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Introduction

1.1

Black holes in context

Black holes can be thought of as both the simplest and most complex objects in the
Universe. They are “ simple” because their properties can be characterised with only
three numbers: mass, spin, and charge. No known astrophysical object or entity can
be fully described by only three real numbers. In an astrophysical setting the charge
of a black hole is typically assumed to be shorted out by the surrounding plasma,
further simplifying the description of these systems. On the other hand, our current
understanding of black holes as solutions of the field equations of General Relativity
(GR) treats these objects as singularities - points in space-time in which every known,
testable law of physics breaks down and is no longer a valid description of Nature.
No other known object in the Cosmos challenges our understanding in a comparable
way, with the exception of neutron stars.
Astrophysical black holes can be broadly grouped into two main categories: stellar
mass black holes, and supermassive black holes. Stellar mass black holes have masses
between ≈ 3 and ≈ 100 M (e.g., Tetarenko et al. 2017; LIGO Scientific Collaboration
& Virgo Collaboration 2016, 2019), while super-massive black holes have masses between ≈ 105 and ≈ 1010 M . Intermediate mass black holes (IMBHs) can be defined
as having masses in between stellar and supermassive black holes. The existence of
IMBHs has not been confirmed to date, but several promising candidates have been
identified in a variety of sources (e.g., Fiorito & Titarchuk 2004; Farrell et al. 2009;
Oka et al. 2016; Takekawa et al. 2019).
Stellar mass black holes are the end products of the lives of massive stars. Once
nuclear reactions are no longer sustainable in the star’s interior, the core collapses
on itself and the star explodes in a supernova. If the initial mass of the star is large
enough, nothing prevents the core from continuing the collapse, and a black hole is
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1 Introduction

formed. Crucially, many massive stars reside in binary systems, which can survive
the supernova explosion. In some cases, as the binary evolves further the black hole
can start accreting material from its stellar companion, forming a black hole X-ray
binary (BHXB).
There is one supermassive black hole at the centre of every galaxy (Volonteri
2012), with the exceptions of a handful of dwarf galaxies, which contain none (e.g. the
Magellanic Clouds), or a handful of galaxies undergoing mergers, which can contain
two or more (e.g., Satyapal et al. 2017). Unlike stellar mass black holes, their origin
is unknown, and a variety of “seeds” arising from different mechanisms have been
proposed. The detection of luminous quasars, hosting large black holes, at very high
redshift (e.g. ULAS J1120+064, z=7.085 Mortlock et al. 2011; ULAS J1342+0928,
z=7.5, Bañados et al. 2018), implies that these seeds have to have large initial masses,
accrete material at very high rates, or both, in order to reach ≥ 108 M in less than 1
Gyr (Salpeter 1964); the details of the creation channel for supermassive black holes
is one of the main open questions in modern astrophysics (e.g. Volonteri 2010).
Studying black holes is crucially important both for fundamental physics and for
understanding a large variety of astrophysical systems and phenomena. The goal of
this thesis is to characterise the emission from accreting black holes in both AGN and
BHXBs, focusing on the collimated, relativistic outflows (or jets) launched from these
systems.

1.1.1

An introduction to black hole accretion

The reason why observing black holes is relatively easy lies in the extreme depth of
their gravitational potential wells. This can be understood with a simple order of
magnitude estimate. Consider a proton located at the innermost circular stable orbit
(ISCO), which is located at three times the Schwarzschild radius Rs of a black hole
of mass Mbh :
RISCO = 3Rs =

6GMh
.
c2

(1.1)

If the proton is in a bound circular orbit around the black hole at r = Risco , the
binding energy of the orbit is:
E=

GMh mp
GMh
1
=
mp c2 =
mp c2 = ηmp c2 .
2 · 3Rs
12GMh
12

(1.2)

If the proton is to fall towards the central singularity, starting from infinity, this
energy needs to be dissipated - for example, by converting it into light. In other
words, approximately η = 1/12 ≈ 10% of the rest mass energy of a body falling
into the black hole can be radiated away; η is called the efficiency of the accretion
process. One can then define the energy liberated by accretion as ∆E = ηmp c2 and
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1.1 Black holes in context

the accretion luminosity as:
L=

d
∆E = η ṁc2 ;
dt

(1.3)

ṁ = dm/dt is called the accretion rate, and quantifies the amount of mass per unit
time that is crossing the event horizon of the black hole. η quantifies the efficiency of
converting the rest-mass energy of the accreting matter into light. Its value depends
on the details of the accretion process as well as on the spin of the black hole, and it
can be up to ≈ 40%. By comparison, the efficiency of hydrogen fusion through the
pp chain is roughly ≈ 0.7%. This enormous efficiency is what makes black holes the
most efficient engines in the Universe. The study of black holes therefore consists in
characterising the light emitted from their vicinity by nearby material.
To first order, there is a physical limit to the luminosity that can be emitted
by any accreting object, called the Eddington luminosity. The reason for why this
limit exists is due to the radiation pressure exerted by the emission, on the in-falling
plasma. One can write the radiative force exerted on an electron at a distance r from
an object emitting (isotropically) a luminosity L as:
Frad =

Lσt
,
4πr2 c

(1.4)

where σt is the Thomson cross section and c is the speed of light. The gravitational
force attracting a proton is Fg = GMbh mp /r2 , where Mbh is the mass of the central
object; by equating the two one can find the (limiting) Eddington luminosity:


