1) × 10

Swift
Swift
Swift
Swift
Swift

−12

distance
[kpc]

m

8.0
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Source name

Source type
1
2

GX 1+4

SyXRB

3
4

4U 1954+31
J181923.7

SyXRB
SyXRB
candidate

2A 1822-371

LMXB

4U 1626-67

LMXB

Her X-1

IMXB

1E1145.1-6141

SgXB

1
2

Radio
freq. [GHz]
10
4.5
7.5
4.5
7.5
4.5
7.5
4.5+7.5
4.5+7.5
5.5
9
5.5
9
5.5
9
9
5.5
9

Radio flux
density [µJy]
105.3 ± 7.3
37 ± 15
59 ± 9
69 ± 11
50 ± 8
64 ± 8
70 ± 8
21.2 ± 4.8
< 19.0
< 36
< 180
< 33
< 30
< 21
< 22
38.7 ± 4.8
56.6 ± 11
< 31.5

Spectral
index α
−0.7 ± 3.3

X-ray flux
2
[erg/s/cm ]
−10
(4.6 ± 0.6) × 10

0.9 ± 0.8

–

X-ray
method

distance
[kpc]

MAXI
–
a

−0.6 ± 0.6

(4.3 ± 0.7) × 10

MAXI

0.2 ± 0.4

(3.0 ± 0.6) × 10

MAXI

–
–

(1.9 ± 0.1) × 10
–

−10

–

(4.7 ± 0.8) × 10

−12

–

(7 ± 1) × 10

–

(6.3 ± 0.5) × 10

−0.7 ± 5.3

∼ 3 × 10

< 0.38

(4.5 ± 0.5) × 10

−10

−10

−10

−10

−9
−10

4.3

Swift
–

1.7

Swift

(8 )

MAXI

2.5

MAXI

8

MAXI

6.1

MAXI

8

b

c

d

e
f

g
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Table 11.2: Radio and X-ray observations of 23 strongly-magnetised accreting neutron stars. For column definitions, see Table 11.1. Data for
Swift J0243.6+6124 is found in Chapters 8 and 9. 3A 1239-599, with source type denoted with *, has not been identified as either SgXB or BeXRB.
The X-ray flux of Her X-1 is not measured directly, see Van den Eijnden et al. (2018). The X-ray fluxes are unabsorbed fluxes in the 0.5–10
a
b
c
d
e
keV band. Distance references: Hinkle et al. (2006), Masetti et al. (2006), Qiu et al. (2017), Mason & Cordova (1982), Chakrabarty (1998),
e
g
h
i
Leahy & Abdallah (2014), Ilovaisky et al. (1982), Krzeminski (1974), Fender & Hendry (2000); note that this distance is poorly constrained
j
k
l
m
and might be up to 20 kpc, Chakrabarty et al. (2002), Reynolds et al. (1992), Giménez-García et al. (2015), Bonnet-Bidaud & Mouchet (1998),
n
o
p
q
McBride et al. (2006), in’t Zand et al. (2000), Negueruela et al. (1999), Court et al. (2018). J181923.7 is short for 3XMM J181923.7-170616.

Continuation of Table 11.2
SgXB

3A 1239-599

HMXB*

OAO 1657-41

SgXB

4U 1538-522

SgXB

4U 1700-37

SgXB

EXO 1722-363

SgXB

Vela X-1

SgXB

IGR J16207-5129

SgXB

IGR J16318-4848

SgXB

IGR J16320-4751

SgXB

V*V490 Cep
MXB 0656-072
SAX J2239.3+6116
V 0332+53

BeXRB
BeXRB
BeXRB
BeXRB

GRO J1744-28

LMXB

1
2

5.5
9
5.5
9
5.5
9
5.5
9
5.5
9
5.5
9
5.5
9
5.5
9
5.5
9
5.5
9
10
10
10
10
5.5+9
5.5+9

< 42
< 48
< 27
< 27
< 42
< 30
< 36
< 30
484 ± 13
551 ± 9
< 54
< 45
92.4 ± 10.5
121.7 ± 10.0
< 39
< 33
239 ± 13
404 ± 13
59 ± 13
< 37.5
< 12
< 11
< 18
< 15
< 30
< 24

–

(2.1 ± 0.3) × 10

–

< 8.2 × 10

–

(4.7 ± 0.2) × 10

–

< 8 × 10

0.46 ± 0.16

(5.3 ± 0.1) × 10

–

< 3 × 10

0.56 ± 0.36

(1.2 ± 0.3) × 10

–
1.06 ± 0.35

< 3.2 × 10

< 1.0
–
–
–
–

h

MAXI

8

Swift

4

MAXI

6.4

MAXI

6.4

Swift

2.12

Swift

8

−9

MAXI

1.9

(9.9 ± 1.5) × 10

−12

Swift

6.1

−11

Swift

3.6

(1.1 ± 0.1) × 10

−10

Swift

3.5

(1.3 ± 0.5) × 10
−12
(1.9 ± 0.6) × 10
−12
< 1.4 × 10
−11
< 1 × 10
−10
(3.0 ± 0.1) × 10
−12
(1.2 ± 0.5) × 10

Swift
Swift
Swift
Swift
Swift
Swift

3.8
n
3.9
o
4.4
p
7

−10

−13

−9

−10

−9

−12

−11

i

j

k

l

l

l

l

l

l

m

q
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4

4.1

The origin of radio emission from accreting neutron stars
Low-mass versus high-mass X-ray binaries

Radio emission observed in Roche-lobe overflowing LMXBs – whether the primary is a
black hole or a weakly-magnetised neutron star – is typically attributed to synchrotron
processes in a relativistic jet (e.g Fender et al. 2004; Migliari & Fender 2006; Gallo
et al. 2018). Our samples of weakly and strongly-magnetised neutron stars contain
16 LMXBs: all weakly-magnetised neutron stars, plus the slow pulsars 2A 1822-371,
4U 1626-67, and GRO J1744-28 (here, we ignore the SyXRBs, which have a low-mass
donor but do not accrete through Roche-lobe overflow; see Section 4.2). Out of these
sixteen, four sources are detected (e.g. Table 11.1): the Atolls GX 3+1, GS 182624, and 4U 1702-429, and the AMXP IGR J17379-3747. Their radio spectral shapes
and positions on the X-ray – radio luminosity diagram fit with a jet identification
for accreting neutron stars, being consistent with the larger sample of sources in the
literature (Russell et al. 2013; Gallo et al. 2018). In the undetected sources, the
non-detections can typically attributed to either their spectral state or faint X-ray
luminosity. For a detailed discussion, we refer the reader to Section 5.3, where we will
comment on individual (detected and undetected) sources.
The identification of the radio emission origin is less straightforward for highmass and symbiotic X-ray binaries. As alluded to in the introduction, these sources
are more complicated for two reasons: firstly, their donors launch stellar winds that
could contribute to the detected radio flux. Secondly, the jet properties of stronglymagnetised neutron stars are more poorly explored and therefore existing literature
offers few comparison studies. In the remainder of this section, we will review five
options for the origin of the radio emission: emission from the donor star itself,
emission from stellar winds and their interaction with other components of the binary
system, emission from a slow, wide-opened outflow from a propeller-type mechanism,
and relativistic jets.
Two options can be excluded directly. While stars do emit in the radio band, their
emission is far too faint to be detected at the distances of our sources with current
(or even near-future) sensitivities: stars themselves (not including their stellar winds)
19
20
emit up to maximally ∼ 10 –10 erg/s in the radio (Güdel 2002; Kurapati et al.
2017). Secondly, a wide-opened, slow gas outflow driven by a magnetic propeller-type
mechanism, as for instance seen in simulations of accretion onto magnetised (neutron)
stars by Romanova et al. (2009) and Parfrey et al. (2017), is similarly unlikely: as
discussed also in Section 5.2, none of our radio-detected targets resided in the propeller
regime during the observations.
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4.2

Winds from massive donor stars and their interactions?

Stellar winds and their emission properties have been studied extensively for both
single and binary stars in the past decades (see e.g. Lamers 1998a,b; Güdel 2002; van
Loo 2007, and references therein). Through radio and IR observations, fundamental
wind properties such as mass loss rate and terminal velocity can be inferred, probing
stellar feedback and the effect on stellar evolution. Here, we will first briefly review
theoretical and observational properties of stellar winds, before comparing to our
observations.
Wind radio emission is typically attributed to one of two emission processes: either
thermal Bremsstrahlung emission from the ionised gas in the wind, or non-thermal
emission from shocks in the outer wind. As shown by Wright & Barlow (1975), the
thermal emission is expected to have a positive (α ≈ 0.6) radio spectral index, which is
indeed often observed in isolated O stars (van Loo 2007). Non-thermal shocks locally
create steep spectra, i.e. with negative spectral indices α. But, taking into account
that the shocks weaken as they move out and peak at lower frequencies as they move
further from the star, their cumulative spectrum for single stars also has a positive
spectral index (Dougherty & Williams 2000; van Loo 2007).
Negative spectral indices have been measured in several stellar winds from highmass stars, however. In those cases, it is thought that these systems are (massive)
binary systems, and the shock between the two stellar winds (that does not move
outwards as it would for a single star) is observed (Moran et al. 1989; Churchwell
et al. 1992; Dougherty et al. 1996; Dougherty & Williams 2000; Williams et al. 1997;
Chapman et al. 1999; Contreras et al. 1997). At the most extreme end, where both
stars are early-type / Wolf-Rayet stars with strong winds, these sources are observed
as colliding wind binaries, which are known sources of X-ray and non-thermal radio
emission (e.g. Dubus 2013).
For thermal wind emission, the expected radio flux densities can be estimated
using the formalism derived by Wright & Barlow (1975). Based on the observing
frequency ν, electron temperature Te , wind mass loss rate, the mean atomic weight
per electron µe and the terminal wind velocity v∞ , and distance D, we can estimate
the flux density as:
0.6
ν
Te 0.1
Ṁ
) ( 4 ) ( −6
Sν = 200 (
)
5.5GHz
10 K
10 M⊙ /yr

4/3

(

−4/3
µe v∞
D −2
)
(
) µJy
5kpc
100km s−1

(11.1)
4

5

The brightness temperature of these thermal winds is typically 10 -10 K (Longair
1992); however, even with VLBI-like resolution, none of the targeted HMXBs are
bright enough to reject the thermal wind hypothesis based on a minimum brightness
temperature argument (see also Section 6). For the non-thermal, shocked emission,
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the brightness is more difficult to predict, but observational constraints exist.
Such observational constraints on the radio emission of stellar winds (in single
and binary stars) have been obtained through many studies. For our comparison,
the most relevant are the studies of OB supergiants. The most constraining and sensitive study of this kind was recently performed with ATCA and ALMA, observing
the stellar cluster Westerlund 1 (Fenech et al. 2018; Andrews et al. 2019). Located
at approximately 5 kpc (Clark et al. 2019), it hosts at least 100 OB supergiants
(Negueruela et al. 2010). However, at current sensitivities, only seven of those stars
(i.e. at most a few percent) are detected in radio. Combining the ATCA and ALMA
observations reveals that all radio detected OB supergiants have steep spectra, indicating that these are likely binary star systems (Andrews et al. 2019). Therefore,
Andrews et al. (2019) state that at current sensitivities, they ‘would not expect to
detect any emission from purely thermal stellar wind emitters in radio’. Importantly,
these results imply that the radio emission from single OB supergiants is difficult
to detect and might be overpredicted by, for instance, the Wright & Barlow (1975)
formalism.
The studies of Westerlund 1, and in fact all radio studies on massive stars in the
literature, focus on single and binary stars. Similarly, the Wright & Barlow (1975)
model was not developed for massive stars in X-ray binaries, with an additional X-ray
flux interacting with the star. However, the picture painted by the comparison between Westerlund 1 and the model predictions, fits with our results on OB supergiants
with a neutron star companion. Out of the non-detected HMXB, four sources (Cen
X-3, 3A 1239-599, OAO 1657-41, IGR J16207-5129) should have been detected given
the ATCA sensitivity, stellar wind properties, distance, and equations for thermal
wind radio emission. A fifth source, EXO 1722-363, would be around the detection
limit, while the remaining non-detected SgXBs are too distant for the wind to be detected. The non-detection of the five named sources above supports the notion that
OB supergiants are radio fainter than simply estimated and challenging to detect in
radio, unless they are in stellar (not X-ray) binary systems.
The apparent theoretical over-prediction of the radio flux density for the single
stars in Westerlund 1 could be the effect of incomplete ionisation: in single stars,
not all of the lost mass is necessarily ionised. In the X-ray binary estimates above,
however, we assumed that the literature mass loss rate corresponds fully to ionised
material. Comparing the radio non-detected with detected HMXBs in our sample, we
do not find a systematic difference in X-ray luminosity or orbital period; therefore,
we do not necessarily expect a systematic difference in the degree of X-ray ionisation
of the wind. Hence, we expect that if a partial ionisation of the wind explains the
radio non-detections, this possibility would also exist for the radio-detected systems
discussed below.
In our sample, five Supergiant X-ray binaries are detected with ATCA. For three
of those sources (1E 1145.1-6141, 4U 1700-37, IGR J16318-4848), their donor (wind)
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properties predict a radio flux density substantially below the detected levels, assuming the wind is fully ionised. Also, only IGR J16318-4848 has a spectral shape that
would be consistent with such stellar wind emission (α = 1.06 ± 0.35). For the fourth,
IGR J16320-4751, no wind characteristics are known, preventing a flux density estimate. Only for Vela X-1, both the flux density estimates and spectral index fit
with the Wright & Barlow (1975) description. Therefore, we conclude that for Vela
X-1, the stellar wind might have a substantial contribution to the observed emission
(again with the caveat that thermal winds appear difficult to detect for OB supergiants), while it likely contributes little in the other detected sources. All details on
these estimates can be found in Appendix C.
Could the stellar wind interact with the pulsar wind? It is commonly assumed
that, in accreting systems, the radio pulsar mechanism is suppressed as the magnetosphere is filled with ionised material, implying that no pulsar wind is launched.
However, with that in mind, we can briefly compare the radio properties of the
strongly-magnetised sources in our sample with the known types of systems where
the pulsar and stellar wind interact. For instance, shocks between the stellar and
pulsar winds, similar to those in stellar binaries resulting in negative spectral indices
in the wind radio emission, can occur in binary systems where no accretion takes
place. In such systems, this shock creates non-thermal emission that dominates the
spectrum from radio to gamma-rays (Dubus 2013). As the spectral energy distribution of these systems peaks above 1 MeV, they are referred to as γ-ray binaries. Only
a small number of γ-ray binaries is known to date (Paredes & Bordas 2019; Corbet
et al. 2019). None of our detected sources are γ-ray binary candidates; indeed, the
typical radio luminosity of these systems is ∼two orders of magnitude larger (see e.g.
Dubus 2013) than the apparent maximum radio luminosity of neutron star HMXB of
28
∼ 3 × 10 erg/s we find in our results.
γ-ray binaries are one example of shock interaction between the pulsar wind and
surrounding material; similar shocks can be seen in pulsar wind nebulae (PWNe):
systems where the pulsar wind of an isolated neutron star interacts with surrounding supernova matter or the interstellar medium. The magnetic wind of relativistic
electrons and positrons can carry away the majority of energy lost in the spin down
of the pulsar (Rees & Gunn 1974; Michel 1982; Kennel & Coroniti 1984). The shock
can be detected through radio synchrotron emission as the electrons gyrate around
the magnetic field lines. If we again ignore, for the sake of the comparison, the common assumption that accreting neutron stars do not launch a pulsar wind, we can
ask the following question: could a similar interaction be at play in HMXBs – creating a dialed-up version of a PWN, or a dialed-down version of the extreme γ-ray
binaries – to explain our radio detections? The most quantitative constraints follow
from the radio spectral shape. PWNe typically show power-law radio spectra with
an index α ≈ −0.3 (Weiler & Panagia 1978; Gaensler et al. 2000). The best spectral
constraints in our sample of HMXBs (i.e. Vela X-1, 4U 1700-37, IGR J16318-4848)
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show α > 0 instead. The radio luminosity of the shock is challenging to constrain: the
28
39
spin down energy of the isolated pulsar population spans a wide range (e.g. 10 –10
erg/s; Gaensler et al. 2000), while the fraction transferred into radio emission can
vary between PWNe. In accreting strongly-magnetised neutron stars, the pulse frequency evolution is regulated by the interactions with the accretion flow. Therefore,
a measurement of the spin period and its derivative do not translate into a spin down
energy estimate, as it does for isolated pulsars. Also, we stress that this comparison
only holds if accreting neutron stars do launch pulsar winds.
That leaves four detected, strongly-magnetised sources that we have not yet discussed in this context; for Swift J0243.6+6124, a wind was excluded in van den
Eijnden et al. (2018c, 2019a), based on its luminosity, spectral change, and variations
in those two properties throughout the source’s giant outburst in 2017/2018. Secondly, Her X-1 has an intermediate-mass, Roche-lobe overflowing donor, which does
not launch strong stellar winds. Therefore, it is unlikely that the radio emission in
this system is attributable to such a mechanism. Finally, we observed and detected
two SyXRBs, where the neutron star accretes from the stellar wind of an evolved
low-mass donor. Given the different wind properties of these sources compared to
HMXBs, we separetely review them in Secion 4.4.

4.3

Jets from strongly-magnetised neutron stars?