4πcGMbh mp
Mbh
38
LEdd =
= 1.38 · 10
erg s−1 .
(1.5)
σt
M
One can combine equations 1.5 and 1.3 to derive a limiting accretion rate: ṁEdd =
LEdd /ηc2 , which depends on the efficiency of the accretion process η. The higher the
efficiency, the lower the accretion rate can be before radiation pressure impairs the
material as it falls on the central object.
Note that several assumptions go into this derivation. First, the electrons and
protons are assumed to be coupled, because the radiative force mainly acts on the
electrons (due to their larger cross section) while the gravitational force acts mainly
on the (heavier) protons. Second, the in-falling gas is assumed to be ionised, so that
the dominant mechanism responsible for radiation pressure is Thomson scattering.
Third, the photons energies need to be low, so that the scattering between them
and the electrons is elastic, and Klein-Nishina effects (described in sec.1.3.2) can be
neglected. Finally, this derivation assumes that the material is in-falling spherically on
the central object. Nevertheless, the Eddington luminosity provides a useful limiting
luminosity that can scale with black hole mass, allowing for direct comparisons of
sources across the mass scale. The luminosity of all the systems considered in this
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1 Introduction

thesis is sub-Eddington by 1-5 orders of magnitude. Finally, note that LEdd for a
solar mass object is roughly 5 orders of magnitude higher than the solar luminosity,
further highlighting how efficient accretion can be even for low accretion rates.
Both theoretical (e.g., Shakura & Sunyaev 1973; Blandford & Payne 1982; McKinney 2006; Yuan & Narayan 2014, and references therein) and observational (e.g., Urry
& Padovani 1995; Fender 2006; Fender & Gallo 2014; Tombesi et al. 2013; Böttcher
2019, and references therein) work have demonstrated that accretion is almost always
associated with outflows of some type, meaning that part of the in-falling material
does not reach the central object, but is ejected from the system instead. Outflows
can be grouped in two categories: winds (e.g., Königl 2006; Ponti et al. 2012; Tombesi
et al. 2013; King & Pounds 2015; Díaz Trigo & Boirin 2016, and references therein)
and jets (e.g., Fender & Belloni 2004; Fender 2006; Fender & Gallo 2014; Romero et al.
2017, and references therein). Jets are highly collimated and have relativistic speeds
(γ ≥ 1), while winds are un-collimated and have sub-relativistic speeds (γ ≈ 1). Furthermore, jets are generally more common in sources with low accretion rates, while
winds are more frequently observed in high accretion rate objects.

1.1.2

An overview of AGN

Peculiar features that today we know are related to AGN activity have been reported
in the astronomical literature for over a century. The first such reference is by Curtis
(1918), who first described the kiloparsec-scale jet of the M87 radio galaxy as “curious
straight ray ... apparently connected with the nucleus by a thin line of matter.” Other
seminal studies followed, such as Carl Seyfert’s realisation that many galaxies had
unusually broad lines in their optical spectra (Seyfert 1943), yet no true breakthrough
came until the advent of radio astronomy. The opening of a new observational window
led to the discovery of quasi-stellar radio sources, or quasars: radio sources that, when
matched with optical images, overlap with point sources resembling stars. For a long
time, it was unclear whether these were unusual stars or incredibly luminous extragalactic sources. This debate was solved by Schmidt (1963), who discovered that
the optical spectrum of the quasar 3C 273 was redshifted by a factor 0.16. Such
a large redshift clearly indicated that 3C 273 is an extra-galactic object, implying
an enormous luminosity of ≈ 1047 erg s−1 ; this luminosity is comparable to that of
a galaxy. Additionally, the source was found to be variable on yearly time-scales,
meaning that the region emitting such a high luminosity had to be about the same
size as our own Solar System. It was quickly realised (Salpeter 1964) that the only
way to power such a system was through accretion on a massive compact object.
While AGN are inherently multi-wavelength sources, their study often focused on
individual properties, resulting in an incredibly confusing “zoology” of different species
(see e.g Padovani et al. 2017 for a review), often referring to essentially identical
objects. For example, “flat spectrum radio quasar”, “core-dominated quasar” and
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1.1 Black holes in context

“optically violently variable quasar” all refer to sources with fairly high accretion rates
and powerful jets, seen at a small viewing angle with respect to the line of sight. It
was only in the late 80s and early 90s that a unification scheme for AGN was proposed
(Antonucci 1993; Urry & Padovani 1995), in which sources can be broadly classified
depending only on three quantities: accretion rate, viewing angle, and presence or
lack of a relativistic jet. In particular, jetted sources seen face-on, known as blazars,
are particularly interesting for the study of jets, as the outflow dominates the observed
SED thanks to relativistic beaming (e.g. Böttcher 2019, for a review).
There is mounting observational evidence showing that AGN cause supermassive
black holes to co-evolve together with their host galaxies, throughout cosmic history.
This co-evolution takes the form of a correlation between the black hole mass and both
the mass of the galaxy’s central bulge, and the velocity dispersion of the stars orbiting
in the bulge (e.g. Kormendy & Richstone 1995; Magorrian et al. 1998; Ferrarese &
Merritt 2000; Tremaine et al. 2002; Häring & Rix 2004; Gültekin et al. 2009), as
shown in fig.1.1. Crucially, the stellar velocity dispersion is measured on scales of ≈
a few kiloparsecs, much larger than the black hole’s gravitational sphere of influence.
Something else then must be at play. The driving mechanism for this co-evolution is
called Active Galactic Nucleus (AGN) feedback (e.g. Silk & Rees 1998; King 2003; Silk
2013): as gas is channelled towards the centre of each galaxy, parts of it will accrete
on the black hole, and the energy released by the accretion process is then deposited
back in the black hole’s environment, affecting its properties. Without AGN feedback
it is not possible to fully describe the star formation history of the Universe (e.g. Di
Matteo et al. 2005; Bower et al. 2006).
Why an AGN could have a profound impact on its environment can be shown
with a simple, order of magnitude estimate (Fabian 2012). Considering a galaxy bulge
with mass Mbulge and velocity dispersion σ, its binding energy is Ebulge ≈ Mbulge σ 2 .
The bulge hosts a black hole of mass Mbh ≈ 10−3 Mbulge (Kormendy & Gebhardt
2001). Assuming that the black hole grew to its mass through accretion, and that the
efficiency of the accretion process in 10%, then the energy released by the growth of
the black hole is Ebh = 0.1Mbh c2 . From fig.1.1, typical values of σ are ≈ 200 km s−1 .
Therefore, Ebh /Ebulge ≈ 102 : the energy released by the growth of the black hole is
orders of magnitude larger than that of the bulge. If only a small fraction of this
liberated energy release can be deposited in the environment of the black hole, the
galaxy’s evolution will be affected. AGN feedback operates through two main modes:
the radiative mode, also called quasar or wind mode, and the radio mode, also known
as jet or maintenance mode.
The quasar mode mainly operates on the cold gas contained in the galaxy bulge,
when the black hole is accreting at near-Eddington rates. In this regime, it can
be shown (e.g., Silk & Rees 1998; Fabian 1999; King 2003, 2005) that the Mbh − σ
relation arises naturally from the presence of a black hole accreting near the Eddington
limit. This can be derived in a similar way to the Eddington limit. Assume that the
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Figure 1.1: The black hole mass-stellar velocity dispersion correlation. From Gültekin et al. (2009).