Relativistic jets, as observed in weakly-magnetised neutron star and black hole X-ray
binaries, emit radio emission through synchrotron processes. Given the broad range
of observed spectral and brightness properties of jets in X-ray binaries, those observations pose few stringent constraints on what the emission can look like. However,
we can make the comparison with these properties. Depending on the type of jet,
this emission is either optically thick (α ≥ 0) or thin (α < 0, typically α ≈ −0.7;
Fender et al. 2004; Russell et al. 2013) for a compact, steady jet or discrete ejecta,
respectively. In terms of the observed spectrum, the detected strongly-magnetised
neutron stars fit within the expectation for a compact jet. However, with the wide
range of indices possibly generated by jet synchrotron processes, this hardly implies
the emission necessarily originates from a jet.
Secondly, we can consider the observed radio luminosity, given the X-ray luminosity. No unique prediction, from neither theory or observations, exists for the radio
luminosity based on source state, mass accretion rate, or X-ray luminosity. However, it
is known observationally that weakly-magnetised neutron star X-ray binaries are typically substantially radio fainter than accreting black holes (Fender & Kuulkers 2001;
Migliari & Fender 2006; Gallo et al. 2018). All radio-detected, strongly-magnetised
neutron stars are radio-fainter than the black hole tracks in the X-ray - radio luminosity plane, fitting with our expectations for relativistic jets.
In this comparison with other source classes from a jet perspective, we can also
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briefly compare the strongly-magnetised neutron stars with accreting white dwarfs:
while these systems are far apart in their fundamental physical properties – i.e. mag12
netic field, accretor size – they share an important property: a 10 G, 1.4 M⊙
36
neutron star, accreting from a disc at LX ≈ 10 erg/s, has a magnetospheric radius
3
of Rm ∼ 6600 km (3.2 × 10 gravitational radii), comparable to the typical size of a
white dwarf. Therefore, jet formation mechanisms at play in the accretion discs of accreting white dwarfs, might play a role beyond Rm in the disc of strongly-magnetised
neutron stars as well.
What types of accreting white dwarfs launch jets? Similar to strongly-magnetised
neutron stars, accreting white dwarfs were long thought not to launch jets (Livio
1997, 1999). However, radio observations of SS Cyg in the past decade reveal a jet
launched by this famous accreting white dwarf, whose magnetic field is weak enough
that the accretion flow extends to its surface (Körding et al. 2008; Russell et al. 2016;
Fender et al. 2019). SS Cyg is an example of a non-magnetic Cataclysmic Variable
(CVs): a white dwarf accreting from a low-mass donor via Roche-lobe overflow. Subsequent observations of persistent (i.e. nova-likes) and transient CVs in outburst (i.e.
dwarf novae) mostly resulted in radio detections as well, consistent with jet emission
(Coppejans et al. 2015, 2016). However, in those systems, alternative mechanisms
could not ruled out as confidently as in SS Cyg. Therefore, while it appears that
non-magnetic CVs are capable of launching jets, the increase in detected sources has
introduced many remaining questions (Coppejans & Knigge 2020): a development
that repeats in this study of strongly-magnetised neutron stars. More strongly magnetised accreting white dwarfs, where the accretion flow is magnetically truncated
(i.e. intermediate polars and polars), have not been observed to launch jets.
Comparing these two source classes more quantitatively, one finds that the radio luminosities of non-magnetic CVs lie significantly below those reported here for
26
strongly-magnetised neutron stars: ≤ 4 × 10 erg/s (Coppejans et al. 2015, 2016;
27
28
Coppejans & Knigge 2020) versus ∼ 2 × 10 –3 × 10 erg/s, respectively. However,
33
the former are detected at lower X-ray luminosities as well (LX < 10 erg/s), due to
the smaller distances to the observed targets. To finish, we note that this comparison assumes the strongly-magnetised neutron star accretes from a disc – a separate
comparison with the wind-accreting white dwarfs in symbiotic stars is made below
(Section 4.4).
The recent radio campaigns on the 2017/2018 giant outburst of Swift J0243.6+6124
have demonstrated that strongly-magnetised neutron stars can launch jets (van den
Eijnden et al. 2018c, 2019a). Combined with the above issues of explaining the observed radio properties purely through stellar winds, we therefore deem it likely that
the radio emission observed from the neutron star HMXBs in our sample is dominated
by an origin in a relativistic jet, and will assume so in the following section of the
discussion. The exception to this interpretation is Vela X-1, which is the only source
where the stellar wind could theoretically fully explain the observed radio emission.
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We will also assume such a jet origin for the emission in Her X-1, although we stress
that the origin of its radio emission could not be unambiguously identified (van den
Eijnden et al. 2018b).

4.4

The case of symbiotic X-ray binaries

Finally, we turn to the SyXRBs. So far, all known SyXRBs (nine confirmed and
three candidate systems; e.g. Bahramian et al. 2014b, 2017; Qiu et al. 2017; Kennea
et al. 2017; Bozzo et al. 2018b) host a strongly-magnetised neutron star, making them
interesting analogues to (wide) wind-fed HMXB: within the wind capture radius, their
accretion flows and possible jets could be similar, while the donor wind itself can be
quite different. Particularly, the wind velocities of late-type giants are significantly
lower, at typically ∼ 100 km/s, while their mass loss rates tend to be lower and
−10
−5
span a larger possible range of ∼ 10 –10 M⊙ /yr (Espey & Crowley 2008; Enoto
et al. 2014). This combination of lower velocity, boosting possible thermal wind radio
emission, and wide range in mass loss rate, complicates the comparison of the jet and
wind scenario for the three SyXRBs in this study: GX 1+4, 4U 1954+31, and the
candidate 3XMM J181923.7-170616.
We detect two out of the three SyXRBs systems radio, namely GX 1+4 and 4U
1954+31. The former is detected during four epochs at levels between ∼ 40–100 µJy,
while the latter is detected in one of two observations at 21 ± 5 µJy. During its
second observation, no X-ray information was available, although it is likely that 4U
1954+31 remained in the same faint X-ray state as during the first observation. In
that scenario, the radio non-detection is likely due to a lower sensitivity during the
second observation (see also Appendix A). Finally, 3XMM J181923.7-170616 was not
detected, with a 3–σ upper limit of 36 µJy at 5.5 GHz.
The wind velocity in GX 1+4 is inferred to be ∼ 100 km/s (Chakrabarty et al.
1997; Hinkle et al. 2006), while no direct measurements are available for the other two
sources. Assuming all three have similar wind velocities, we can invert Equation 11.1
to estimate the required mass loss rates to explain their observed properties. This
−7
−8
yields Ṁwind ≈ (1.4–2.7) × 10 M⊙ /yr for GX 1+4, Ṁwind ≈ 1.1 × 10 M⊙ /yr for
−7
4U 1954+31, and Ṁwind ≤ 4.5 × 10 M⊙ /yr for 3XMM J181923.7-170616. All these
estimates are consistent with the large range observed for late-type giants. However,
via independent methods based on the donor star properties, van den Eijnden et al.
−8
(2018a) estimate an upper limit of Ṁwind ≤ 7 × 10 M⊙ /yr on the mass loss rate in
GX 1+4. While estimating wind mass loss rates is challenging, if true, that estimate
would rule out a wind origin of the radio emission of GX 1+4.
During the first, and likely during the second, radio observation, 4U 1954+31 was
in a faint state with a flux below ∼ 2 mCrab in Swift/BAT and MAXI monitoring.
This source shows X-ray variability on a wide range of time scales, from flares lasting
hundreds of seconds pointing to a very clumpy, inhomogeneous wind in density and
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ionisation, to slower variations on 200-400 day time scales (Masetti et al. 2007a; Enoto
et al. 2014). The origin of the latter, slow evolution is unknown, but its long time
scale makes it unlikely to be related to local inhomogeneities in the wind. Instead, it
might relate to more large-scale changes in wind velocity, mass loss rate, or ionisation,
due to the orbital phase or changes in the donor. In such a scenario, the low-flux state
where we caught 4U 1954+31 might result from lower ionisation or mass loss rate, or
high wind velocity. All three of those factors decrease the expected radio luminosity
of the wind.
No radio spectral information was available for 4U 1954+31 and 3XMM J181923.7170616, while it was for the final three observations of GX 1+4. Of those, the second
observation shows a spectral shape inconsistent with the expected thermal wind spectrum at 1σ (α = −0.6 ± 0.6), although the uncertainty is large and α varies by more
than 1σ between the observations.
We can also briefly compare the observed radio properties of the three SyXRBs
with a jet scenario. The measured spectral indices for GX 1+4 are consistent with a
synchrotron-emitting compact radio jet, while the radio luminosity of the two detected
SyXRBs fits with the distribution seen from other strongly-magnetised neutron stars.
Therefore, a jet could also plausibly explain the radio emission. Without a better
theoretical understanding of jet from strongly-magnetised neutron stars (see Section
5.1), there are no further tests of this scenario with the current data. However,
once the wind has been captured by the neutron star, we do not expect significant
differences with jet-launching HMXBs.
The non-detection of 3XMM J181923.7-170616 is not surprising in both the wind
28
and jet interpretation. Firstly, its 8-kpc distance yields an upper limit of LR ≤ 2×10
erg/s, while we find that no strongly-magnetised neutron stars appear above a similar
maximum luminosity. In addition to its large distance, we do not find a strong
constraint on the wind mass loss rate corresponding to the upper limit: it is realistic
−7
that the stellar wind indeed follows Ṁwind ≤ 4.5 × 10 M⊙ /yr (Espey & Crowley
2008). Finally, a large orbital size might imply a low wind capture rate and ionisation,
possibly decreasing the wind and jet luminosities. However, GX 1+4 likely has a 1161
day period (Hinkle et al. 2006), and for this explanation, 3XMM J181923.7-170616
would require an even larger orbit.
The white dwarf analogues of SyXRBs, symbiotic stars, are much more numerous
and have been characterised in detail in radio over the past decades, allowing for an
interesting comparison. Seminal early studies by (Seaquist et al. 1984; Seaquist &
Taylor 1990; Seaquist et al. 1993) detected unresolved radio emission from a large
30
fraction of symbiotic stars at radio luminosities reaching up to 10 erg/s (converted
to 10 GHz). This emission is attributed typically to thermal wind radiation, requiring
−7
−10
mass loss rates of the order of 10 –10
M⊙ /yr. More recent studies have confirmed
that those symbiotic stars that show hydrogren shell burning on their surface show
28
30
unresolved thermal wind emission at luminosities between 10 – 10 erg/s, while the
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non-shell-burning systems tend to be a factor 10-100 fainter in radio (Weston et al.
2016a,b). Possibly, this difference might arise from a difference in mass accretion rate,
which could correspond to lower mass loss rate and therefore wind radio luminosity.
Alternatively, the X-ray photons from shell burning might enhance the ionisation of
the stellar wind (see Sokoloski et al. 2017, for a recent review).
Symbiotic stars also launch jets: MWC 560 launches an unresolved radio jet (Lucy
et al. 2019), while in several close-by symbiotic stars, resolved jets have also been
detected (Padin et al. 1985; Dougherty et al. 1995; Ogley et al. 2002; Brocksopp et al.
2003, 2004; Karovska et al. 2010). The radio luminosities of these jets lie in the range
27
30
of 10 - 10 erg/s, overlapping with, but up to higher luminosities, than the range for
strongly-magnetised neutron stars. A comparison of stellar wind properties between
symbiotic stars and SyXRB might be obvious due to the shared donor star types, but
the inner accretion flow has similarities too: as argued before, these non-magnetic
12
white dwarfs have sizes similar to the magnetospheric radius of a 10 G, 1.4 M⊙
36
−1
neutron star accreting at LX ≈ 10 erg s . Therefore, a jet comparison between
SyXRBs and symbiotic stars can be valid as well.
What does a radio comparison with symbiotic stars reveal about SyXRBs? Firstly,
the wind loss rates required to explain the SyXRB radio emission are consistent with
those seen in symbiotic stars. More interestingly, despite similar donor wind properties, symbiotic stars reach up to two orders of magnitude higher radio luminosities.
What could explain such a difference? Those high radio luminosities are seen in shellburning systems, which have an continuous, additional source of ionising photons.
This can maintain a higher degree of ionisation in the wind and thereby increase its
radio emission. Similar thermonuclear burning is possible on neutron stars, but is
not sustained for similar lengths of time and does not occur on strongly-magnetised
neutron stars (e.g. Galloway et al. 2008). Alternatively, we might simply observe an
effect of small number statistics: the number of known SyXRB is of the order of ten,
while the number of known and candidate symbiotic stars is of the order of thousands (Belczyński et al. 2000; Corradi et al. 2008, 2010). Therefore, we might simply
not know of any SyXRBs with high enough mass loss rates to reach higher radio
luminosity. Finally, the difference in maximum radio luminosity might arise from a
maximum jet luminosity for strongly-magnetised neutron stars (see Section 5.1), if a
jet dominates the radio emission from SyXRBs.
Concluding our discussion of SyXRBs, we find that their radio properties fit both
a jet and stellar wind interpretation, with symbiotic stars offering an interesting comparison without making the distinction for SyXRBs. Following our approach for Vela
X-1, we will in the remainder of this discussion assume that a jet contributes to the
observed radio emission, in order to derive as complete as set of constraints on jet
physics from strongly-magnetised neutron stars as possible.
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5

Implications for neutron star jet physics

After discussing the possible physical origins of the detected radio emission in the
previous section, we will now turn to the implications for jet physics. We stress that
for this section, we assume that all detected radio emission originates in a jet in order
to use the most information possible. However, as detailed in the previous section, it
is not certain that all detected sources indeed launch a jet.

5.1

The radio brightness of neutron stars jets

As shown in Figure 11.3, the radio emission of accreting black holes, weakly, and
strongly-magnetised neutron stars systematically differs in luminosity: black holes
are, as a sample, radio brighter than weakly-magnetised neutron stars, which are
in turn radio brighter than strongly-magnetised neutron stars. This difference was
known already between the first two source classes (e.g. Fender & Kuulkers 2001;
Migliari & Fender 2006), and is further confirmed by our new observations (e.g. Gallo
et al. 2018, which already include some of our preliminary results). We have extended
this comparison to stronger magnetic field sources, which also possess systematically
slower spins (e.g. ν ≲ 1 Hz) than their weakly-magnetised counterparts (e.g. ν > 100
Hz for AMXPs). We will investigate the role of magnetic field and spin in next section,
but here we will first discuss the radio luminosity trends in broader terms.
Comparing the black hole and neutron star X-ray binaries, the former appear to
33
39
be radio brighter over the entire explored range in X-ray luminosity (e.g. ∼ 10 –10
erg/s). However, comparing the two classes of accreting neutron stars in more detail,
the story is more complicated. While generally, strongly-magnetised neutron stars are
37
fainter, this effect establishes itself most clearly above X-ray luminosities of ∼ 10
35
37
erg/s (see Figure 11.1). Between ∼ 10 and 10 erg/s, the strongly-magnetised
neutron stars overlap with the fainter detections of their weakly-magnetised counterparts. In the highest X-ray luminosity ranges, the comparison is dominated by Swift
J0243.6+6124, as that parameter space is poorly explored for HMXB. However, we do
not expect that these sources can be much radio brighter than Swift J0243.6+6124,
as otherwise they would have been detected more easily in earlier decades. Therefore,
it appears as if the strongly-magnetised neutron star hit a ceiling radio luminosity
28
of ∼ 3 × 10 erg/s, while the weakly-magnetised neutron stars continue a scattered
but broadly-coupled increase between X-ray and radio luminosity. This difference
37
becomes apparent above 10 erg/s.
One can then ask whether the overlap between the two neutron star samples be35
37
tween LX ∼ 10 and 10 erg/s is merely a coincidence or hints towards similarities
in the launching process. For instance, at lower X-ray luminosity, the characteristic
radii for the jet launching process might be located further away from the neutron star
– whether these radii are set by the size of Comptonising medium, the inner radius
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of the accretion disc, or the location and height of the jet base. At such larger radii,
less gravitational potential energy is available to tap for the launch of an outflow. As
the accretion rate and X-ray luminosity increase, and the characteristic radii move
inwards, more energy becomes available. However, in the strongly-magnetised neutron star case, the magnetospheric radius, where accretion flow and magnetosphere
pressures are equal, will be significantly larger and could, in this scenario, create a
maximum power available to launch a jet (where we assume that radio luminosity and
power are directly related). This description is purposefully vague, as we discuss more
detailed models in the next section. However, while we cannot exclude a coincidental
overlap in radio luminosity and this scenario ignores the significant differences in accretion flow structure between Roche-lobe and wind-accreting systems, this scenario
might qualitatively account for the observed divergence at higher accretion rates.

5.2

The role of neutron star magnetic field and spin

In this section, we will discuss in more detail whether the neutron star magnetic
field and/or spin can affect the jet power; or, phrased more accurately, whether our
observations contain evidence for such an effect of the neutron star’s properties on the
radio jet. The brief answer is that we find no such evidence, beyond the maximum
radio luminosity of strongly-magnetised neutron stars that might be attributable to
their strong magnetic fields, as hypothesised in the previous section.
Fast-rotating, weakly-magnetised versus slowly-rotating, strongly- magnetised neutron stars
Let us first compare the weakly- and strongly-magnetised neutron stars; as discussed
earlier, these two samples overlap in radio luminosity in the X-ray luminosity range
35
37
between ∼ 10 –10 erg/s. We cannot exclude that this similarity in spectral shape
and radio brightness is completely due to coincidence, while the jets of strongly and
weakly magnetised neutron stars would be launched by completely independent mechanisms. For instance, such a scenario might be at work if the radio observing band
probes regions down the jet where the emission properties are uncoupled from the exact launching mechanism. However, assuming a relation between launch mechanism,
jet power, and jet luminosity (but see below), this scenario still requires a similar jet
power by coincidence.
Alternatively, the overlap in radio luminosity could result from a similar jet launching mechanism for both classes of accreting neutron stars. In that case, the enormous
differences in magnetic field of three to four order of magnitude, in neutron star spin
of up to six orders of magnitude, and in accretion flow geometry between Rochelobe-overflowing and wind-accreting systems, do not have a large effect on the radio
luminosity of the jet (beyond the apparent maximum for strongly-magnetised systems). This lack of effect might imply that the jet launching mechanism does not
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depend, in any significant and detectable manner, on the neutron star properties or
mass transfer type. On the other hand, these properties might have an effect, but
degeneracies between their influence could mean that our sample remains too small
to disentangle these. Finally, there is the recurring challenge in radio observations of
jets that these might not directly probe the jet power. What we measure in this work
is the radio flux at maximally two frequencies, while the conversion to jet luminosity
depends for instance on the unmeasured jet spectral break frequency. Our limited
information about the actual jet power therefore further washes out any effects that
magnetic field and spin might have – not only in our sample, but also in the archival
comparison data.
Among slowly-rotating, strongly-magnetised neutron stars
Prior searches of spin and magnetic field effects, such as by Migliari et al. (2011b),
have always focused on the class of weakly-magnetised neutron stars. With the first
sample of radio detections from strongly-magnetised neutron stars, we can search
for such effects within this source class as well. Focusing on this subgroup circumvents the question whether different jet launch mechanisms exist for the weakly and
strongly-magnetised types, as we will assume that within this subgroup, only a single
mechanism is responsible for jet launching.
While neutron stars in HMXB tend to have similar magnetic fields – or at least
12
13
within an order of magnitude, between 10 –10 G – they show a spread in their radio
luminosities at similar LX (e.g. Figure 11.3). Most extremely, there is the difference
between detected and non-detected targets that is not merely due to differences in
distance, despite their similar neutron star properties and X-ray luminosity. What
could explain these variations between sources? Firstly, it does not clearly correlate
with subclass, as a BeXRB, SgXBs, SyXRBs, and an IMXB are all detected. Secondly,
it could simply be another example of the spread in radio luminosity that is also
observed in LMXB jets, regardless of the accretor nature (Gallo et al. 2018): both
black hole and neutron star X-ray binaries show such spread at a similar level. While
this spread remains poorly understood (Tudor et al. 2017; Espinasse & Fender 2018;
Motta & Fender 2019) both for individual sources and the sample as a whole, it shows
that jet launching mechanisms do not create a one-to-one relation between X-ray and
radio luminosity. Given the small difference between maximum and sensitivity-limited
27
28
radio luminosity for strongly-magnetised neutron stars (i.e. 3×10 to 3×10 erg/s),
a measurement of the scatter in the radio luminosities would be heavily biased by the
sensitivity limit, artificially posing an upper limit on the amount of observable scatter
in the detected sources.
Could the neutron star magnetic field or spin contribute to or explain the spread
in observed radio luminosity? For this, we consider several scenarios (where we,
again, simplistically use radio luminosity as a direct proxy for jet power). Firstly, the
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radio luminosity does not scale with the magnetic field in our sample: all stronglymagnetised accreting neutron stars have similar magnetic fields (when measured),
which cannot account for the variation between sources that we observe. The targets
−3
in our sample span a much larger range in spin frequencies, between < 10 and
> 1 Hz. However, plotting the radio luminosity at 6 GHz versus neutron star spin
in Figure 11.4 (top left panel) does not reveal a clear relation – in fact, the radio
brightest object, 1E 1145.1-6141, is amongst the most slowly rotating neutron stars
−3
in our sample (3.367 × 10 Hz), while the radio detected but faint Vela X-1 has a
−3
similar spin of 3.5 × 10 Hz. Of course, searching for a scaling with only spin and not
taking the effect of mass accretion rate differences into account, is a naive approach.
However, no scaling between X-ray and radio luminosity is apparent from the data,
nor have we yet considered any model of these effects.
Such models, that take into account magnetic field, spin, and mass accretion rate,
do exist. For instance, we can consider whether the launching mechanism might be
related to a magnetic propeller. In the so-called magnetic propeller regime, the radius
where the accretion flow’s and magnetosphere’s pressures equal (the magnetospheric
radius Rm ), lies far outside the radius where the neutron star’s and accretion flow’s
rotational velocity are equal (the co-rotation radius Rco ; Illarionov & Sunyaev 1975;
D’Angelo & Spruit 2012). As the Keplerian velocity of the disc decreases with distance
to the neutron star, this implies that the magnetosphere rotates faster than the flow
and expels material in an outflow, instead of channeling it to the magnetic poles.
Whether a source sits in this regime depends on a careful balance of magnetic field
strength and mass accretion rate, setting Rm , with the neutron star spin, setting Rco .
During our radio observations, none of the detected strongly-magnetised neutron
stars were in the propeller regime, regardless of the calculation assumptions about the
accretion flow structure (i.e. disc or spherical accretion). This supports the hypothesis
put forward in van den Eijnden et al. (2019a) to explain the sudden turn on of the
jet of Swift J0243.6+6124 during an X-ray re-brightening: depending on the exact
magnetic field strength, this turn on could be matched to the transition out of the
propeller regime, allowing material to reach closer to the neutron star into a possible
jet launching region. Therefore, in such a scenario, no jet is expected for sources
residing in their propeller regimes.
A more extensive model for the launch of neutron star jets, regardless of magnetic
field strength, is the model proposed by Parfrey et al. (2016). Both theoretically
and through simulations, it investigates the possibility that the accretion flow opens
up magnetic field lines, releasing energy to launch outflows. The strength of the
outflow in this scenario scales with magnetic moment to the power 6/7 and with the
spin frequency squared. Therefore, we plot the radio luminosity as a function of this
12
6/7
2
scaling in Figure 11.4 (bottom left panel) in arbitrary units: (B/10 G) ×(ν/1Hz) .
For sources where the magnetic field is not measured from the cyclotron line, we plot
12
13
a range corresponding to B = 10 – 10 G, as is typical for these slow pulsars. As
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Figure 11.4: The relation between radio luminosity and neutron star parameters for stronglymagnetised neutron stars. In all panels, Swift J0243.6+6124 (referred to as Sw J0243) and GX
1+4 are highlighted separately, as these are the only two sources with multiple data points. Top
left: radio luminosity plotted versus neutron star spin ν. Top right: radio luminosity plotted versus
neutron star spin, corrected for mass accretion rate, parameterised by X-ray luminosity LX following
the prescription in Parfrey et al. (2016). Bottom left: radio luminosity versus the jet power scaling
with magnetic field B and spin of the model by Parfrey et al. (2016). Bottom right: same as bottom
left, again correcting for mass accretion rate following Parfrey et al. (2016).
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in the top left panel in the same figure, we again highlight Swift J0243.6+6124 and
GX 1+4, which have multiple observations. However, this exercise again reveals no
obvious scaling or trends.
So far, we have neglected the effects of variations in mass accretion rate. While
the global X-ray – radio luminosity diagram does not clearly reveal such a correlation
in the strongly-magnetised sample, we can consider it for the Parfrey et al. (2016)
model: this model also includes a scaling with X-ray luminosity, as a probe of the
mass accretion rate, with a power of 4/7. Therefore, we add this scaling in the two
right panels of Figure 11.4. We have removed the two sources that were only detected
in radio and therefore do not have a measured X-ray luminosity (i.e. 4U 1954+31 and
IGR J16318-4848). However, including this correction, we again find no clear trend
or correlation.
So, to conclude, our radio sample study of strongly-magnetised accreting neutron
stars does not show any obvious evidence for a coupling between radio luminosity and
neutron star spin, magnetic field, or mass accreting rate. The only possible effect of
magnetic field strength, revealed through the comparison with weakly-magnetised
neutron stars, is the apparent presence of a ceiling in jet luminosity for strongmagnetic field neutron stars. Beyond that, the scatter in radio luminosities is similar
in the strongly and weakly-magnetised neutron stars, as is it in the black hole LMXBs.

5.3

Individual sources and source classes

Radio non-detected source classes: UCXBs, VFXBs, and BeXRBs
For three source classes, we do not obtain any new radio detection: UCXBs, VFXBs,
and BeXRBs. The former two classes are both types of LMXBs that overlap: UCXBs
are binary systems with orbital periods less than 1 hour, while the VFXBs are per36
sistent X-ray binaries with maximum X-ray luminosities of ∼ 10 erg/s (Wijnands
& Degenaar 2016). A possible explanation for their faintness is that the VFXBs are
UCXBs, fitting only small accretion discs, although in neutron star systems, a dynamically active magnetic field could also inhibit efficient accretion and high X-ray
luminosities (e.g. Wijnands 2008; Heinke et al. 2015; Degenaar et al. 2017b). We
observed four confirmed UCXBs (4U 1626-67 with a strong magnetic field, and 2S
0918-549, 4U 1246-588, and IGR J17062-6143 with weak magnetic fields) and four
VFXBs (XMMU J174716.1-281048, 1RXH J173523.7-354013, AX J1754.2-2754, and,
again, IGR J17062-6143), not detecting any in radio.
Starting with the UCXBs, the deepest constraints on radio emission are found for
36
2S 0918-549 and 4U 1246-588: both are detected around 10 erg/s in X-rays while
27
their radio luminosity does not exceed ∼ (3 − 5) × 10 erg/s – an order of magnitude
lower than typical radio-detected weakly-magnetised neutron stars at similar X-ray
luminosities. From the perspective of jet formation, UCXB might offer an interesting
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view given their non-standard disc composition: where ordinary LMXBs typically
have a hydrogen-dominated disc, the discs of UCXBs are typically hydrogen-deficient
(Nelemans & Jonker 2010; Hernández Santisteban et al. 2019). In the case of a white
dwarf donor, the disc might instead be formed of predominantly helium, with high
abundances of carbon, oxygen, neon, and/or magnesium (Juett et al. 2001). Such
a different composition changes the ionisation properties of the disc (Ludlam et al.
2019), possibly affecting the interaction between the disc and magnetic field and the
formation of outflows.
Reported radio observations of UCXBs typically detect a jet, assuming that the
36
source’s X-ray luminosity exceeds LX ∼ 10 erg/s. Comparing the donor types of
these reported UCXBs (e.g. Rappaport et al. 1987; Nelemans et al. 2004; Madej et al.
2013; Homer et al. 1996; Dieball et al. 2005; Galloway et al. 2002; Sanna et al. 2017,
2018b) and the four in our sample (Hemphill et al. 2019; in’t Zand et al. 2005; van
den Eijnden et al. 2018d; Hernández Santisteban et al. 2019) reveals no systematic
difference between the two classes: both groups are dominated by white dwarf donors,
of various types when identified. Therefore, differences in accreted material or donor
type cannot account for the difference in radio brightness.
The radio behaviour of VFXBs is interesting for a different reason: several authors have previously suggested that these systems might be transitional millisecond
pulsars, or tMSPs (Heinke et al. 2015; Degenaar et al. 2017b). These systems are neutron star binaries switching between an X-ray binary and radio pulsar state (Archibald
et al. 2009; Papitto et al. 2013), of which only three are known and which are thought
to form an evolutionary link between X-ray binaries and radio millisecond pulsars.
At higher X-ray luminosities than we targeted for XMMU J174716.1-281048, 1RXH
J173523.7-354013, and AX J1754.2-2754, the tMSP M28i appears relatively radio
bright within the neutron star sample (e.g Deller et al. 2015; Jaodand et al. 2018).
Our radio upper limits on these three VFXBs lie firmly below the radio luminosities
of the tMSPs at low X-ray luminosities. That argues that either these three VFXBs
are not tMSPs, or that no single tMSP X-ray – radio correlation exists.
The final undetected class of sources in our new radio observations are the BeXRBs.
The specific aim of observing these targets was to search for radio signatures of the
propeller regime: with their low accretion rates and strong magnetic fields, BeXRBs
would be prime targets to observe this state. Out of the four sources, V 0332+53
clearly resided in the propeller state during the radio observations: we measure an
34
X-ray luminosity upper limit of LX < 6 × 10 erg/s, while the maximum X-ray lu35
minosity of the propeller state is estimated to be Llim = 5 × 10 erg/s (following
Tsygankov et al. 2018, and assuming disk accretion, i.e. k ≡ 0.5. See Table 11.5 in
Appendix A for the used source parameters). Therefore, we can place an upper limit
27
of LR < 8 × 10 erg/s on the radio emission of any type of propeller outflow that
might be launched in this system.
The two X-ray detected BeXRBs, V*V490 Cep and MXB 0656-072, both did not
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34

reside in their propeller states: we detect these sources at respectively LX = 2.3×10
33
33
erg/s and 3.5 × 10 erg/s, above their respective propeller limits of Llim = 1.2 × 10
32
erg/s and 2.3 × 10 erg/s. Finally, SAX J2239.3+6116 was not detected at LX <
33
29
3 × 10 erg/s, while its propeller regime is expected below Llim = 2 × 10 erg/s –
significantly below the observed upper limit. However, at the order of magnitude of
the propeller regime limit, the source is likely not actively accreting. In addition, both
MXB 0656-072 and SAX J2239.3+6116 spin at frequencies below 0.01 Hz. In the cold
disk model by Tsygankov et al. (2017b), only neutron stars spinning faster than 0.01
Hz are capable of entering the propeller state; otherwise, the disk recombines into
its un-ionised state before decreasing in X-ray luminosity below the propeller limit.
Therefore, we conclude that these three BeXRBs were not in their propeller states.
Soft state neutron stars: jet quenching and spectral shapes
Not only X-ray faint sources often go undetected in radio observations; radio nondetections are also common at very high X-ray luminosities, for X-ray binaries entering
the soft state. This phenomenon, where the emission from the compact jet quenches
as the X-ray binary transitions from hard to soft state, is regularly observed in black
hole LMXBs (Fender et al. 1999; Fender et al. 2009; Gallo et al. 2003; Miller-Jones
et al. 2012). This state transition is also often accompanied with optically thin radio
flaring, likely associated with the launch of discrete ejecta (Fender et al. 2004). Once
the black hole has fully entered the soft state, no compact core radio emission is
detected anymore (Coriat et al. 2011; Russell et al. 2019).
For neutron star X-ray binaries, this picture is more complex (note: we only focus
on LMXBs here, where hard and soft states equivalent to black hole systems can be
identified). In three neutron star X-ray binaries, the radio emission has been studied
in both the hard and the soft state. Comparing these two states, Migliari et al. (2003)
find only marginal evidence of radio quenching in the persistent X-ray binary 4U 172834. For the transient Aql X-1, Miller-Jones et al. (2010) report quenching by at least
an order of magnitude in the soft state (although a more recent campaign also caught
a much more radio bright soft state of Aql X-1; see Díaz Trigo et al. 2018, and below).
Finally, Gusinskaia et al. (2017) observed how the transient 1RXS J180408.9-342058
quenched as well during its transition to the soft state. Four more atoll sources have
been observed in radio only in their soft state: three of those (4U 1820-30 and Ser
X-1 in Migliari et al. 2004, and MXB 1730-355 in Rutledge et al. 1998) were detected
while GX 9+9 was not (Migliari 2011). Whithout a hard state observation, we can
however not determine whether the three detected sources significantly differ in radio
luminosity between states. All combined, it is clear that some neutron stars quench
while others do not, and the origin of difference remains debated (e.g. Fender 2016;
Gusinskaia et al. 2017).
The sample of 13 neutron star LMXBs presented in this paper contains four sources
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Figure 11.5: Swift/BAT 15–50 keV monitoring light curve of 4U 1702-429. The red dashed line
show the time of the radio observation. Two distinct state, with count rates around 0.015 and
2
below 0.01 ct/s/cm can be distinguished: the hard and soft state, respectively. During the radio
observation, 4U 1702-429 was in the soft state.

in their soft state: the three persistently soft atolls GX 9+1, GX 9+9, and GX 3+1,
and the persistent atoll 4U 1702-429 that switches between hard and soft states. While
no simultaneous, high-quality X-ray data was taken during its radio observation, we
think it is likely that the latter was in a soft state: during a Swift observation taken
37
8 days before the radio epoch, the source showed an X-ray luminosity of ∼ 1.4 × 10
erg/s, or close to 10% of the Eddington limit for neutron stars. For comparison, when
the source was observed to be in its hard state with NuSTAR by Ludlam et al. (2019),
its X-ray luminosity was a factor 10 lower. As shown in Figure 11.5, Swift/BAT
monitoring shows a clear bi-model count rate distribution, that indicates the source
was in its bright state, that had already started during the Swift/XRT observation.
The XRT spectrum also requires the addition of a soft thermal component, not seen
in this source’s hard state, at a significance of 3.7σ (p = 0.0001). Finally, as discussed
more extensively later on in this section, it shows a steep radio spectral index, which
is not typically seen in neutron star hard states (compare with, for instance, IGR
J17379-3747 in our sample).
What do these four soft state atolls tell us? Firstly, we do not detect radio emission
from GX 9+9, confirming the earlier results from Migliari (2011), and GX 9+1, adding
an extra example of a neutron star quenching in the soft state. However, to complicate
matters, GX 3+1, which is very similar to the other two sources in terms of its X-ray