radiation pressure of the AGN is sweeping the gas in the galaxy bulge, which can be
modelled as a singular isothermal sphere of radius r and velocity dispersion σ, such
that Mbulge = 2σ 2 rG. A fraction f ≈ 0.1 of the bulge mass is assumed to be gas. In
this case, the radiation pressure can prevent the weight of the gas from falling towards
the centre:
4πGMbh mp
GMbulge Mgas
LEdd
4f σ 4
=
=
=
,
c
σt
r2
G

(1.6)

and therefore one finds
Mbh =

f σt σ 4
.
πG2 mp

(1.7)
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1.1 Black holes in context

this simple formula is in broad agreement with the observed Mbh − σ relation, despite
the fact that it ignores complications such as optical depth effects or the contribution
of dust to the cross section. In this case, the main driver of feedback is the radiation
emitted through accretion. A more thorough derivation of the Mbh − σ relation
requires one to account for the launching of winds (e.g., Fabian 1999; King 2003,
2005). In this case, it is the wind kinetic energy of the wind that is responsible
for feedback. The typical wind speed inferred from X-ray spectroscopy are on the
order of ≈ 1000 km s−1 (Reynolds 1997), resulting in kinetic powers that are too low
(Blustin et al. 2005). Faster wind speeds of ≈ 0.1c however are observed in broadabsorption line (BAL) quasars (Ganguly et al. 2007), and in ultra-fast outflows (UFOs,
Tombesi et al. 2010; Kraemer et al. 2018); these outflows seem to carry enough kinetic
energy to power quasar-mode feedback (Tombesi et al. 2013). Regardless of the exact
mechanism, the general picture that has emerged is that quasar-mode feedback is
dominant at high accretion rates, when the luminosity is higher and wind launching
is more common.
The radio (or jet) mode, as the name suggests, operates when the black hole
launches a jet, which then interacts with the surrounding medium. Because jets are
more commonly launched at low accretion rates (Ho 2008), this mode takes over
from the quasar mode in underfed, low-luminosity sources. The basic concept of jet
mode feedback is the following: X-ray observations show that the radiative cooling
timescales of the intra-cluster gas near galaxies is short. As a result, the gas should
be cooling, collapsing towards the galaxy and leading to immense star formation rates
of ≈ 100 − 1000 M yr−1 in the most massive galaxies of the cluster (Fabian 1994).
Instead, the centre of clusters almost universally host “red and dead” ellipticals with
limited star formation rates (e.g. David et al. 2001; Peterson et al. 2003; Blanton
et al. 2011). Furthermore, Chandra observations of galaxy clusters have provided
convincing evidence that the ICM is being heated by an external source of energy,
which has been identified with one (or more) AGN residing in the cluster (e.g., Bîrzan
et al. 2004; McNamara et al. 2005; Rafferty et al. 2006; Wise et al. 2007). In this
scenario, the kinetic energy of the jet is deposited in the gas, as the outflow drills
through it. Indeed, the brightest cluster galaxy (BCG) at the centre of the cluster
almost universally hosts a jetted AGN (Sun 2009).
It is evident that modelling AGN feedback requires an in-depth understanding of
the energetic output of black holes, both radiative and kinetic, over a wide range of
accretion rates. In order to do this, one needs to understand the details of the accretion
leading to this output, as well as the interaction between inflowing and outflowing
material. However, developing such an understanding by observing exclusively black
holes is extremely challenging because of the long timescales over which AGN evolve
(≈ 103 − 106 yr), which far exceed the human lifespan.

7

i

i
i

i

i

i

i

i
1 Introduction

?

Γ>2

?

X-ray Luminosity

~LEdd

Soft

?

Γ<2

Jet line

?

Hard

~1% LEdd

Thermal

Nonthermal

Spectral Hardness
(spectral slope, soft=steep, hard=flat)
Figure 1.2: Hardness intensity diagram showing a typical BHXB outburst, as well as a sketch of
the inflow/outflow geometry in each of the states. Plot from Romero et al. (2017).