285

11 A new radio census of accreting NSs

properties, is detected in radio. While black holes appear to always quench in the soft
state, neutron stars show a dichotomy, as higlighted by these three sources. Finally,
4U 1702-429 is detected as well, with a steep radio spectrum between the two ATCA
bands at 5.5 and 9 GHz.
As none of the four sources above has been observed in radio during a hard state,
we stress that a radio detection does not automatically exclude quenching: if GX 3+1
28
were to be a factor > 10 times radio brighter in the hard state (i.e. > 7 × 10 erg/s),
this would be perfectly consistent with other hard state atolls (see Figure 11.2). 4U
1702-429, however, would be among the radio brightest neutron stars in its hard state
29
(i.e. LR > 4 × 10 erg/s) in the case for a similar soft state radio quenching factor of
10.
Neutron stars, both in the literature and our sample, thus show a range in soft
state radio behaviour. To better understand this variance, we can consider the nature
of the radio emission during the soft state, if present. Does it originate from the
compact jet, or do we observe discrete ejecta? When the spectral index has changed,
do we observe a change in jet break frequency? To answer such questions, we need
to consider sources with multi-band observations, such as 4U 1702-429: how does its
negative spectral index compare to other (soft state) neutron star X-ray binaries?
The best jet spectral shape constraints for neutron stars are the four cases where
the jet spectral break is measured: 4U 0614+091, a persistent atoll and UCXB ob13
served in its hard state with spectral break frequency νb ≈ (1 − 4) × 10 Hz (Migliari
et al. 2010); 1RXS J180408.9-342058, the aforementioned transient with a hard state
14
νb ∼ 5 × 10 Hz (Baglio et al. 2016, see also Díaz Trigo et al. 2017); the persistent
13
source 4U 1728-34, where a νb of (1.3 − 11) × 10 Hz was measured during the transition from its hard to soft state (Díaz Trigo et al. 2017); and the transient Aql X-1
(Díaz Trigo et al. 2018). In the latter, the break frequency was constrained in four
epochs, with a break frequency in the range of 30–100 GHz during the hard state but a
break frequency below the ATCA band (νb < 5.5 GHz) during the soft state. Finally,
deep ATCA+ALMA observations of the persistent UCXB 4U 1820-30 in its soft state
did not detect a spectral break, implying a inverted radio-to-sub-mm spectrum.
Considering only the results from soft state sources in the list above, Díaz Trigo
et al. (2018) suggest that the soft state spectral shapes (up to the ALMA band) of
neutron stars might depend on their transient or persistent nature: the transient Aql
X-1 shows a steep soft-state radio spectrum, while the persistent 4U 1820-30 shows
an inverted spectrum in that state. This also fits with the results for 4U 1728-34,
which showed a spectral break in the nIR, although it was only transitioning into the
soft state (Díaz Trigo et al. 2017).
Our sample contains four persistent neutron stars in the soft state. While we
cannot infer a spectral shape for the two non-detected sources, and GX 3+1 is too
faint (26.6 ± 5.1 µJy) for a spectral shape measurement, we measure a spectral index
of α = −0.8 ± 0.3 between 5.5 and 9 GHz for 4U 1702-429. The source transitioned
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into its soft state 15 days prior (e.g. Figure 11.5), suggesting relatively steady soft
state emission: while it is possible we caught an optically thin radio flare associated
with the launch of individual ejecta, that would be highly coincidental. Instead, we
deem it more likely that we are observing a more steady radio source with a spectral
break frequency below the ATCA bands.
This spectral index measurement counters the suggestion in Díaz Trigo et al.
(2018) that only transient sources can show a steep soft-state radio spectrum, showing
once more that the differences and similarities in soft state radio behaviour of neutron
stars remain challenging to summarise. If the negative spectral index has a similar
origin as that in Aql X-1, it suggests that the spectral break might be located at higher
frequencies during its hard state. More observations of 4U 1702-429, particularly in
its hard state, would be valuable to see how the spectrum and flux evolves between
states. Finally, we remind the reader of an important caveat: during one of its hard
state epochs with an inverted broad-band spectrum between the ATCA and ALMA
bands, Aql X-1 also showed a lower radio flux at 9 than at 5.5 GHz (Díaz Trigo et al.
2018). The spectral index measurement for 4U 1702-429 using only ATCA might
suffer the same effect, although our data does not allow us to test this option.

The nature of the compact object in 4U 1700-37
4U 1700-37 is a well-known HMXB system that was discovered by the Uhuru mission
(Jones et al. 1973). It is located at a small distance of ∼ 1.9 kpc (Ankay et al. 2001)
and its companion OB supergiant HD 153919 is the hottest and most luminous HMXB
donor star known (van der Meer et al. 2004). The nature of the compact object –
neutron star or black hole – however remains unconfirmed. While its X-ray spectrum
resembles that of accreting X-ray pulsars, no pulsations or a cyclotron line were ever
unambiguously detected (although see Reynolds et al. 1997, for a possible cyclotron
line detection at ∼ 37 keV). The mass of the compact object is possibly larger than
2M⊙ , consistent with a heavy neutron star, similar to Vela X-1, or a low-mass black
hole (Rubin et al. 1996; Clark et al. 2002).
In terms of radio flux density, 4U 1700-37 is the brightest HMXB in our sample.
However, as it is also the most proximate, its position in the radio – X-ray luminosity
plane is consistent with the neutron star sources (see Figure 11.2). This position is
completely inconsistent with the radio-bright track for black hole X-ray binaries, and
roughly an order of magnitude below the radio-faint track of these sources. While not
many black hole HMXBs are known, all radio observations of these systems currently
place them at the radio-brightest part of the correlation seen in LMXBs (Ribó et al.
2017). Therefore, while we stress that it does not amount to direct proof, the radio
luminosity of 4U 1700-37 is strongly suggestive of a neutron star primary.
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Deep radio constraints in the literature: 4U 2206+54, A 0535+262, and
X Per
Finally, we briefly turn to the deepest radio non-detections of strongly-magnetised
neutron stars in the literature. With our survey, we have probed down radio lumi26
27
nosities of several times 10 erg/s, and we detect just one target below LR ≈ 3 × 10
26
erg/s (4U 1954+31 at 5 × 10 erg/s). As noted earlier, combining this with the
28
apparent maximum radio luminosity of these sources of LR ≈ 3 × 10 erg/s, implies
that we merely scratched the surface in terms of the full population. What can be
expected in future studies probing deeper in radio luminosity?
Before the VLA and ATCA sensitivity upgrades in the past decade, after which all
our observations were taken, deep radio observations were made of the neutron star
HMXB 4U 2206+54 (Blay et al. 2005). A non-detection of FR < 39 µJy at 8.4 GHz,
27
given a source distance of ∼ 3 kpc, translates into an upper limit of LR < 3.5 × 10
erg/s – still comparable with our sensitivity. While no simultaneous X-ray detection
was obtained, two Integral observations within a few weeks places the source at a
35
4–12 keV luminosity of 4.5–8.5 × 10 erg/s. Westerbork Synthesis Radio Telescope
observations by Migliari et al. (2011b) of A 0535+262, at a distance of only 2 kpc,
27
also resulted in a non-detection at a similar limit of LR < 3.8 × 10 erg/s. While no
X-ray luminosity is reported, the MAXI monitoring count rate suggests a 2–20 keV
36
luminosity around 6 × 10 erg/s, assuming a Crab spectrum for simplicity.
The deepest existing radio observation of a HMXB neutron star is, to our knowledge, that of the persistent source X Per with the Westerbork Synthesis Radio Tele25
scope, not detecting the source down to LR ≲ 8 × 10 erg/s (Fender & Hendry 2000).
This incredibly deep upper limit, due to the small distance (∼ 800 pc) to X Per, shows
that our radio non-detections are not necessarily due to limited sensitivity alone. Unfortunately, no X-ray information is reported for the time of the radio non-detection.
Therefore, it remains unclear what accretion state and rate X Per showed around the
radio observation. However, assuming X Per was active, its radio upper limit shows
that other accreting, strongly-magnetised neutron stars might also not be detected
with future instruments, such as the next-generation Very Large Array (see Section
6), because their jets are either incredibly weak or simply do not exist.

5.4

Eclipse observations and Vela X-1

In our sample of strongly-magnetised neutron stars, six sources show X-ray eclipses
during their orbits: Vela X-1, EXO 1722-363, OAO 1657-415, 4U 1538-522, Cen X3, and 4U 1700-37 (see Falanga et al. 2015, for a recent overview). Due to their
high inclination, the donor blocks the X-ray emitting inner accretion flow as it passes
through the line of sight to the neutron star. In this section, we will explore whether
such eclipses could have also affected the radio behaviour of these sources, with the
donor similarly blocking the view of a possible counterjet.
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hmax = a / tan(i)
+ Rstar / sin(i)
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hmean = a / tan(i)
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Figure 11.6: Assumed geometry to assess the possibility of jet eclipses by the donor star in Xray binaries. Depending on orbital size, inclination, and stellar radius, a segment of the receding
jet is blocked from view for the observer, located at infinity along the negative x-axis. The jet
emissivity profile then determines what observing frequency band will be blocked. In the absence
of observational constraints for strongly-magnetised neutron star, we assume that the jet base is
located at a height similar to the magnespheric radius.

Out of the six eclipsing X-ray binaries, three were in eclipse during the radio
observations – we note that this arised out of coincidence, as the observations were
scheduled according to the visibility for ATCA and other scheduling constraints. Vela
X-1 was observed between orbital phases φobs = 0.91 − 0.93, where φ = 0 is defined
according to the ephemeris in Falanga et al. (2015) as mid-eclipse, OAO 1657-415
between φobs = 0.91 − 0.92, and EXO 1722-363 between φobs = 0.95 − 0.97. The first
two sources are in eclipse between phases of 0.9 and 0.1, while the latter is in eclipse
between 0.95-0.1, as determined from folding the long-term X-ray light curves (e.g.
Figure 2 and 3 in Falanga et al. 2015). The sources 4U 1538-522 (φobs = 0.15 − 0.19)
and Cen X-3 (φobs = 0.09 − 0.17) where both observed just after eclipse, which also
lasts up to a phase of φ = 0.1 in these sources. Only 4U 1700-37 was observed
firmly before eclipse, at φobs = 0.7 − 0.75. We note that none of these sources had
simultaneous X-ray observations, i.e. during their eclipse.
To understand whether any jet emission can be eclipsed in an X-ray binary, we
consider the toy model sketched in Figure 11.6. Globally, this depends on two factors:
(i) the properties of the binary system, such as orbital separation a, inclination i
(affecting both the geometry and beaming factor), and donor star size Rstar , and (ii)
the jet properties, setting what frequencies originate from what height in the jet. For
our toy model, we make the following assumptions: the jet is launched perpendicular
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to the binary orbit plane, the orbit is roughly circular (i.e. the orbital separation
a at eclipse is independent of the orbital phase of the eclipse), and the star can be
treated as a sphere with constant opacity as a function of radio wavelength. In Figure
11.6, the accretion flow is drawn as a disc, although the exact geometry of the flow is
irrelevant for our reasoning. Under these assumptions, one can derive from geometry
that a region in the counter jet is blocked that ranges between heights hmin and hmax
given by:
hmin = a/ tan(i) − Rstar / sin(i)

(11.2)

hmax = a/ tan(i) + Rstar / sin(i)

(11.3)

Then we need to make an assumption about the emission profile of the jet: from
what height does what frequency originate. We assume that at the jet base, located
at a height hbreak above the neutron star, the highest peak-frequency synchrotron
spectrum is emitted; in other words, νbreak originate from this height. Finally, we
assume that the emission profile scales inversely with height:
h(ν) = hbreak ( ν

ν
break

)

−1

(11.4)

Then we need to know what the break height and frequency are. The best constraints on the break frequency for a neutron star jet are measured in 4U 0614+091
13
36
by Migliari et al. (2010), where νbreak = (1 − 4) × 10 Hz at LX ∼ 10 erg/s. This
break frequency changes with mass accretion rate (Russell et al. 2014; Díaz Trigo
et al. 2018), and therefore we adopt a scaling with X-ray luminosity of

νbreak = 10

13

(

2/3
LX
)
Hz
1036 erg/s

(11.5)

Finally, then, what is the typical height of the jet base? For the weakly-magnetised
neutron star 4U 0614+091, one can assume a few tens of gravitational radii as the
7
minimum height, i.e. on the order of 10 cm. However, for strongly-magnetised
neutron stars, the magnetosphere is significantly larger (while this is smaller than the
tens of gravitational radii for most weakly-magnetised sources). As we expect that
inside the magnetosphere the magnetic field dominates the dynamics of the accreting
material, we adopt the assumption that a typical (minimum) launch height would be
given by the magnespheric radius, parameterised following Tsygankov et al. (2018)
as:
8

Rm = 2.5 × 10 k (
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where k is the ratio between the magnetospheric and Alfven radii, assumed to be
k = 0.5 for an accretion disc.
So where does that leave our six X-ray eclipsing targets? In Table 11.3, we list
all relevant parameters per source to estimate what observing frequency range is
eclipsed: LX , magnetic field, inclination, projected orbital separation a sin(i) (which
can be measured directly from pulsation timing), and stellar radius Rstar . We also list
the resulting minimum eclipsed radio frequency; for all six sources, the inclination and
stellar size are such that the counterjet is eclipsed all the way down to its assumed base
at the magnetospheric radius. Under the assumptions introduced above, counterjet
eclipsing in the ATCA band (5.5-9 GHz) could play a role in all sources but EXO
1722-363, which has a minimum eclipsed frequency of ∼ 32.3 GHz. We note that,
for a smaller jet base height, the minimum eclipsed frequency decreases, while the
counterjet would still be eclipsed down to its base in all cases.
How does this compare to our observations? Starting with the three eclipsed
sources: Vela X-1 was detected in radio nonetheless, while EXO 1722-363 and OAO
1657-415 were not. However, from Table 11.3, we can see that EXO 1722-363 is not
expected to be eclipsed at ATCA wavelengths, given our assumptions. Therefore, out
of the eclipsed sources, only the OAO 1657-415 non-detection fits with an eclipsed
jet. Turning to 4U 1538-522 and Cen X-3, while both were observed right after their
eclipse, both are not detected in radio. Finally, 4U 1700-37, which was observed
furthest from its eclipse, is clearly detected at the highest flux density of all stronglymagnetised neutron stars.
All combined, this yields a complex picture: only in OAO 1657-415, the counterjet might be eclipsed. For the others, different effects might play a larger role. For
instance, the two detected sources (Vela X-1 and 4U 1700-37) are by far the closest,
both around 2 kpc, while the other four are located at 6.4-8 kpc. Therefore, distance might simply account for their non-detections. Secondly, a radio non-detection
outside eclipse does not imply radio eclipses are not possible, especially given our
poor understanding of the jets of strongly-magnetised neutron stars. Finally, only
the counterjet is eclipsed, meaning that at best a factor 2 reduction in radio flux can
be expected, for a perfectly edge-on orbit. Therefore, if OAO 1657-415 is indeed not
detected due to its eclipse, the radio jet outside eclipse can be observed at maximally
2 times the current radio upper limit (given its almost edge on inclination of ∼ 87
degrees; Mason et al. 2012)
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Source name
Vela X-1
4U 1700-37
4U 1538-522
EXO 1722-363
OAO 1657-415
Cen X-3

Observed φ
0.91-0.93
0.7-0.75
0.15-0.19
0.95-0.97
0.91-0.92
0.09-0.17

a

Eclipsed φ
0.9-1.1
0.9-1.1
0.9-1.1
0.95-1.1
0.9-1.1
0.8-1.1

a

LX
[erg/s]
35
5 × 10
36
3 × 10
36
< 4 × 10
34
2.3 × 10
37
2 × 10
36
2 × 10

B
b
[G]
12
2.6 × 10
12
∼ 10
12
2 × 10
12
∼ 10
12
∼ 10
12
2.9 × 10

i
[°]
d
> 73
f
70
c
∼ 67
i
> 75
j
∼ 87
k
∼ 72

a sin(i)
c
[lt-sec]
113.89
48 − 82
53.1
101
106.1
39.7

Rstar
[R⊙ ]
e
30
g
22
c,h
13
c,h
26
c,h
25
k
12.1

Minimum eclipsed
frequency
2.5 – 3.9 GHz
330 – 390 MHz
> 560 MHz
32.3 – 48.5 GHz
70 MHz
1.8 GHz
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Table 11.3: Assumed values for the geometrical and accretion flow parameters for the six eclipsing HMXB, used to estimated their eclipsed
frequency range. A range in the minimum eclipsed frequency reflects the range or limits in any of the input parameters. In all cases, the counter
a
jet is eclipsed down to its base and therefore up to the break frequency. Notes: The orbital phases φ are defined such that φ ≡ 0 corresponds to
b
mid-eclipse, taken from Falanga et al. (2015). See Appendix A for references for magnetic fields measurement; when no measurement is known,
12
c
d
we assume B ≈ 10 G. Note that a higher magnetic field implies a higher minimum eclipsed frequency. Falanga et al. (2015). Joss & Rappaport
e
f
g
h
(1984). van Kerkwijk et al. (1995). Not measured, assumed at 70°. Stickland & Lloyd (1993); Heap & Corcoran (1992). Xu & Stone (2019).
i
j
k
Mason et al. (2010). Mason et al. (2012). van der Meer et al. (2007).