1.1.3

An overview of BHXBs

Moving now to the stellar-mass scales, X-ray binaries (XRBs) are binary systems in
which a stellar companion orbits a compact object - either a neutron star or black
hole. The compact object “feeds” on the companion star either because of Roche
lobe overflow, or by accreting material from the stellar wind (Frank et al. 2002).
XRBs are categorised in low-mass and high-mass X-ray binaries (LMXBs and HMXBs,
respectively), depending on the mass of the stellar companion. At the time of writing,
about 70 X-ray binaries containing a black hole (BHXBs) have been identified - 9 in
high mass systems, and the rest in low mass systems (Tetarenko et al. 2016). Generally
speaking, black holes in HMXBs are very rare, with the majority of these systems
hosting a neutron star. Roughly 8 BHXBs are persistent sources that continuously
show activity, 3 more are transients but have such a long duty cycle that they can be
thought of as persistent, while the rest are transients, spending large periods of time
in quiescence and occasionally switching to bright out-bursting states. Typically, high
mass systems are persistent, while low mass systems are transient.
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1.1 Black holes in context

The observed properties of BHXBs change on timescales of days to years. Remillard & McClintock (2006) and Belloni (2010) present reviews on how the different
spectral and timing properties of these objects can be categorised in different states.
Fig.1.2, also know as a hardness-intensity diagram (HID), shows the evolution of a
transient source, as well as a sketch of the system geometry, throughout a typical outburst. During quiescence, the source X-ray luminosity is very low (Lx ≤ 10−5 LEdd ,
Plotkin et al. 2013) and the X-ray spectrum is well defined by a hard power-law, with
a photon index Γ ≤ 2.
The most commonly invoked mechanism to trigger an outburst is the disk instability model (Lasota 2001), which invokes the ionisation of hydrogen as the key physical
mechanism to drive the start of an outburst. When hydrogen in the disk becomes
fully ionised, the viscosity in the disk is altered, driving matter inwards and leading
to a period of increased accretion rates. When this happens, the source increases
its X-ray luminosity up to a significant fraction of the Eddington limit. This state
is called the hard state, as the X-ray emission remains dominated by a hard X-ray
power-law component, similarly to quiescence. As I discuss below, the origin of this
hard X-ray power-law is still poorly understood; it originates near the black hole, but
it is unclear whether inflowing or outflowing material produces the bulk of the emission. Steady jets, similar to the emission of the core of AGN, are commonly observed
in both quiescent and hard states (Fender et al. 2004; Fender & Gallo 2014).
Eventually, the X-ray luminosity stops increasing, the X-ray spectrum softens, and
the jet quenches, as the source transitions to the soft state in the top left of the HID.
In these states, the X-ray emission is dominated by a thermal component peaking at
a few keV, which as I will discuss below is associated with the accretion disk. Jets are
typically not present in the soft state, but winds are (Ponti et al. 2012; Díaz Trigo &
Boirin 2016). This bi-modality in jet launching leads to the existence of a so-called
“jet line” in the HID: states on the right side of the line show jets, states on the left
side do not. As highlighted in Fig.1.2, the exact location of the jet line is not precise,
and it can be crossed multiple times during an outburst (Belloni 2010). During the
soft state, the luminosity gradually decreases until the source transitions back to the
hard state, and then fades to quiescence. As shown in fig.1.2, the luminosity at which
the soft→hard transition occurs is always lower than the initial hard→soft transition.
Persistent sources like Cyg X−1 never drop to quiescence, but instead flicker back and
forth between hard and soft states (e.g. Grinberg et al. 2013, and references therein).
It is relatively straightforward to draw a first comparison between BHXBs and
AGN: the soft state can be thought of as being comparable to the radiative/wind
driven quasar feedback mode, while the hard state is the counterpart of the jet driven
kinetic mode. Indeed, several authors have shown (e.g., Done & Gierliński 2005;
Jester 2005; Nipoti et al. 2005; McHardy et al. 2006; Körding et al. 2006, 2007)
that many BHXB properties can be scaled to AGN, to the point that XRBs are
nowadays commonly also called micro-quasars (Mirabel & Rodríguez 1994). BHXBs
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Figure 1.3: Radio/X-ray correlation in BHBs from Motta et al. (2018). Blue and orange points
correspond to sources categorised in the “canonical” radio-loud and radio-quiet track; green points
correspond to sources that are not listed in either group.

therefore constitute a unique laboratory to probe similar physics to those operating in
AGN, and ultimately responsible for feedback. Furthermore, the duration of a BHXB
outburst can easily be captured on human timescales (for example, the duration of a
PhD or Postdoc fellowship), allowing one to study the accretion process in the same
source, with large variations in the accretion rate. This makes it possible to mitigate
the impact of various black hole masses, spin, or environments, which need to be
accounted for when trying to compare different AGN with varying accretion rates.
A major breakthrough in the study of black hole accretion came with the discovery
of the radio/X-ray correlation in hard state BHXBs (Hannikainen et al. 1998; Corbel
et al. 2000, 2003); this is shown in fig.1.3. X-ray observations probe regions of the
system very close to the black hole, while radio emission originates in the jet, much
farther away from the central engine. This correlation takes the form of a powerlaw, in which LR ∝ Lm
X , with m ≈ 0.7. The same correlation appears to hold
both for different objects, and for the same object having different outbursts, over
≈ 7 − 8 orders of magnitude in luminosity; it is therefore considered to be a universal
property of BHXBs. The existence of a universal correlation between the emission
from the outer jet and innermost regions near the black hole implies that the inflowing
and outflowing material are tightly coupled to each other. Notably, the existence of
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such a correlation is a natural prediction of jet/corona dominated models explored
throughout this thesis.
Many questions about the radio/X-ray correlations remain open. Fundamentally,
the exact origin of the X-ray emission is still unknown, as is the driving mechanism
between the inflow/outflow coupling. The universality of the correlation is also debated; as shown in fig.1.3, it is possible that there are two tracks in the LR − LX plane
(Coriat et al. 2011): a radio-loud track, in which LR ≈ L0.7
X (marked by blue points
in the figure), and a radio-quiet one, in which LR ≈ L1.4
;
the
two are joined at lower
X
luminosity by a horizontal branch in the radio-quiet track. One possibility is that
this is simply due to inclination effects, with face-on sources displaying brighter jetted emission due to relativistic beaming (Motta et al. 2018). However, the existence
of two separate, tight tracks over one correlation with a large spread is not favoured
statistically (Gallo et al. 2014, 2018).

1.1.4

The fundamental plane of black hole activity

Shortly after the discovery of the radio/X-ray correlation, Merloni et al. (2003) and
Falcke et al. (2004) independently demonstrated that it could be extended to AGN
by including a mass term in the relation, shown in fig.1.4. This relation is typically
plotted as a correlation between radio and X-ray luminosities, with the X-ray emission
being corrected by a mass-dependent term: therefore, this representation can be
thought of as a two-dimensional projection of a three-dimensional plane. This plane is
known today as the Fundamental Plane of Black Hole Accretion (FP), and is arguably
the most convincing empirical evidence that black holes can be treated as scaleinvariant objects, in which almost the same physics are at play regardless of the
physical size of the system. The properties of the X-ray variability of AGN and BHXBs
also appear to be scale-able between the two classes of objects (e.g. McHardy 2010, and
references therein), further strengthening the case for scale invariance. Shortly after
the discovery of the FP, Heinz & Sunyaev (2003) generalised the scalings in Markoff
et al. (2003) to a scale-invariant formalism which could unify BHXBs and AGN; in
17/12−α/3
particular, they found that the flux of the system scales as F (ν) ∝ Mbh
,
where α is the spectral index. This scaling naturally reproduces the mass dependence
required to extend the BHXB radio/X-ray correlation into the FP.
The radio/X-ray correlation and FP are powerful diagnostics of the radiative mechanism responsible for the X-ray emission; the physical reason for this is that different
radiative mechanisms scale differently with the accretion rate (Falcke & Biermann
1995; Markoff et al. 2003; Merloni et al. 2003; Falcke et al. 2004). For example,
both inverse-Compton scattering of disk photons in the jet launching region and
optically-thin synchrotron emission (discussed in section 1.3) predict LX ∝ ṁ2 , while
optically-thick synchrotron emission from the jet predicts Lradio ∝ ṁ1.4 . Neglecting
the black hole mass (as in the case of the radio/X-ray correlation for XRBs), the slope
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Figure 1.4: The Fundamental Plane of Black Hole activity, linking radio and X-ray luminosities
and black hole mass across ≈ 8 decads in black hole mass and accretion rates. Figure adapted from
Plotkin et al. (2012).

of a radio/X-ray correlation is then simply Lradio /Lx ∝ ṁ0.7 , in good agreement with
observations of BHXBs (Markoff et al. 2003). This highlights how such empirical
correlations derived from large samples of sources provides a powerful complement to
detailed SED modelling of individual sources.
The conclusions drawn from such an analysis requires careful selection of the
sample to be analysed. For example, the original FP papers chose different classes
of AGN: Merloni et al. (2003) included a large sample of sources of different classes,
including broad-line and narrow-line Seyferts, as well as quasars, low-luminosity AGN,
and radio galaxies; on the other hand, Falcke et al. (2004) chose only BL Lacs, low luminosity AGN and low power radio galaxies. Additionally, these authors highlighted
how taking VLBI radio measurements to isolate the compact jet, leads to reduced
scatter. As a result, the coefficients of the FP derived by the two groups were slightly
different leading Merloni et al. (2003) to favour radiatively inefficient accretion flow
models (RIAF, briefly described in section 1.2.1), while Falcke et al. (2004) suggested
a jet origin for the X-ray emission.
Since its original discovery, the FP has been further refined by several authors.
Körding et al. (2006) improved the estimates of the FP coefficients by limiting the
inclusion of objects in higher luminosity, softer states. These authors found that
while low state, hard objects fit on the plane with very little scatter, high luminosity
sources cause additional dispersion in the FP and require the inclusion of additional
disk emission to explain the X-ray luminosity. This finding further argues for limiting
the classes of sources included in the FP to low state, hard objects. The best-refined
FP analysis to date was presented in Plotkin et al. (2012), who further narrowed the
AGN sample by only including AGN with dynamical mass measurements (Gültekin
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et al. 2009) in order to mitigate systematic errors, included for the first time the
effects of both beaming and radiative cooling, and adopted a Bayesian approach in
the derivation of the FP coefficients. By doing this, the authors identify synchrotron
emission from a jet, over inverse-Compton scattering (in the RIAF or potentially the
base of the jet), as the most likely radiative mechanism for the X-ray emission.

1.2

The spectral components of accreting black holes

The multi-wavelength spectral energy distribution (SED) of black holes is very complex and can span up to 18 orders of magnitude in frequency, ranging from low
frequency radio emission to TeV γ-rays. The emission can originate both in the accretion flow and in the jet, leading to distinct spectral components. These need to
be disentangled from each other if one is to isolate and understand the physics of one
or more of these components. In this section I will describe the characteristics of the
main spectral components that contribute to the SED of an accreting black hole.