6 Conclusions and future outlook

To conclude this exercise, we briefly consider Vela X-1; despite being in eclipse,
and its favourable inclination, donor and orbit size, we observe radio emission at flux
densities of ∼ 100 µJy. As noted in Section 4.2, Vela X-1’s radio emission is uniquely
consistent with the expectations for a thermal winds in terms of brightness and spectrum. Therefore, even if Vela X-1 launches a jet, its counterjet might be eclipsed,
leading to a dominant contribution of the stellar wind. Alternatively, the observed
emission might all originate from the approaching jet. Follow up observations, targeting the source at a range of orbital phases, can distinguish between these two
scenarios. Similarly, observations of OAO 1657-415 along its orbit can test whether
the eclipse is related to its radio faintness.

6

Conclusions and future outlook

We have presented radio observations of a sample of 36 accreting neutron stars. Based
on these observations, we draw the nine following conclusions:
1. Strongly-magnetised neutron stars can be detected at radio frequencies; the
previously detected source Swift J0243.6+6124 is no outlier (Section 3).
2. Strongly-magnetised neutron stars are, as a sample, radio fainter than their
weakly-magnetised counterparts, which are in turn fainter than black holes. This
37
difference is established especially at high X-ray luminosities, e.g. LX ≳ 10
erg/s (Sections 3 and 5.1).
3. No very-faint X-ray binaries, ultracompact X-ray binaries, or faint Be/X-ray
binaries were detected in radio (Sections 3 and 5.3).
4. Strongly-magnetised neutron stars, as a sample, do not show a clear correlation
between X-ray and radio luminosity, although this might be caused by sensitivity
limits (Section 3).
5. Radio jets explain the radio detections of weakly-magnetised neutron stars,
while they are the most likely explanation for the radio emission from stronglymagnetised neutron stars. The exceptions to that final statement are Vela X-1
and the symbiotic X-ray binaries, where a stellar wind contribution cannot be
ruled out (Section 4.1).
6. Strongly-magnetised neutron stars do not show any obvious scaling between
their radio luminosity and their spin, magnetic field strength, and accretion
rate, or combination thereof, as predicted from models (Section 5.2).
7. The radio properties of 4U 1700-37 suggest a neutron star primary (Section 5.3).
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8. Like their transient counterparts, persistent neutron star LMXBs can show steep
soft-state radio spectra (Section 5.3).
9. While the donor star in HMXB might eclipse the radio counterjet, we do not
find clear evidence for such an effect in our observations (Section 5.4).
Finally, we will end this work by briefly turning to the future. As this work is an
observational study, we will focus maily on the observational developments. Firstly,
since the first systematic comparison of accreting black holes and neutron stars in
the X-ray – radio luminosity plane (Migliari & Fender 2006), tens of neutron stars
have been observed or monitored in radio, amounting to a sample of over sixty X-ray
binaries (e.g. Gallo et al. 2018, and this work). It has however proven difficult to
obtain monitoring over a large range in X-ray luminosity, due to the inherent faintness of neutron star jets and difficulty in coordinating X-ray and radio observations.
Such monitoring would be especially valuable for strong-magnetised neutron stars,
where the only monitored outburst (of Swift J0243.6+6124) has revealed surprising
behaviour that will be interesting to compare to other binaries.
The 23 strongly-magnetised neutron stars with observations at current day sensitivities have merely scratched the surface: these constitute only a small fraction of all
such sources. Observing a larger sample, especially down to lower radio luminosities,
will be essential to probe whether or not a scattered, but global correlation between
X-ray and radio luminosity exists, that is currently cut off by the detection limit.
Future arrays, such as the next-generation VLA (ngVLA) with its planned sensitivity
of ∼ 0.23 µJy at 8 GHz in one hour of observing time (Selina et al. 2018), will probe
50 times deeper than the current VLA, even bringing the large sample of X-ray binaries in the Large and Small Magellanic Clouds (∼ 50 kpc distance) above sensitivity
limits. In addition, monitoring of transient sources will complement the persistent
sources that currently dominate the sample, while probing the jet’s turn on and fade.
What are the prospects for high spatial resolution observations of neutron star jets?
Among the newly-added neutron star X-ray binaries – and the strongly-magnetised
neutron stars in general – many persistent sources might have launched jets long
enough to create feedback structures, despite their low radio luminosity. At even
higher resolution, very-long baseline observations are unlikely to resolve the compact
7
jets of neutron stars due to their small size scale for the radio emitting region (∼ 10 –
9
10 Rg ), while discrete ejecta are likely to faint to resolve.
For a sufficiently radio bright neutron star, VLBI observations could help distinguish between radio emission from a stellar wind or jet through brightness temperature
4
5
estimates. Stellar winds typically have brightness temperatures of Tb ≈ 10 –10 K
(Rybicki & Lightman 1979; Longair 1992; Russell et al. 2016). At 6 cm, the Very
Long Baseline Array can reach a spatial resolution of 1.4 mas. If an accreting neutron star, with a flux density ≥ 5 mJy at 5 GHz, is unresolved at that resolution, it
5
implies a minimum brightness temperature of Tb ≳ 10 K, arguing against a stellar
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wind origin. Beyond the flux density required, this constraint does not depend on
distance. However, the required flux density is an order of magnitude brighter than
the radio brightest sources in our sample. Assuming the apparent maximum radio
28
luminosity of ∼ 3 × 10 erg/s holds for all neutron star HMXBs, such a measurement
is therefore only feasible for sources within ∼ 800 pc.
From a multi-wavelength perspective, the recent detection of a jet break in an
accreting neutron star with ALMA (Díaz Trigo et al. 2018) has shown such studies are
possible for the brightest neutron star X-ray binaries. Strongly-magnetised neutron
stars would be an interesting target for ALMA or ngVLA, going up to ∼ 100 GHz,
as their jets are likely launched further out, possibly resulting in lower jet break
frequencies. The low luminosity of these sources would pose a challenge for ALMA,
but are realistically detectable with the ngVLA. At higher frequencies, in for instance
the infrared band, studies of strongly-magnetised neutron stars will often be limited
by the bright emission of their high-mass companion stars. However, in sources with
low or intermediate-mass donors, such as Her X-1, nIR observations could also probe
the jet launch regions.
As a final remark, all above suggestions for future studies are observational. These
studies will add to the broad set of observational constraints on jet formation already
existing. From the side of new jet launch models, testable predictions, such as scaling relations between radio luminosity and magnetic field, spin, and mass accretion
rate, are essential to match to the observational constraints and guide the design of
new observing campaigns. Similarly, predictions from either or theory or GRMHD
simulations for the effect of binary orbit properties, mass transfer type, and donor
star type on the jets might in the future be testable given the large variety in types
of HMXB.
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A

Appendix: Radio analysis details

In this appendix, we show additional information and analysis details for each source.
In Table 11.4, we list the technical radio observation details, such as observatory, date,
configuration, calibrators, clean robust parameters, and synthesised beam. In Table
11.5, we list the magnetic field (estimates), spin frequencies, and binary orbital period
of all sources, including references. In Table 11.6, we list the fitted radio positions of
all detected targets or point to the reference where these positions can be found.
The radio observations were performed over various ATCA and VLA programmes.
The programme codes relate to the following targets: VLA/13A-352: GX 9+9, GX
9+1, GX 3+1, GS 1826-24, GX 1+4, and Her X-1; 14A-163: XMMU J174716.1281048, 1RXH J173523.7-354013, and AX J1754.2-2754; 17B-136: V*V490 Cep, MXB
0656-072, SAX J2239.3+6116, V 0332+53; 17B-406, 17B-420, and 18A-456: Swift
J0243.6+6124; SD0134: IGR J17379-3747; and 18B-104: GX 1+4 and 4U 1954+31;
ATCA programmes C3108: IGR J17062-6143; C3184: 4U 1702-429, 4U 1735-44, 2S
0918-549, 4U 1246-588, SAX J1712.6-3739, 2A 1822-371, 4U 1626-67; C3243: 3XMM
J181923.7-170616, 1E 1145.1-6141, Cen X-3, 3A 1239-599, OAO 1657-41, 4U 1538522, 4U 1700-37, EXO 1722-363, Vela X-1, IGR J16207-5129, IGR J16318-4848, and
IGR J16320-4751; and CX379: GRO J1744-28.
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Table 11.4: Background information about the radio observations presented in this paper. An * in the ATCA primary calibrator indicates
that 0823-500 was also observed but not used during the calibration. The observing frequencies are listed in Tables 11.1 and 11.2 in the main
paper. When two robust parameters are listed, these correspond to the two (increasing) observing frequencies. The synthesised beam parameters
correspond to the lowest observing frequency when observations were performed at two frequencies simultaneously. Shortened source names:
XMMU J174716.1 ≡ XMMU J174716.1-281048, 1RXH J173523.7 ≡ 1RXH J173523.7-354013, and 3XMM J181923.7 ≡ 3XMM J181923.7-170616.
When multiple dates are listed for one epoch, the data were combined in the analysis. **Not analysed due to the presence of bright, proximate
background source, yielding any flux density upper limit physically unconstraining.

Source

Obs.

VLA
VLA
VLA
VLA
ATCA
ATCA
ATCA
ATCA
ATCA
ATCA

XMMU J174716.1

VLA

1RXH J173523.7

VLA

AX J1754.2-2754

VLA

Conf.

297

Calibrators
Primary
Secondary
10
Weakly-magnetised: B < 10 G
2013-06-14
C
3C 286
J1733-1304
2013-06-09
C
3C 286
J1820-2528
2013-06-10
C
3C 286
J1820-2528
2013-06-10
C
3C 286
J1820-2528
2017-11-07
6A
1934-638* J1714-397
2017-11-07/8
6A
1934-638*
1714-397
2017-12-11/12
6C
1934-638* J0852-5755
2017-12-04/5
6C
1934-638*
J1217-55
2016-08-24
6C
1934-638* J1721-6154
2017-12-13/14
6C
1934-638* J1714-397
2017-12-29/30
2014-02-26/03-05
A
3C 286
J1744-3116
03-27/04-20
2014-02-28/03-17
A
3C 286
J1744-3116
04-11/04-19
2014-02-20/03-18
A
3C 286
J1744-3116
04-01/04-13

Robust

–
–
0
0
1
–
–
–
–

Synthesised beam
Major Minor
Angle

– – not detected at 3σ – – –
– – not detected at 3σ – – –
4.32"
1.78" −171.82°
3.93"
1.91"
−13.54°
5.32"
1.67"
−28.85°
– – not detected at 3σ – – –
– – not detected at 3σ – – –
– – not detected at 3σ – – –
– – not detected at 3σ – – –
– – – Not analysed** – – –

– – – not detected at 3σ – – –
– – – not detected at 3σ – – –
– – – not detected at 3σ – – –
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GX 9+9
GX 9+1
GX 3+1
GS 1826-24
4U 1702-429
4U 1735-44
2S 0918-549
4U 1246-588
IGR J17062-6143
SAX J1712.6-3739

Date

IGR J17379-3747

GRO J1744-28
4U 1954+31
GX 1+4

3XMM J181923.7
2A 1822-371
4U 1626-67
Her X-1
1E 1145.1-6141
Cen X-3
3A 1239-599
OAO 1657-41

VLA
VLA
VLA
VLA
VLA
VLA
VLA
ATCA
ATCA
VLA
VLA
VLA
VLA
VLA
VLA
ATCA
ATCA
ATCA
VLA
ATCA
ATCA
ATCA
ATCA

Date

Conf.

Calibrators
Primary
Secondary
2018-03-22
C
3C 286
J1733-3722
2018-03-30
C
3C 286
J1733-3722
2018-04-04
C
3C 286
J1733-3722
2018-04-07
C
3C 286
J1733-3722
2018-04-19
C
3C 286
J1733-3722
2018-04-23
C
3C 286
J1733-3722
2018-04-27
C
3C 286
J1733-3722
10
Strongly-magnetised: B > 10 G
2017-02-17
6D
1934-638
J1741-312
2017-03-06
6D
1934-638
J1741-312
2019-01-01
C
3C 286
J1953+3537
2019-01-11
C
3C 286
J1953+3537
2013-06-16
C
3C 286
J1751-2524
2018-12-14
C
3C 286
J1751-2524
2019-01-06
C
3C 286
J1751-2524
2019-01-08
C
3C 286
J1751-2524
2018-05-15
6D
1934-638*
J1600-48
2017-12-17
6C
1934-638
J1759-39
2017-12-13
6C
1934-638*
J1619-680
2013-06-06
C
3C 286
J1635+3808
2018-05-13
6D
1934-638*
J1214-60
2018-05-12
6D
1934-638*
J1129-58
2018-05-12
6D
1934-638*
J1214-60
2018-05-11
6D
1934-638
J1714-397

Robust
0
0
––
––
––
––
––

–
–
–
–
–

–––
–––
0
–––
0
0.5
0.5
0.5
–––
–––
–––
0
4.53"
–––
–––
–––

Synthesised beam
Major Minor
Angle
1.10"
0.30"
−3°
1.61"
0.30"
−22°
not detected at 3σ – – –
not detected at 3σ – – –
not detected at 3σ – – –
not detected at 3σ – – –
not detected at 3σ – – –
not detected at 3σ
not detected at 3σ
3.66"
2.57"
not detected at 3σ
4.05"
1.80"
5.09"
2.17"
8.24"
2.61"
6.81"
2.88"
not detected at 3σ
not detected at 3σ
not detected at 3σ
3.24"
1.8"
0
1.05"
not detected at 3σ
not detected at 3σ
not detected at 3σ

–––
–––
−79.45°
–––
1.59°
19.96°
-33.66°
26.01°
–––
–––
–––
8.57°
-10.06°
–––
–––
–––
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Continuation of Table 11.4
Source
Obs.

Continuation of Table 11.4
Source
Obs.
ATCA
ATCA
ATCA
ATCA
ATCA
ATCA
ATCA
VLA
VLA
VLA
VLA
VLA

Conf.

Calibrators
Robust
Synthesised beam
Primary
Secondary
Major Minor Angle
2018-05-16
6D
1934-638*
J1600-48
– – – not detected at 3σ – – –
2018-05-12
6D
1934-638*
J1714-397
0.5
6.23"
1.20" -20.95°
2018-05-13
6D
1934-638*
– – – not detected at 3σ – – –
2018-05-15/16
6D
1934-638*
J0906-47
0.5/0
8.63"
1.20" -14.75°
2018-05-15
6D
1934-638*
J1600-48
– – – not detected at 3σ – – –
2018-05-17
6D
1934-638
J1646-50
0.5/0
6.64"
1.27" -19.04°
2018-05-16
6D
1934-638*
J1646-50
0.5/0
5.92"
1.22" -20.73°
2017-09-10
C
3C 286
J2123+5500
– – – not detected at 3σ – – –
2017-10-07
C
3C 286
J0653-0625
– – – not detected at 3σ – – –
2017-09-16
C
3C 286
J2148+6107
– – – not detected at 3σ – – –
2017-09-17
C
3C 286
J0346+5400
– – – not detected at 3σ – – –
Data taken from Van den Eijnden et al. (2018a, 2019)
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4U 1538-522
4U 1700-37
EXO 1722-363
Vela X-1
IGR J16207-5129
IGR J16318-4848
IGR J16320-4751
V*V490 Cep
MXB 0656-072
SAX J2239.3+6116
V 0332+53
Swift J0243.6+6124

Date

Source

GX 9+9
GX 9+1
GX 3+1

Magnetic field
Spin
Orbital
strength [G]
freq. [Hz]
period [h]
10
Weakly-magnetised: B < 10 G
unmeasured
unmeasured 4.19
unmeasured
unmeasured unmeasured
8
8
< 6.7 × 10 , < 6 × 10
unmeasured unmeasured

GS 1826-24
4U 1702-429

unmeasured
8
3.3 × 10

unmeasured
330

2.25?
unmeasured

4U 1735-44
2S 0918-549
4U 1246-588

unmeasured
unmeasured
unmeasured

unmeasured
unmeasured
unmeasured

unmeasured
0.29
< 1?

IGR J17062-6143

> 4 × 10 ,
8
(2.5 ± 1.1) × 10

163

0.633

XMMU J174716.1-281048
1RXH J173523.7-354013
AX J1754.2-2754
IGR J17379-3747

unmeasured
unmeasured
unmeasured
8
(0.4 − 23) × 10

unmeasured
unmeasured
unmeasured
468

unmeasured
unmeasured
unmeasured
1.88

8

References

Kong et al. (2006)
N/A
Ludlam et al. (2019),
Mondal et al. (2019)
Meshcheryakov et al. (2010)
Ludlam et al. (2019),
Markwardt et al. (1999)
N/A
Zhong & Wang (2011)
Bassa et al. (2006),
in’t Zand et al. (2008)
Degenaar et al. (2017b),
van den Eijnden et al. (2018d),
Strohmayer et al. (2018b)
N/A
N/A
N/A
Sanna et al. (2018b),
Strohmayer et al. (2018a)

11 A new radio census of accreting NSs

300

Table 11.5: Magnetic field strengths, spin frequencies, and orbital periods of the X-ray binaries in this work. Sources where the magnetic
field has not been measured/inferred, are classified as weakly or strongly magnetised based on their (combination of) bursting properties, pulse
evolution, X-ray behaviour, and/or evolutionary state. Question marks indicate that a measurement might be debated; more details are found in
the referenced work(s).

Continuation of Table 11.5
Source
Magnetic field
strength [G]
(2 − 70) × 10

4U 1954+31
GX 1+4

unmeasured
12
14
10 –10

3XMM J181923.7-170616
2A 1822-371
4U 1626-67

unmeasured
10
5 × 10
12
3.8 × 10

Her X-1

3 × 10

1E 1145.1-6141
Cen X-3
3A 1239-599
OAO 1657-41
4U 1538-522
4U 1700-37
EXO 1722-363
Vela X-1
IGR J16207-5129

unmeasured
12
2.9 × 10
unmeasured
12
3 × 10 ?
12
2 × 10
unmeasured
unmeasured
12
2.6 × 10
unmeasured

12

11
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GRO J1744-28

Spin
Orbital
References
freq. [Hz]
period [h]
10
Strongly-magnetised: B > 10 G
2.1
11.8
Cui (1997), Rappaport & Joss (1997),
Bildsten et al. (1997), Degenaar et al. (2014),
Younes et al. (2015), Finger et al. (1996)
−5
5.46 × 10
unmeasured Kuranov & Postnov (2015)
∼ 0.0083
27864
Rea et al. (2005), Ferrigno et al. (2007),
Cui & Smith (2004), Lewin et al. (1971),
Hinkle et al. (2006), Cutler et al. (1986)
−3
2.5 × 10
unmeasured Qiu et al. (2017)
1.69
5.568
Staubert et al. (2019)
0.13
0.7
Staubert et al. (2019),
Middleditch et al. (1981)
0.806
40.8
Staubert et al. (2019),
Leahy & Abdallah (2014)
−3
3.367 × 10
134.4
White et al. (1980), Ilovaisky et al. (1982)
0.207
50.16
Staubert et al. (2019), Clark et al. (1988)
−3
5.2 × 10
unmeasured Blair & Candy (1985)
−2
9.6 × 10
912
Staubert et al. (2019)
−3
1.9 × 10
89.52
Staubert et al. (2019)
unmeasured unmeasured N/A
−3
2.4 × 10
233.76
Thompson et al. (2007)
−3
3.5 × 10
215.04
Staubert et al. (2019)
unmeasured unmeasured N/A

V 0332+53
Swift J0243.6+6124

12

2 × 10
12
13
10 − 10

Spin
freq. [Hz]
unmeasured
−4
7.7 × 10
−2
1.5 × 10
−3
6.2 × 10
−4
8 × 10

Orbital
period [h]
unmeasured
215
500
2424
6288?

0.228
0.102

816
662.1

References
N/A
Corbet et al. (2005), Rodriguez et al. (2006)
Staubert et al. (2019)
Staubert et al. (2019)
in’t Zand et al. (2000), in’t Zand et al. (2001),
Reig et al. (2017)
Staubert et al. (2019)
Tsygankov et al. (2018), Wilson-Hodge et al. (2018),
Jenke & Wilson-Hodge (2017)
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Continuation of Table 11.5
Source
Magnetic field
strength [G]
IGR J16318-4848
unmeasured
IGR J16320-4751
unmeasured
12
V*V490 Cep
2.5 × 10
12
MXB 0656-072
3 × 10
SAX J2239.3+6116 unmeasured

B Appendix: X-ray analysis details
Table 11.6: Radio positions as measured with the casa-task imfit. The uncertainty is calculated
as the beamsize divided by the S/N ratio, limited by 10% of the beamsize for the maximum accuracy
as suggested by the VLA. The position with the best accuracy, out of all frequency bands and
observations of the source, is shown.

Source
GX 3+1
GS 1826-24
4U 1702-429
IGR J17379-3747
4U 1954+31
GX 1+4
Her X-1
1E 1145.1-6141
4U 1700-37
Vela X-1
IGR J16318-4848
IGR J16320-4751
Swift J0243.6+6124

B

RA
Declination
[h m s]
[° ’ "]
17 47 56.11 ± 0.03
−26 33 49.23 ± 0.87
18 29 28.11 ± 0.01
−23 47 48.92 ± 0.34
17 06 15.32 ± 0.01
−43 02 08.79 ± 0.38
17 37 58.84 ± 0.02
−37 46 18.35 ± 0.07
19 55 42.34 ± 0.05
+32 05 48.87 ± 0.42
See van den Eijnden et al. (2018a)
See van den Eijnden et al. (2018b)
11 47 28.528 ± 0.003 −61 57 13.47 ± 0.67
17 03 56.776 ± 0.005 −37 50 38.62 ± 0.32
09 02 06.836 ± 0.002 −40°33’16.72"± 0.47
16 31 48.308 ± 0.003 −48 49 00.99 ± 0.30
16 32 01.758 ± 0.014 −47 52 28.3 ± 1.1
See van den Eijnden et al. (2018c)

Appendix: X-ray analysis details

In Tables 11.7 and 11.8, we list the data analysis details for the X-ray flux determination for the weakly and strongly-magnetised sources. For each source, we selected the closest X-ray observational information in time, aiming that the source
was in the same state as during the radio observations. We then measured the flux
either by fitting the X-ray spectrum or converting the observed count rate (upper
limit) assuming a typical source spectrum or, if this was not available, the Crab
spectrum. When fitting the spectrum, we attempted both single component absorbed models (i.e. tbabs*powerlaw and tbabs*diskbb) and combined models
(i.e. tbabs*(powerlaw+diskbb)). Using an f-test and requiring a ≥ 5σ fit improvement for the combined model, we then compared these model options. The
keyword method in Tables 11.7 and 11.8 signals whether we fitted a spectrum or
converted count rates, while the listed parameters show the used model.
There are some detailed notes for Tables 11.7 and 11.8, that are relevant for a
number of sources. Firstly, for the final two radio observations of IGR J17379-3747,
we interpolated between two Swift observations. For this purpose, we performed a
linear interpolation in time between the logarithmic X-ray fluxes measured for the
individual observations. Given the possibility of variability between the observations,
we assign an enhanced systematic uncertainty of 50% to the resulting interpolated
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X-ray flux. When multiple MJDs (MAXI ) or ObsIDs (Swift) are shown with a dash,
these observations were combined to collect enough counts for the analysis. MAXI
X-ray spectra were extracted using the on-demand online MAXI tool for the shown
MJDs (http://maxi.riken.jp/mxondem/). When only errors to one side are shown in
Tables 11.7 and 11.8, the other error was either uncontrained or hit the physical limit
of the parameter (e.g. zero for a normalisation).
Finally, we end with analysis remarks for two individual sources. Firstly, for
4U 1954+31, no MAXI or Swift XRT X-ray information was available for either
radio observation. However, Swift BAT observations during the first radio epoch,
show the same count rate within 1σ uncertainties as during a pointed Swift XRT
observation in 2006 (Masetti et al. 2007a). We therefore fitted this pointed Swift
XRT observation instead. In the 4U 1700-37 observation with Swift, an Fe Kα line is
visible in the spectrum. Therefore, we include this line in the model as a gaussian
+0.15
component, with resulting parameters: E = 6.47 ± 0.07 keV, σ = 0.3−0.12 keV, and
+0.6
−2
−2 −1
N = (1.95−0.4 ) × 10 photon cm s .

304

Table 11.7: Shortened source names: XMMU J174716.1 ≡ XMMU J174716.1-281048 and 1RXH J173523.7 ≡ 1RXH J173523.7-354013. Swift
ObsIDs are shortened by removing the starting 000. Parameters without errors were fixed in the fit or assumed for the count rate – flux conversion,
a
b
c
while errors are quoted at 1σ. van den Eijnden et al. (2018d), Kalberla et al. (2005), Sanna et al. (2018b). The Crab spectral shape is taken
from Madsen et al. (2017).

Obs.

GX 9+9
GX 9+1
GX 3+1
GS 1826-24
4U 1702-429
4U 1735-44
2S 0918-549
4U 1246-588
IGR J17062-6143
XMMU J174716.1
1RXH J173523.7

MAXI
MAXI
MAXI
MAXI
Swift
MAXI
Swift
Swift
Swift
Swift
Swift

AX J1754.2-2754

Swift

Npo
−1
−2 −1
[keV cm s
at 1 keV]

kTBB
[keV]

NBB
−4
[10 ]

(1.6 ± 0.3) × 10
+10.5
2
(16.7−6.1 ) × 10

–
–

–
–

9.0 ± 0.1
1.2 ± 0.3
−2
(7.4 ± 1.7) × 10
−2
(7.6 ± 1.0) × 10
−2
(1.1 ± 0.5) × 10

–
–
–
–
0.5 ± 0.1

–
–
–
–
2.3 ± 1.0

(8 ± 3) × 10
−4
(5 ± 2) × 10
−4
(6 ± 2) × 10
−4
(3.7 ± 1.5) × 10

–
–
–
–

–
–
–
–

2

−4
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Source name

Weak magnetic field neutron stars
MJD/
Method
NH
Γ
22
ObsID
[10
−2
cm ]
56457
Rate
Crab spectrum
56452
Spec
4.8 ± 0.5
2.5 ± 0.1
56459
Spec
6.1 ± 1.6
2.7 ± 0.2
56453
Rate
Crab spectrum
88130001 Spec
3.04 ± 0.05 2.13 ± 0.03
58063–5
Spec
2.7 ± 1.0
2.0 ± 0.2
31569013 Spec
0.6 ± 0.2
2.2 ± 0.2
10441001 Spec
0.5 ± 0.1
1.95 ± 0.10
a
34676002 Spec
0.12
2.3 ± 0.4
30938013 Rate
Crab spectrum
b
31446002 Spec
0.7
2.2 ± 0.5
31446003 (aver0.7
1.5 ± 0.4
31446005 aged)
0.7
2.4 ± 0.5
b
36163012 Spec
0.9
1.7 ± 0.4

IGR J17379-3747

1
2
3
4
5
6

Swift
Swift
Swift
Swift
Swift
Swift

7

Swift

MJD/
ObsID

Method

31270002
31270005
31270007
31270009
31270013
31270015
31270016
31270017
31270018

Spec
Spec
Rate
Spec
Spec
Rate
(interp)
Spec
(interp)

NH
22
[10
−2
cm ]
c
0.9
0.9
0.9
0.9
0.9
0.9
0.9
0.9
0.9

Γ

Npo
−2 −1
[keV cm s
at 1 keV]
−3
(9 ± 6) × 10
−2
(2.0 ± 0.2) × 10
–
−3
(9 ± 0.9) × 10
−4
(9 ± 3) × 10
–
–
−3
(2.5 ± 0.4) × 10
−4
(6 ± 2) × 10
−1

1.0 ± 0.5
2.15 ± 0.13
2.5
2.05 ± 0.12
2.7 ± 0.5
2.5
2.5
2.3 ± 0.2
2.5 ± 0.5

kTBB
[keV]

NBB
−4
[10 ]

0.6 ± 0.05
–
–
–
–
–
–
–
–

9.6 ± 3.1
–
–
–
–
–
–
–
–
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Continuation of Table 11.7
Source name
Obs.

Table 11.8: Shortened source name: 3XMM J181923.7 ≡ 3XMM J181923.7-170616. For 2A 1822-371 and 4U 1626-67, we used the blackbody
model as the power law model returned an unrealistically high absorption column and therefore unabsorbed flux. Swift ObsIDs are shortened by
removing the starting 000. Parameters without errors were fixed in the fit or assumed for the count rate – flux conversion, while errors are quoted
a
b
c
d
e
f
at 1σ. Hemphill et al. (2019), Varun et al. (2019), Corbet et al. (2005), Iyer & Paul (2017), in’t Zand et al. (2001), Doroshenko et al. (2017).

Source name

GX 1+4

4U 1954+31

1
2
3
4
1
2

Strong magnetic field neutron stars
MJD/
Method
NH
Γ
22
ObsID
[10
or
−2
cm ]
kTBB
[keV]

See van den Eijnden et al. (2018a)
No X-ray information available close in time
+1.3
MAXI 58488-90
Spec
2.7−0.8
+47.5
21.2−20.0
+4.7
MAXI 58490-93
Spec
4.2−1.5
Swift
30392001
Spec
2.5 ± 0.3
1.7 ± 0.1
No X-ray information available close in time
+0.6
Swift
33498013
Spec
0.06
−0.4 ± 0.4
+6.7
MAXI 58103–6
Spec
2.2−2.2
2.0 ± 0.4
+1.5
MAXI 58097–101 Spec
0.0
1.9 ± 0.2
See van den Eijnden et al. (2018b)
MAXI 58219–23
Spec
2.0 ± 1.7
1.5 ± 0.4
+13.1
MAXI 58230–80
Spec
14.8−8.6
1.5 ± 0.3
Swift
37891007
Rate
Crab spectrum
MAXI 58249–51
Spec
4.5 ± 1.5
1.6 ± 0.1
a
b
MAXI 58254
Rate
15
1.0
Swift
33631015
Spec
5.5 ± 0.1 1.92 ± 0.04
c
c
Swift
10675001
Rate
15
1.0

Npo
−2 −1
[keV cm s
at 1 keV]
or
−4
NBB [10 ]

Model

−1

+60

90−20
+310
13550
26.5 ± 1.5
(2.5−1.0 ) × 10
116 ± 25
95 ± 12
+2.9

bbody
bbody
bbody
−5

powerlaw
bbody
bbody

(6.8−3.5 ) × 10
−3
(3 ± 1) × 10

powerlaw
bbody

0.7 ± 0.2
–
783 ± 20
–

powerlaw
powerlaw
bbody
powerlaw

−2
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3XMM J181923.7
2A 1822-371
4U 1626-67
Her X-1
1E1145.1-6141
Cen X-3
3A 1239-599
OAO 1657-41
4U 1538-522
4U 1700-37
EXO 1722-363

Obs.

Vela X-1
IGR J16207-5129
IGR J16318-4848
IGR J16320-4751
V*V490 Cep
MXB 0656-072
SAX J2239.3+6116
V 0332+53
GRO J1744-28
Swift J0243.6+6124

1
2

MJD/
ObsID

Method

NH
22
[10
−2
cm ]

Γ
or
kTBB
[keV]

Npo
−2 −1
[keV cm s
at 1 keV]
or
−4
NBB [10 ]
+4.9
MAXI 58252–64
Spec
2.8−2.8
2.7−1.2
0.35−0.35
+1.7
+10
−4
Swift
37888002
Spec
2.2−1.2
0.8 ± 0.7
(5 ) × 10
d
d
Swift
35053006
Rate
120
1.0
–
+4.7
−3
Swift
10676001
Spec
13.2 ± 3.0 0.5 ± 0.4 (3.6−1.9 ) × 10
18.6
+2.0
1.6
−5
Swift
80436005
Spec
0
−2.4
(0 ) × 10
+0.3
+0.8
+1.0
−4
Swift
80435001
Spec
0.0
0.8−0.4
(1.0−0.3 ) × 10
e
e
Swift
10298001
Rate
3.0
1.6
–
f
f
Swift
31293078
Rate
2.0
2.0
–
+0.8
Swift
30898081
Spec
7.8 ± 1.3 1.0 ± 0.2
2.0−0.5
Swift
30898087–91 Rate
7.8
1.0
–
See van den Eijnden et al. (2018c) and van den Eijnden et al. (2019a)

Model

−1

powerlaw
powerlaw
powerlaw
powerlaw
powerlaw
powerlaw
powerlaw
powerlaw
powerlaw
powerlaw
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Continuation of Table 11.8
Source name
Obs.
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C

Appendix: Details of the wind LR estimates

To estimate the stellar wind radio luminosity, we apply Equation 11.1 for all sources.
In this section, we briefly review the input parameters for this equation per target
discussed in Section 4.2. The details for the three SyXRB are given in Section 4.4 of
the main paper itself. In all cases, we assume a pure hydrogen wind with an electron
4
temperature of Te = 10 K, as these parameters are poorly constrained and only very
weakly affect the predicted wind luminosity. In Table 11.9, we list the measured or
otherwise assumed mass loss rates and terminal wind velocities, source distances, and
resulting 5.5 GHz wind flux densities per source. Distance references can be found in
Tables 11.1 and 11.2 in the main paper.
IGR J16318-4848 is a highly absorbed SgXB, hosting a SgBe companion star
(Filliatre & Chaty 2004), showing a bright IR excess in its SED from the presence of
a dust shell (Kaplan et al. 2006). We tested whether this dust shell could contribute
to the observed radio emission. Assuming a dust temperature of 1030 K and using
that the radio regime falls in the Rayleigh-Jeans tail of the dust shell’s thermal SED,
−2
we find a contribution of 2×10 µJy at 5.5 GHz. Therefore, we rule out the dust shell
as the origin of the observed emission. For the estimates in Table 11.9, we assumed
−6
−1
a standard 10 M⊙ yr mass loss rate in the absence of literature measurements.
Kaplan et al. (2006) argue that the IR spectrum does not show evidence for stellar
wind emission, supporting the notion that the wind mass loss rate does not greatly
exceed typical values.
Finally, we turn to the BeXRBs, of which only Swift J0243.6+6124 was detected
in radio. For individual BeXBRs, the stellar wind parameters are typically poorly
constrained. However, the Be star winds are significantly weaker than those of the
−9
supergiant O/B donors in SgXB: typical mass loss rates are of the order 10 M⊙
−1
yr (Snow 1981). At such mass loss rates, even a low terminal velocity (yielding the
−1
highest luminosity) of 100 km s leads to expected 5.5 GHz flux densities below 1
µJy for distances larger than 1 kpc. As all observed BeXRBs are located at larger
distances (at least 3.6 kpc), their stellar wind are not expected to be observable at
current radio sensitivities.
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Source name
1E 1145.1-6141
4U 1700-37
Vela X-1
IGR J16318-4848
IGR J16320-4751
Cen X-3
3A 1239-599
OAO 1657-41
4U 1538-522
EXO 1722-363
IGR J16207-5129

v∞
Reference
−1
[km s ]
Densham & Charles (1982)
400
Densham & Charles (1982)
Howarth & Prinja (1989)
2200
Howarth & Prinja (1989)
Also Hammerschlag-Hensberge et al. (1990), Heap & Corcoran (1992)
−6
1 × 10
Grinberg et al. (2017)
700
Grinberg et al. (2017)
−6
1 × 10 *
410
Filliatre & Chaty (2004)
See caption for details
−6
5 × 10
Krzeminski (1974)
800
Krzeminski (1974)
Also Krzeminski (1973) and Clark et al. (1988)
−6
1 × 10 *
400*
−6
2 × 10
Mason et al. (2012)
250
Mason et al. (2012)
−6
1 × 10
Torrejón et al. (2015)
1300
Hemphill et al. (2014)
−6
1.5 × 10
Manousakis & Walter (2011) 250 − 600 Manousakis & Walter (2011)
−6
2 × 10
Bodaghee et al. (2010)
400*
Ṁ
−1
[M⊙ yr ]
−6
1.4 × 10
−6
6 × 10

Reference

D
[kpc]
8
2.12

S5.5 GHz
[µJy]
∼ 20
∼ 200

1.9
3.6
3.5
8

∼ 94
∼ 60
∼ 42

4
6.4
6.4
8
6.1

∼ 50
∼ 92
∼4
∼40-13
∼ 50
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Table 11.9: Input stellar wind parameters and references for the 5.5-GHz wind radio flux density estimate. For values denoted with a *, no
−6
−1
−1
literature measurement was known to the authors – therefore, we assumed typical values of 10 M⊙ yr and 400 km s for the wind mass loss
rate and terminal velocity, respectively. The range in predicted 5.5 GHz rado flux density values for EXO 1722-363 corresponds to the range in
terminal wind velocities. For IGR J16320-4751, no estimates were found in the literature and therefore no estimate is made. SyXRBs are discussed
in the main text, BeXRBs in the appendix.
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Figure 11.7: The fraction of simulated data sets where IGR J16320-4751 would not be detected at
9 GHz with a 3σ significance, as a function of spectral index, assuming the observed 5.5-GHz flux
density and 9-GHz sensitivity.