1.2.1

The accretion disk

The seminal paper laying the foundation for our understanding of the dynamics of
an optically-thick, geometrically-thin accretion disk is Shakura & Sunyaev (1973).
In order for matter to be channelled onto the central object, its angular momentum
needs to be dissipated. The matter of the mechanisms responsible for this dissipation
is today accepted to be the so-called magneto-rotational instability (MRI), which is
driven by shearing of a weak magnetic field in the disk (Balbus & Hawley 1991). Regardless of the dissipation mechanism (which in the original Shakura-Sunyaev model
used a phenomenological parametrisation), it can be shown (e.g. Frank et al. 2002)
that in a geometrically thin disk the dissipation rate per unit area is:

"

1/2 #
3GMh ṁ
RISCO
D(R) =
1−
8πR3
R

(1.8)

where ṁ is the accretion rate defined in eq.1.3, R the distance from the black hole,
and RISCO the radius of the innermost circular stable orbit. If the material around the
black hole is optically thick, then the energy dissipated heats up each ring of radius R,
which emits like a black body. Intuitively, as one moves closer to the black hole, more
binding energy and angular momentum have to be dissipated from a smaller surface,
increasing the heating. As a result, the temperature of the disk also increases as one
moves closer to the central engine. The temperature profile of a Shakura-Sunyaev or
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Figure 1.5: Spectra of Shakura-Sunyaev disks for a 10 M black hole, with varying accretion rates
and truncation radii. The red/blue/green sequence shows the spectra of disks with constant innermost radius and increasing bolometric luminosity. The red/orange/yellow sequence shows spectra
with constant bolometric luminosity and increasing truncation radius.

standard disk is:
"
(

1/2 #)1/4
RISCO
3GMh ṁ
1−
.
T (R) =
8πR3
R

(1.9)

The peak temperature of this profile is (Frank et al. 2002):

kb Tin = 2.34

Mh
10M

−1/2 

ṁ
−8
10 M yr−1

1/4 

Rin
Rg


keV,

(1.10)

where M is the mass of the Sun, Rg = RS /2 the gravitational radius of the black
Hole, and Rin the innermost radius reached by the disk. As one can see, hotter disks
have higher accretion rates, extend closer to the central black hole, and are hosted by
smaller central objects. In particular, the temperatures of disks in BHXBs peak in the
soft X-ray band at roughly one keV (hence the name X-ray binaries), while AGN disks
peak at ultraviolet or optical frequencies. The typical spectrum of a Shakura-Sunyaev
disk is shown in fig.1.5.
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The Shakura-Sunyaev disk is the prototypical example of a radiatively efficient
accretion flow: most of the energy dissipated by matter as it falls onto the central
object is radiated away, leading to a high luminosity. It has been used successfully to
model black holes accreting at fairly high rates, between a few and a few tens of the
Eddington limit.
A second fundamental class of accretion flows is the so-called radiatively inefficient
accretion flow, or RIAF (e.g., Shapiro et al. 1976; Narayan & Yi 1994, 1995; Narayan
1996; Yuan et al. 2007; Yuan & Narayan 2014). As the name implies, these are underluminous disks, with efficiencies far below the 10% estimated in section 1.2. Such flows
are particularly applicable to sources accreting at low rates, far below the Eddington
limit. In this regime, as the density of the accreting plasma decreases, the Coulomb
collisions that normally keep electrons and protons in thermal equilibrium become
less efficient. Electrons radiate much more efficiently than protons, and therefore
the two species become decoupled, with the protons becoming much hotter than
the electrons. As the protons decouple from the cooling electrons and heat, their
contribution to the disk pressure increases, causing it to become geometrically thick;
however, the low density of particles (and thicker geometry) also causes the flow
to become optically thin. This is the opposite of the optically thick, geometrically
thin Shakura-Sunyaev solution. As a result the spectra emitted from most RIAF
solutions are not a multi-temperature black body, but rather show separate peaks due
to synchrotron and inverse Compton (described in sec.1.3), as well as Bremsstrahlung
emission. The extent to which a RIAF dominates the emission of a black hole is still
under debate, and the work in this thesis incorporates an RIAF-like region at the base
of the jet. A key property of RIAFs that they can more easily launch magneticallydriven outflows (both winds and jets) than the standard Shakura-Sunyaev thin disk
(Blandford & Begelman 1999). This is because RIAFs can more easily trap and
advect large scale magnetic fields towards the black hole (e.g., Livio et al. 1999);
furthermore, the pressure of the thick flow can contribute to jet collimation (McKinney
2006; Globus & Levinson 2016; Chatterjee et al. 2019). As a result, jets tend to be
launched more commonly by sources with low accretion rates (e.g., Ho 2008; Fender
& Gallo 2014, and references therein).
One open question in understanding black hole accretion flows is in how the transition from a Shakura-Sunyaev disk to an RIAF occurs. The general picture (e.g.,
Done et al. 2007, for a review) is that the thin disk extends down to some inner
radius Rin , beyond which the flow becomes a hot RIAF. The radius Rin is expected
to decrease with increasing accretion rate, up to the innermost stable circular orbit
(ISCO), and is likely caused by the disk material evaporating at low accretion rates
(Meyer et al. 2000b,a). However, an understanding of the details of this transition is
still missing, making it impossible to compute the expected value of Rin as a function
of the accretion rate; observationally, different techniques and models fitted to the
data find values differing by up to two orders of magnitude (García et al. 2015, and
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references therein). As I will discuss later, understanding the details of the innermost
regions of the accretion flow is necessary to understand the origin of a black hole’s
hard X-ray emission, and therefore the issue of disk truncation is one of the most
important open questions in the field.