D

Appendix: Spectral index upper limits

In Figures 11.7 and 11.8, we show the estimate of the 3σ upper limit on the radio
spectral index for the two sources with a detection only at 5.5 GHz but not at 9 GHz:
IGR J16320-4751 and 1E 1145.1-6141. For the details of the calculation, see van den
Eijnden et al. (2019a).
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Figure 11.8: The fraction of simulated data sets where 1E 1145.1-6141 would not be detected at
9 GHz with a 3σ significance, as a function of spectral index, assuming the observed 5.5-GHz flux
density and 9-GHz sensitivity.
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Het verhaal van David tegen Goliath leert ons dat kracht niet altijd is wat het lijkt –
een les die we ook kunnen leren van de sterren in de hoofdrol van dit proefschrift. Het
merendeel van de sterren in het heelal leeft, in tegenstelling tot de zon, niet in isolatie
maar in meervoudige systemen: een voorbeeld hiervan zijn zogenaamde dubbelsterren,
die bestaan uit twee om elkaar heendraaiende sterren. Als deze sterren dicht genoeg
rond elkaar draaien, en sterk verschillen in hun zwaartekrachts aantrekking, kunnen
ze materie uitwisselen via een stroom van gas van de ene naar de andere ster. Maar
net als in de overwinning van David over Goliath, is het bij de sterren in dit proefschift
niet de grootste ster die kleinste van haar buitenste lagen ontdoet. In tegenstelling
juist: het is de kleinere ster die deze gaslagen van de grotere invangt, in een process dat
accretie wordt genoemd. In dit proefschrift heb ik accretie bestudeert in dubbelsterren
waarin die kleinste ster een neutronenster is: een minescuul stellair restant, ontstaan
in de supernova die het einde van het leven van een zware ster tekent, met een extreem
30
hoge dichtheid: tussen ongeveer een- en tweemaal de massa van de Zon (∼ 2 × 10
kg), oftewel drie- tot zeshonderdduizend keer de massa van de aarde, samengedrukt
in een bol met een straal van 11–12 km.
Terwijl het gas tussen de twee sterren stroomt, warmt het enorm op en gaat
het helder stralen. Aangezien deze dubbelsterren zijn ontdekt via de röntgenstraling
die op deze manier wordt uitgezonden, worden ze aangeduid als röntgendubbelsterren.
Maar niet al het gas dat de grotere ster verliest bereikt noodzakelijk de neutronenster:
een groot deel hiervan kan namelijk gelanceerd worden richting de omringende ruimte
– het zogenaamde interstellaire medium – via twee mechanismes: winden, waarin het
gas met honderden tot duizenden kilometers per seconde richting alle kanten wordt
weggeblazen, en jets, waarin gas en energie met extreme snelheden (tot significante
fracties van de lichtsnelheid) in twee tegengestelde richtingen wordt geschoten. Deze
winden zijn indirect waar te nemen doordat ze het zicht van het instromende gas
deels ontnemen, terwijl de jets directer zichtbaar zijn via de radiostraling die deze
uitzenden. De winds en jets beïnvloeden het röntgendubbelstersysteem zelf, doordat
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ze gas, energie, en impulsmoment verwijderen, maar daarnaast kunnen ze ook een
grote impact op de omringende ruimte hebben, door deze materie en energie uit te
storten over afstanden tot tientallen lichtjaren groot.
Hierboven heb ik een van de drie technische termen in de titel van dit proefschrift,
de extremen van magnetische accretie, gedefinieerd. Wat bedoel ik met de andere
twee? Het magnetisch refereert aan de extreem sterke magneetvelden die neutronen15
sterren kunnen hebben, met een dipolaire sterkte tot wel 10 G (ter vergelijking:
3
4
een MRI scanner heeft een magneetsterkte in de orde van 10 –10 G). De neutronensterren in röntgendubbelsterren komen, grofweg, in twee categorieën voor: zwak
9
magnetisch, met veldsterktes die typisch lager zijn dan 10 G, en sterk magnetisch,
12
met velden sterker dan 10 G. In mijn onderzoek focus ik op de rol die deze magneetvelden spelen in het accretieproces: wat voor interacties vinden er plaats tussen
het magneetveld en de instroom van gas, en hoe beïnvloedt deze interactie het lanceren van winden en jets? Hoewel zowel röntgendubbelsterren in het algemeen, als
deze vragen specifiek, al decennia lang bestudeerd worden, blijven dit open vraagstukken. De zwak magnetische neutronensterren spelen de hoofdrol in Deel I van dit
proefschrift en hun sterk magnetische tegenpolen in Deel II, waarna beide categorieën
worden onderzocht en vergeleken in Deel III.
Dan resteert mij om de extremen te definiëren. De extremen van een process zijn
vaak het lastigste te bestuderen, wat verklaard waarom hier nog veel open vragen
bestaan. Dus op welke extremen van magnetische accretie focust mijn onderzoek?
Samenvattend zijn deze onder te verdelen in drie smaken: ten eerste, de zeldzaamheid
van het bestudeerde gedrag, voornamelijk in Hoofdstuk 2. Ten tweede, de zeer lage of
extreem hoge vaart waarin gas door de neutronenster wordt geaccreteerd, die aan bod
komen in Hoofdstuk 3 tot en met 5, en Hoofdstukken 8 en 10. Ten derde, de extreem
sterke magneetvelden van de neutronensterren in de tweede van de bovengenoemde
12
categorieën van röntgendubbelsterren (≥ 10 G), in Hoofdstukken 6 tot en met 11.
Voordat ik per hoodstuk het onderzoek uit dit proefschrift beschrijf, keer ik me
kort tot the algemene methodologie. Sterrenkundig onderzoek kan simplistisch maar
fundamenteel worden opgedeeld in theoretische en observationele sterrenkunde: het
opstellen van modellen van het heelal en wat daarin voorkomt, tegenover het testen
van deze modellen en ontdekken van nieuwe fenomenen via waarnemingen. Mijn onderzoek valt in die tweede categorie: het combineert waarnemingen met röntgen- en
radiotelescopen, om de eigenschappen van en link tussen de gasinstroom en de jets
te begrijpen. Röntgenstraling wordt geabsorbeerd door de atmosfeer van de aarde,
en kan dus alleen worden waargenomen met detectoren op satellieten (of ballonvluchten). In dit onderzoek gebruik ik zes verschillende satellieten, gelanceerd door ESA,
NASA, en JAXA. Radiostraling kan, daarentegen, wel het aardoppervlak bereiken.
De twee radiotelescopen die ik in mijn proefschrift gebruik bestaan beiden uit een rij
van meerdere individuele schotels, die samen een object bekijken, waarna hun data
gecombineerd wordt tot één afbeelding.
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Figuur A: Een schematisch overzicht van het type object bestudeerd in dit onderzoek, in relatie
tot the overkoepelende structuur van dit proefschrift. Links: een radiowaarneming van de nevel in
het interstellaire medium rond een röntgendubbelster, die wordt gevormd door de impact van de
jet. Credit: Gallo et al. (2005). Midden: een artistieke impressie van een röntgendubbelster, met
de donorster aan de rechterkant, de instroom van gas in de vorm van een schijf rond de miniscule
neutronenster (die zelf niet te zien is), en de jet die gelanceerd wordt uit het centrum van de instroom.
Credit: NASA/Chandra X-ray Center/M. Weiss. Rechts: de algemene opzet van dit proefschrift:
zwak magnetische neutronensterren in Deel I, sterk magnetische neutronensterren in Deel II, en hun
gecombineerde analyse in Deel III.