1.2.2

The jet

Black hole accretion often results in the launching of jets, which can contribute to the
observed SED, or even dominate it. Compared to accretion flows, the emission of jets
tends to be more variable, is often polarised, and is made of non-thermal spectra that
span several orders of magnitude in frequency. All of these indicate that magnetic
fields are a significant component of jets, thus making synchrotron the fundamental
radiative mechanism for these objects.
Two main modes have been proposed for jet launching: the Blandford-Znajek (BZ)
mechanism (Blandford & Znajek 1977), and the Blandford-Payne (BP) mechanism
(Blandford & Payne 1982), both requiring strong magnetic fields to be the main
drivers of the outflow. In the BP mechanism, the magnetic field lines of the jet are
anchored in the accretion disk, and they tap into its angular momentum to power the
outflow. In contrast, BZ jets require the magnetic field lines to be anchored in the
ergosphere of the black hole, effectively using its spin as the main source of power. As
a result, BP jets cannot have a power higher than what is provided by the accretion
disk, while BZ jets can exceed this by a factor of a few (Tchekhovskoy et al. 2011),
thanks to the additional contribution provided by the black hole’s rotational energy.
As a rule of thumb, BP jets reach mildly relativistic terminal velocities, with Lorenz
factors γ ≈ a few, while BZ outflows can become considerably faster (γ ≤ 10).
Modern General Relativistic Magneto-Hydrodynamic (GRMHD) simulations have
now shown (e.g. McKinney 2006; Chatterjee et al. 2019) a more complex picture,
in which a slow, BP-type, mass-loaded “sheath” surrounds a lighter, faster, highly
magnetised, BZ-type “spine”. In either case, the jet is accelerated by dissipating the
initial magnetic energy and turning it into bulk kinetic energy, with higher initial
magnetic content leading to higher terminal speeds (e.g., Vlahakis & Königl 2004;
Ceccobello et al. 2018). In light of these theoretical advancements, the question
“What is the launching mechanism of the jets we observe in accreting black holes?” is
more correctly phrased as “Which part of the jet produces the emission we observe?”.
Indeed, observations of AGN jets show that both emission can originate both in
mildly relativistic, limb-brightened regions (e.g. Mertens et al. 2016; Hada et al. 2016,
and references therein), and a more relativistic, ridge-brightened region (Nagai et al.
2014).
As I will discus in section 1.3.1, the non-thermal synchrotron spectra emitted by
black hole jets can are produced when significant particle acceleration is taking place
at some point of the outflow. Due to their turbulent nature, jets are the ideal location
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of particle acceleration through a variety of mechanisms. The exact nature of particle
acceleration in jets is a major open question in the field; currently, the two main
channels proposed are shock acceleration (e.g. Sironi & Spitkovsky 2011; Crumley
et al. 2019) and magnetic reconnection (e.g. Sironi et al. 2013; Sironi & Spitkovsky
2014; Sironi et al. 2015; Petropoulou et al. 2019). Each of these two mechanisms
has profound implications on the composition and dynamics of jets: reconnection is
more efficient in magnetic-dominated plasmas (in which the magnetic fields make up
a significant fraction of the plasma internal energy), while shocks favour the matterdominated regime. The location in the jet where particle acceleration occurs is also
debated (e.g., Romero et al. 2017); this can in principle be related to hydrodynamic or
magneto-hydrodynamic quantities in the jet launching region (e.g., Malzac 2014; Ceccobello et al. 2018), providing key information on the outflow’s dynamics. Therefore,
understanding the details of particle acceleration in jets is one of the fundamental
open questions in jet physics.
A second open question is their matter composition. In order to remain stable, the
plasma in the jet is expected to have neutral electrical charge; however, this can be
achieved with an electron-proton plasma, a pair-dominated electron-positron plasma,
or a combination of both. Intuitively, accelerating protons to near-relativistic speeds
requires far more energy than electrons, and therefore the two scenarios have important implications, for example, for understanding the amount of energy that a black
hole can deposit in its environment. If protons are indeed carried by black hole jets,
these could also be accelerated in non-thermal distributions, like the leptons, leading
to signatures in the γ-ray emission (Böttcher et al. 2013), and possibly producing
cosmic rays (Pierre Auger Collaboration et al. 2008; Cooper et al. 2020) and neutrinos (Kadler et al. 2016; IceCube Collaboration et al. 2018). The matter content of
jets has only been estimated indirectly. For example, if jets carried no protons, then
the radiation pressure of the photon fields near an AGN disk would cause the jet to
slow down to sub-relativistic speeds, at sub-pc scales (Ghisellini & Tavecchio 2010).
Because such a deceleration is not observed in any source, the pair content in these
sources is constrained to be ≈ 10 pairs per proton at most.