In Hoofdstuk 2 modelleer ik het röngtenspectrum dat uitgezonden wordt door de
accretiestroom in een röntgendubbelster genaamd de Rapid Burster. Deze röntgendubbelster maakt zijn naam waar tijdens plotselinge uitbarstingen van helderheid,
die waarschijnlijk veroorzaakt worden door plotse toenames in de instroom van gas.
De Rapid Burster, en dit zeldzame gedrag, zijn al bekend sinds de jaren seventig,
maar ondanks decennia aan waarnemingen blijven deze uitbarstingen slecht begrepen. Daarom pas ik – voor het eerst bij deze dubbelster – een techniek toe die
‘reflectiespectroscopie’ heet. Dit heeft veel weg van kijken in een lachspiegel: bij deze
techniek bestudeert men niet het licht dat direct op de waarnemer schijnt, maar dat
– nadat het dichtbij de neutronenster uitgezonden werd – in de richting van de Aarde
is weerkaatst door het instromende materiaal. Net zoals de vorm van een lachspiegel
bepaalt hoe je weerspiegeling wordt vervormd, veranderen de eigenschappen van de
weerspiegelde gasinstroom het spectrum van het weerkaatste licht. Door deze invloeden te modelleren, kunnen we onder andere de geometrie van de instroom bepalen,
wat uitdagend is met alternatieve methoden. Met deze analyze vind ik dat, tussen
de plotselinge uitbarstingen in, het gas niet tot aan de oppervlakte van de neutronenster reikt. Het lijkt tegengehouden te worden, mogelijk door het magneetveld van
de neutronenster, dat een barrière vormt die slechts tijdens de uitbarstingen beslecht
wordt.
Deze lachspiegelaanpak pas ik vervolgens ook toe in Hoofdstukken 3 en 4, al
focussen die analyses op waarnemingen van andere neutronensterren. In Hoofdstuk 3
bestudeer ik de röntgendubbelster IGR J17062-6143, waarin gas continu met slechts
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een lage vaart instroomt. Het is slecht begrepen waar deze lage vaart, die ook in
sommige andere röntgendubbelsterren wordt gezien, door verklaard kan worden. In
dit onderzoek probeer ik dit vraagstuk beter te begrijpen, door drie methodes te
combineren: de bovengenoemde ‘reflectiespectroscopie’, een zoektocht naar een deels
ontnomen zicht op de instroom door een wind, en metingen van de variabiliteit in
de röntgenstraling. De resultaten van deze drie methodes bouwen samen een beeld
waarin de twee sterren zeer dicht rond elkaar draaien, waardoor er slechts ruimte is
voor een kleine instroom, terwijl het magneetveld van de neutronenster tegelijkertijd
sterk genoeg is om te voorkomen dat gas efficient naar de oppervlakte stroomt. Dit
beeld is vervolgens bevestigd door nieuwe waarnemingen, gedaan door een andere
onderzoeksgroep.
In Hoofdstuk 4 onderzoek ik vervolgens waarom in een specifieke röntgendubbelster – 4U 1608-52 – geen gereflecteerde röntgenstraling zichtbaar is. Op het eerste
gezicht lijkt dit misschien een ietwat vreemde vraag, maar in eerdere waarneming was
deze reflectie wel degelijk duidelijk aanwezig. Omdat in die eerdere waarneming in
instroomsnelheid tienmaal hoger lag, is het interessant om dit verschil te begrijpen:
het vertelt ons hoe de eigenschappen van de instroom afhangen van deze snelheid.
Deze vraag beslaat naast de intrisieke eigenschappen van de röntgendubbelster, ook
de kwaliteit van de data: stel je voor hoe het effect van een lachspiegel moeilijker te
onderscheiden zou zijn wanneer je slechtziend bent. Om dit effect te testen, creeër
ik gesimuleerde waarnemingen voor verschillende eigenschappen van het instromende
gas, om te bepalen voor welke eigenschappen de reflectie inderdaad niet te onderscheiden was gegeven de kwaliteit van de data. Deze analyse suggereert dat de morphologie
van de instroom is veranderd van een platte, goed-spiegelende schijf, naar een verdampte, opgeblazen instroom, die minder goed in staat is de straling te weerkaatsen.
Zulke veranderingen passen bij de standaard theorieën van accretie, maar zijn lastig
te meten: in dit geval waren er vele, gecoördineerde waarnemingen van drie röntgensatellieten voor nodig.
In het laatste hoofdstuk van Deel I stap ik weg van de pure röntgenstudies en
combineer ik voor het eerst waarnemingen met röntgen- en radiotelescopen, genomen
van de röntgendubbelster Swift J1858.6-0814. Deze dubbelster werd ontdekt in 2018
en liet in optisch en X-ray telescopen extreem en slecht begrepen gedrag zien: enorme
toe- en afnames in de helderheid in luttele minuten. In dit onderzoek focus ik met
dan ook in het bijzonder op twee vragen: is de radiostraling, uitgezonden door de
jet, variabel? Zo ja, is deze variabiliteit gelinkt aan de minuten-lange opvlammingen
in de optische- en röntgenhelderheid? Hoewel de radiohelderheid wel degelijk sterk
variabel is – wat niet vaak waargenomen wordt – lijkt er geen duidelijke relatie te
zijn met de röntgen- en optische opvlammingen. In plaats daarvan concludeer ik dat
de variabiliteit in de jet het gevolg zou kunnen zijn van stochastische variaties in the
instroomsnelheid, die vervolgens doorwerken in de helderheid van de jet.
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De inhoudelijke focus van dit boek verschuift in Deel II van zwak naar sterk
magnetische neutronensterren, terwijl de in Hoofdstuk 5 ingezette methodologische
verschuiving van röntgen- naar radiowaarnemingen doorzet. Deze veranderingen worden gemotiveerd door een decennia oud waarneemparadigma, dat stelt dat deze sterk
magnetische neutronensterren niet in staat zijn om jets te lanceren uit het instromende gas. Dit paradigma is ontstaan naar aanleiding van waarnemingen van zulke
röntgendubbelsterren sinds de jaren zeventig: aangezien deze waarnemingen geen radiostraling detecteerden, leek het alsof er geen jet werd gelanceerd. Meer recentelijk
werd deze afwezigheid ook verklaard in de context van de meest algemeen geaccepteerde jet modellen: zulke modellen nemen aan dat het instromende gas over de
aanwezige magneetvelden domineert, om deze veldlijnen op te kunnen spinnen tot
een magnetische springveer die het gas vervolgens lanceert. Dit zou alleen mogelijk
zijn als het magneetveld van de neutronenster zwak is. Er schuilt echter een gevaar
in een paradigma gebouwd op afwezigheid van bewijs: dat is immers geen bewijs van
afwezigheid. Aangezien twee belangrijke radio observatoria, de Karl G. Jansky Very
Large Array (afgekort als VLA) in de Verenigde Staten en de Australia Telescope
Compact Array in Australië (ATCA), grote upgrades ondergingen in voorbije twee
decennia, heb ik dit paradigma opnieuw getest met verbeterde sensitiviteit.
Om een paradigma te herevalueren, is wel een gegronde reden nodig: de voornaamste motivatie om mijn aandacht te richten op de jets van sterk magnetische
neutronensterren volgde uit de analyes beschreven in Hoofdstuk 6 en 7. Beide hoofdstukken presenteren radiowaarnemingen met de VLA, die door de upgrades zwakkere
straling kon detecteren en daardoor kon zien of er eventueel toch zwakke jets gelanceerd werden door sterk magnetische neutronensterren. Zo niet, dan zouden deze
waarnemingen nog sterkere limieten geven op de mogelijkheid dat zulke jets bestaan.
Hoofstukken 6 en 7 behandelen waarnemingen van twee beroemde röntgendubbelsterren waarin de neutronenster sterk magnetisch is: respectievelijk GX 1+4 en Hercules
X-1. In beide gevallen rapporteer ik radiostraling op de positie van de röntgendubbelster, en in beide gevallen was deze straling te zwak om te detecteren met eerdere
waarnemingen.
Deze nieuwe waarnemingen waren echter niet opgezet om precies te achterhalen
waar deze straling vandaan komt: twee belangrijke signaturen die helpen om verschillende stralingsprocesses te onderscheiden – het radiospectrum en de relatie tussen de
röntgen- en radiohelderheid – waren niet te bepalen. De radiostraling die we voor het
eerst waarnamen past dus als de straling die uitgezonden wordt door een jet, maar
dat is weinig verrassend gezien het gebrek aan gedetailleerde informatie. Tegelijkertijd
konden we deze optie ook niet afschrijven. Met andere woorden: betere waarnemingen, in aantal en opzet, bleken nodig om het bovenstaande paradigma opnieuw te
onderzoeken.
Zulke waarnemingen vormen het onderwerp van Hoofdstukken 8 en 9, die beiden
focussen op dezelfde neutronenster: Swift J0243.6+6124. Deze röntgendubbelster
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werd ontdekt in de herst van 2017, slechts maanden nadat we de radiostraling van
GX 1+4 en Her X-1 hadden ontdekt – wat de soms onmisbare rol van geluk in dit
soort studies laat zien. Ook varieerde deze neutronenster vele ordes van grootte
in accretiesnelheid en de resulterende röntgenhelderheid. In Hoofdstuk 8 presenteer
ik de resultaten van een gecombineerde radio- en röntgenwaarneemcampagne, uitgevoerd terwijl de bron extreem hoge accretiesnelheden laat zien. De waargenomen
eigenschappen van de radiostraling – het spectrum, de helderheid, en de evolutie van
beiden – in combinatie met de röntgenwaarnemingen wijzen op de lancering van een
jet door deze sterk magnetische neutronenster. Zoals bij GX 1+4 en Hercules X-1 is
de radiostraling zeer zwak, wat verklaart waarom vergelijkbare resultaten nooit eerder
gevonden waren in waarnemingen met minder gevoelige telescopen.
In Hoofdstuk 9 laat ik de verdere radio- en röntgen-evolutie van deze röntgendubbelster zien bij lagere accretiesnelheden. Deze waarnemingen laten zien hoe de jet
snel reageert op variaties in de mate van gasinstroom: de jet verschijnt en verdwijnt
weer terwijl de instroom toe- en afneemt gedurende enkele dagen. Daarnaast onthullen de waarnemingen dat de maximale radiohelderheid van de jet vergelijkbaar is
bij hoge en lage accretiesnelheden. In Hoofstuk 10 keer ik kort terug naar een pure
röntgenanalyse, gericht op een waarneming van Swift J0243.6+6124 bij de hoogste
accretiesnelheid. Deze data bevat beperkingen in kwaliteit door de extreem hoge
flux, die hoger is dan het optimale bereik van de detector. Desondanks rapporteer ik
aanwijzingen voor de aanwezigheid van een mogelijke wind, bewegend met ∼ 22% van
de lichtsnelheid. Winden en jets worden over het algemeen niet tegelijk waargenomen
– zoals hier misschien het geval is – hoewel dit bij extreem hoge accretiesnelheden
wel de verwachting is. De vergelijkbare maximale radiohelderheid bij lage en hoge
accretiesnelheid zou dan aan een dergelijke wind gerelateerd kunnen zijn, als deze de
hoeveelheid gas en energie beschikbaar voor de jet vermindert.
Dit proefschrift eindigt in Deel III, bestaande uit Hoofdstuk 11, waarin ik 13 zwak
en 23 sterk magnetische neutronensterren in röntgendubbelsterren combineer in een
enkele radio studie. Deze studie zorgt daarmee voor meer dan een verdubbeling van
het aantal van deze dubbelsterren dat ooit bestudeerd is met de gevoeligheid van
hedendaagse radio telescopen. Bovendien is het de eerste studie waar bronnen uit
de twee magneetveld-categorieën worden samengevoegd, en beiden ook daadwerkelijk
gedetecteerd worden.
De grote set aan waarnemingen in dit laatste hoofdstuk laat voor het eerst zien hoe
een significant deel van de sterk magnetische neutronensterren – maar niet allemaal
– detecteerbaar zijn als bronnen van radiostraling. Deze waarnemingen bevestigen
ook de schijnbaar maximale radiohelderheid van dit type röntgendubbelsterren, die al
werd gesuggereerd door de resultaten in Hoofdstuk 9. Hoewel de radiostraling van de
zwak magnetische neutronensterren duidelijk uitgezonden wordt door een jet, is een
dergelijke identificatie uitdagender voor de sterk magnetische bronnen: met minder
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gedetailleerde informatie dan voor Swift J0243.6+6124 is het lastiger om ondubbelzinnig de bron van de radiostraling te achterhalen. Zo zou bijvoorbeeld ook de stellaire
wind van de partnerster in deze röntgendubbelsterren bij kunnen dragen aan de waargenomen radiostraling. Verdere waarnemingen zijn daarom essentieel om dergelijke
contributies te kwantificeren. We eindigen dit laatste hoofdstuk met een discussie van
de radio-eigenschappen van verschillende subklasses van röntgendubbelsterren en met
suggesties voor toekomstig onderzoek naar de jets van accreterende neutronensterren
– onafhankelijk van de sterkte van hun magneetveld.
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The story of David and Goliath teaches us that strength might not always be what
is seems – a lesson that we learn from the stars studied in this thesis as well. The
majority of stars in the universe do not occur in isolation, as the Sun does, but instead
live together with companion stars: in binary systems, for example, two stars orbit
around each other. When their separation is small enough, and they greatly differ
in their gravitational pull, these two stars can exchange matter, creating a flow of
gas from one to the other. However, like David’s victory over Goliath, in the stars
investigated in this thesis, it is not the largest star that strips the outer layers from
its companion. Instead, the smaller star captures these layers from the larger star,
in a process that is called accretion. In this book, I study this process in binary
systems where the accreting star is a neutron star: a tiny but incredibly dense stellar
remnant, left behind by a supernova explosion at the end of a massive star’s life, and
packing between roughly one and two times the mass of the Sun (approximately three
hundred- to six hundred thousand times the mass of the Earth) into a sphere with a
11–12 km radius.
As the material flows between the two stars, it heats up tremendously and shines
from optical up to X-ray wavelengths. Therefore, these stellar pairs are named X-ray
binaries. But not all the gas that is lost by the companion star necessarily reaches the
neutron star: significant fractions of it can instead be launched into the surrounding
interstellar medium via one of two different types of outflows: winds, which are wideangled outflows of gas travelling at hundreds to thousands of kilometers per second,
or jets, highly-collimated and extremely fast (up to significant fractions of the speed
of light) streams of gas and energy. The winds can be detected through absorption
features when they block part of the radiation from the inflowing gas, while jets are
seen via their emission at radio wavelengths. These outflows affect not only the X-ray
binary, by removing matter, energy, and angular momentum, but can also greatly
impact its surroundings, by depositing this matter and energy on scales up to tens of
light years.
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Having explained one of the three technical terms in the title of this thesis, the
extremes of magnetic accretion, let me explain the remaining two. Firstly, what does
magnetic accretion refer to? Neutron stars can be incredibly strong magnets, with
15
dipolar magnetic field strengths up to 10 G (for comparison, the magnets in a
3
4
typical MRI scanner have a strength of the order of 10 –10 G). In X-ray binaries,
neutron stars occur in broadly two categories: weakly-magnetised, with field strengths
9
12
typically below 10 G, and strongly-magnetised, exceeding 10 G. In my research, I
have focused on the role of these magnetic fields in the accretion process, studying
their interaction with the inflow of gas and their ability to prevent or cause a fraction
of this gas to be launched into surrounding space. While both X-ray binaries in
general, and these questions specifically, have been studied for decades, we do not yet
fully understand these processes. The weakly-magnetised neutron stars take centre
stage in Part I of this thesis and their strongly-magnetised counterparts in Part II,
while in Part III, both categories are investigated and compared.
Secondly, what are the extremes that I focus on? As the extremes of a process
are often most challenging to study, many questions especially remain in these circumstances. The extremes of magnetic accretion studied in this thesis come in three
flavors: firstly, the rarity of the studied behaviour, particularly in Chapter 2. Secondly, the very low or extremely high rates at which material is accreted, in Chapter
3 through 5, and Chapters 8 and 10. Finally, the extremely strong magnetic fields in
12
the second neutron star category mentioned above (≥ 10 G), in Chapters 6 through
11.
Before I describe the science per chapter of this thesis, let me briefly turn to the
overall methodology. Astronomical research can, simplistically but fundamentally, be
divided into theoretical and observational astronomy: creating models of the universe
and its contents, versus testing such models and uncovering new phenomena through
observations. My research falls in the latter category: it combines observations performed with X-ray and radiotelescopes, in order to understand the properties of and
link between the gas inflow and the jets. X-ray radiation is absorbed by the Earth’s
atmosphere and can therefore only be observed by detectors on satellites or balloon
flights. In my research, I use six different satellites, launched by ESA, NASA, and
JAXA. Radio radiation, on the other hand, does reach the Earth’s surface. The two
radio observatories used in the thesis both consist of an array of multiple individual
antenna dishes, collectively observing an object before their data are combined into
a shared image.
In Chapter 2, I model the X-ray spectrum emitted by accreted gas in an X-ray
binary called the Rapid Burster. As its name suggests, this X-ray binary can show
sudden increases of brightness – bursts – that are possibly related to a sudden increase
in the gas inflow rate. The Rapid Burster, and its rare behaviour, were discovered
in the 1970s, but despite decades of studies remain poorly understood. Therefore,
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Figure A: A schematic overview of the objects studied in this research, in relation to the broad
structure of this thesis. Left: an example radio image of the interstellar bubble around an X-ray
binary, created by the large-scale impact from the jet. Credit: Gallo et al. (2005). Middle: an artist’s
impression of an X-ray binary system, with the donor star on the right, the accretion flow forming a
disc around the tiny neutron star (that is itself not visible), and the jet launched from the centre of
this flow. Credit: NASA/Chandra X-ray Center/M. Weiss. Right: the main structural division in
this thesis: weakly-magnetised neutron stars (Part I), strongly-magnetised neutron stars (Part II),
and their joint investigation (Part III).

for the first time for this particular binary, I apply a technique called ‘reflection
spectroscopy’. This technique mimics looking in a fun-house mirror: it models the
light that did not travel straight to us, but was emitted close to the neutron star
and then reflected off the in-flowing gas on its way to Earth. Just as the shape of a
fun-house mirror distorts your image, the properties of the inflow change the reflected
light. By modeling these effects, we can determine the geometry of the inflow, which
is challenging for alternative methods. From this analysis, I find that in between the
bursts, the accreting gas does not reach down to the neutron star surface. Instead, it
appears to be halted, possibly by the magnetic field of the neutron star, which creates
a barrier that is only overcome during the bursts.
I also apply this fun-house mirror technique in Chapters 3 and 4, albeit in observations of different neutron stars. In the former, I study the X-ray binary IGR
J17062-6143, which continuously accretes gas a relatively low rate. It is poorly known
what can explain this low rate, which is also observed in several other X-ray binaries. In this investigation, I aim to understand this question better by combining
three approaches: the aforementioned reflection spectroscopy technique, a search for
absorption features due to wind outflows, and a study of the variability in the X-ray
brightness. Combining these results, I propose a picture where the two stars are both
very close together, enabling for only a small accretion flow, and the neutron star
has a magnetic field that is strong enough to prevent gas from efficiently reaching its
surface. Later, this picture was confirmed by new observations made by a different
group of researchers.
In the latter chapter, 4, I investigate why a particular X-ray binary – 4U 1608-52
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– does not show any reflected emission. At first glance, this might seem to be an odd
question. However, in an earlier observation, when the gas inflow rate was tenfold
higher, reflection was clearly visible. Therefore, understanding the difference between
these observation tells us how the properties of the in-flowing gas depend on the inflow rate. This question is, of course, one of physics, but also one of data quality:
you might imagine how it might be harder to see the effects of a fun-house mirror
through heavily squinted eyes. Therefore, I create synthetic data for different properties of the accreting material, in order to constrain for what properties reflection
would indeed not be detectable given the quality of the data. This analysis suggests
that the accretion flow has changed from a thin, reflective disc into an evaporated,
lower-density, vertically-extended inflow. Such changes are predicted by the standard accretion theories, but are challeging to measure: this specific project required
multiple, coordinated observations with three X-ray satellites.
In the final chapter of Part I, I combine for the first time in this thesis observations
at X-ray wavelengths with those at radio wavelengths, taken of the X-ray binary Swift
J1858.6-0814. This binary was discovered in 2018, showing extreme and poorlyunderstood behaviour in X-ray and optical telescopes: massive in and decreases in
brightness over just minutes. In this research, I therefore focus in particular on
the questions if its radio emission, originating in the jet outflow, is variable, and
whether or not this is related to these very strong flares identified in X-ray and optical
observations. While I do find that the radio emission varies strongly on time-scales
of tens of minutes – which is not often observed – no link to the X-ray and optical
flaring is evident. Therefore, I conclude that the variability of the jet might be caused
by stochastic variations in the inflow rate, that propagate into the brightness of the
outflow.
In Part II of this thesis, the focus shifts towards strongly-magnetised neutron
stars and radio observations. This switch is motivated by a decade-old observational
paradigm, posing that such strongly-magnetised neutron stars are incapable of launching a relativistic jet from the in-flowing gas. This paradigm was build on the lack
of radio emission observed from these particular X-ray binaries since the 1970s, suggesting the absence of a radio-emitting jet. As shown more recently, the lack of jets
could be explained in the context of the most common type of jet models: those
require the in-falling material to dominate over the magnetic fields present, in order
to spin those up into a jet-launching magnetic spring. This process is thought to be
possible only when the neutron star’s magnetic field is weak. However, regarding the
observations, the absence of evidence does not equal evidence of absence. With two
major radio observatories, the Karl G. Jansky Very Large Array (shortened as VLA)
in the USA and the Australia Telescope Compact Array in Australia, having gone
through major upgrades in the past two decades, I revisited this paradigm at higher
radio sensitivities.
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This main motivation to reconsider the jet-launching capabilities of stronglymagnetised neutron stars, were the results presented in Chapters 6 and 7. These
two chapters present radio observations with the VLA, whose upgrade allowed it to
detected fainter radiation. Therefore, we could use it to test if strongly-magnetised
might launch very weak jets, and if not, to put stronger constraints on their existence. The observations in Chapters 6 and 7 targeted two famous X-ray binaries
hosting strongly-magnetised neutron stars: GX 1+4 and Hercules X-1, respectively.
In both cases, radio emission was detected from the known position of the X-ray
binary, at levels too faint to be detected in earlier observing campaigns.
However, the observations were not perfectly set up to determine the physical
origin of the emission: the radio spectrum, luminosity, and relation to changes in Xray brightness, which combine into a fingerprint of the underlying emission process,
could both not be measured. Therefore, while the radio detections are consistent with
jet emission, the lack of information beyond the radio brightness makes this hardly
surprising. In other words, better observational constraints were needed to counter
the above paradigm.
I report on such improved observational constraints in Chapters 8 and 9, both
of which focus on the same neutron star: Swift J0243.6+6124. This X-ray binary
was discovered in 2017, only months after we detected the radio counterparts of GX
1+4 and Hercules X-1 (highlighting the role that luck can play in these studies), and
varied orders of magnitude in accretion rate and the resulting X-ray brightness. In
Chapter 8, I present the results of an X-ray and radio monitoring campaign at the
highest accretion rates. The observed radio properties, such as the spectrum and its
evolution, combined with the X-ray behaviour, point towards a jet origin of the radio
emission. As in GX 1+4 and Hercules X-1, the emission is very faint, explaining why
similar results were not obtained in previous observing campaigns at lower sensitivity.
In Chapter 9, I show the further radio evolution of this X-ray binary, at lower mass
accretion rates. I find that the jet responds quickly to changes in the mass inflow rate,
establishing itself and disappearing again as the inflow rate in- and decreases over the
course of several days. Interestingly, this further monitoring also reveals how the
jet’s maximum brightness is similar at the high and low accretion rates. In Chapter
10, I present an in depth analysis of the X-ray spectrum at the former rate, finding
evidence of a possible strong wind outflow at that stage. Typically, wind and jet
outflows are not observed simultaneously – as we possibly do here – although they
are expected to coexist at extremely high accretion rates. If this wind indeed exists, a
possible explanation for the similar maximum brightness, might be that at the highest
accretion rates, this wind removes matter and power available to launch the jet.
Finally, in Part III of this thesis, containing Chapter 11, I combine the weakly
and strongly-magnetised neutron star X-ray binaries in a large radio sample study,
covering 13 neutron stars from the former and 23 from the latter category. As such,
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this study more than doubles the number of these objects ever studied at the sensitivity of current-day radio telescopes. In addition, it forms the first study where X-ray
binaries of weak and strong magnetic fields strength are combined, and members of
both classes are actually detected.
These observations show how a significant fraction, but not all, of the stronglymagnetised neutron stars are detectable radio sources. They also confirm the apparent maximum radio luminosity for this class of X-ray binaries already hinted at by
Swift J0243.6+6124 in Chapter 9. However, while in the detected weakly-magnetised
neutron stars the emission clearly originates from a radio jet, the story is more complicated for the strongly-magnetised sources: with poorer constrains than for Swift
J0243.6+6124, it is more challenging to unambiguously infer the origin of the radio
emission. For instance, stellar winds from the massive donors in many of these systems
might also add to the observed emission, although further observations are essential
to constrain this contribution. We end this chapter by discussing the radio properties
of several subsets of X-ray binary types, and suggesting future lines of research into
the jet properties of all neutron star X-ray binaries – regardless of magnetic field
strength.
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