1.2.3

The corona

Accreting black holes almost universally show excess emission at energies higher than
the accretion disk temperature, in the form of a cut-off power-law. This X-ray excess
has historically been attributed to a concept called the corona (due to its similarity
with the Sun’s corona), and despite its prevalence it is arguably the least understood
aspect of black hole accretion.
Coronal emission originates in a population of hot electrons (Te ≈ 20 − 500 keV),
located in an optically thin (τ ≈ 0.1−1) region near the black hole. The hot electrons,
located near the black hole, scatter accretion disk photons to X-ray energies into a
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power-law tail; the details of this radiative process are described in section 1.3.2.
Models for the corona can be broadly grouped in three categories: atmospheric models
(also referred to as a sandwich corona, Haardt & Maraschi 1993; Haardt et al. 1994),
RIAF models (Narayan & Yi 1994; Narayan 1996; Esin et al. 1997), and the lamppost corona (Matt et al. 1991, 1992; Martocchia & Matt 1996). All have been invoked
in several works and can often fit individual data-sets well, but all come with some
caveat.
In a sandwich corona, the electrons extend above and below the accretion disk;
radiation transfer between the corona and disk acts to regulate the temperatures in
both components (Haardt & Maraschi 1993). This model however has trouble in
explaining particularly hard spectra due to the intense cooling in the corona, leading
to relatively soft photon spectra (Dove et al. 1997). Additionally, many observations
require a compact corona with a steep emissivity profile, in which most X-rays are
emitted close to the black hole, rather than in an extended region over a large fraction
of the disk (Fabian et al. 2004), at odds with atmospheric models.
In RIAF models, the Comptonisation spectrum originates in the innermost regions
of the accretion flow itself, which at low accretion rates transition from a standard,
thin disk to a hot, optically thin, geometrically thick flow (e.g., Meyer et al. 2000b,a).
These conditions are reminiscent of those inferred from modelling the X-ray spectra
of coronae. Similarly to a sandwich geometry, the X-ray emitting region is fairly
extended, increasing its size as the accretion rate decreases and the truncation radius
increases. For corona-dominated states near the transition, the estimates of this
truncation radius from hot flow models (e.g., Done et al. 2007; Done & Diaz Trigo
2010) tend to be far larger than other methods, such as reflection spectroscopy (García
et al. 2015). Furthermore, in some sources the corona would produce too much
reflection off the cooler disk, unless it is outflowing (Beloborodov 1999), suggesting
that at least part of the X-ray continuum does not originate in the in-flowing gas.
A lamp-post model refers to a simplified coronal geometry, in which the X-ray
continuum is emitted by a point source located above the black hole at a fixed height
h. Such a geometry is clearly a gross oversimplification, and yet it has been shown to
match both timing and spectral data very well (e.g., Fabian et al. 2004; Dauser et al.
2013; Wilkins & Fabian 2013; Mastroserio et al. 2019; Kara & et al. 2019). A more
physical interpretation of the lamp-post is if the coronal emission originates in the base
of the jet (e.g., Markoff et al. 2001, 2005). While more complex jet/coronal models
can broadly describe spectral data (e.g., Maitra et al. 2009, 2011; Markoff & Nowak
2004; Markoff et al. 2007, 2015; Connors et al. 2017), most have not been developed
to the detail of simplified, lamp-post type realisations, particularly in the timing
domain. The first attempt to account jointly for variability and broad-band emission
is the model of Malzac (2013, 2014); however, this model only uses the variability
information as an input, rather than directly modelling it, and furthermore it focuses
on the outer regions of the jet, without accounting for the corona. Finally, depending
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on the assumptions one makes about the particle distribution in the jet, the shape
of the X-ray spectra and spectral-timing information might be inconsistent with a
significant jet contribution to the X-ray flux (Connors et al. 2019).

1.3

Radiative processes

In this section I will provide a simple description of the two most common radiative
mechanisms observed in accreting black holes: inverse Compton and (relativistic)
synchrotron emission. These mechanisms are the building blocks of our understanding
of black hole jets, and are treated more in depth in Appendix A of chapter 4; here,
I mostly focus on order of magnitude estimates to highlight the main aspects of
each radiative mechanism in various regimes. The work in this thesis makes the
standard assumption that the entirety of the observed emission is leptonic - originating
from electrons and possibly positrons, rather than protons. Therefore, the following
derivations assume that the radiating particles have mass me .

1.3.1

Synchrotron emission

Synchrotron emission occurs when relativistic charged particles move in a region containing a magnetic field B. While the Lorentz force does no work, it does accelerate
particles by forcing them to gyrate around the magnetic field lines.
The angle-averaged electromagnetic power emitted by a single relativistic electron
moving in a magnetic field can be shown to be (Rybicki & Lightman 1979; Ghisellini
2013b):
hPsyn i =

4
σt cUB γ 2 β 2 ,
3

(1.11)

where σt is the Thomson cross section, UB = B 2 /8π is the magnetic field energy
density, γ is the electron’s Lorentz factor, and β the corresponding speed in units of
the speed of light.
Because the electron is relativistic, its emission pattern is not isotropic, and thus its
characteristic frequency is not the inverse of the gyration time. Instead, the observer
measures an arrival time that is different from the emission time; this means that the
typical frequency is also shifted. It can be shown that the observed synchrotron scale
frequency for an individual electron is:
νs ∼
=

1
eB
= γ2
,
2π∆tA
2πme c

(1.12)

where e is the electron charge, B the magnetic field intensity, me the electron mass.
Any given electron will be seen to be emitting over a range of frequencies as it gyrates
around the magnetic field lines; nevertheless, the correct frequency dependence of the
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overall spectrum of many electrons can be found by making the simple assumption
that each is emitting at its scale synchrotron frequency:
νs = γ 2 νL ;

νL ≡

eB
2πme c

(1.13)

In astrophysical plasmas radiating particles do not have a single energy, but rather
a range of possible energies. In particular, in black hole jets the thermal timescale
is far longer than other relevant timescales; as a result, the electrons often do not
have a thermal distribution, peaked around an average energy hγi. Instead, it is very
common for the particles to follow a power-law:
N (γ) = Kγ −p ;

γmin < γ < γmax .

(1.14)

Typical values of the index p are 2 − 2.5. In this case, the specific emissivity j(ν) at
a given frequency (power emitted per unit frequency, solid angle and volume), in an
interval dν, is the result of the emission of electrons with the appropriate factor γ,
within an interval dγ:
j(ν)dν =

1
Psyn (γ)N (γ)dγ,
4π

(1.15)

and from eq.1.13:

γ=

ν
νL

1/2
→

ν −1/2
dγ
.
=
1/2
dν
2νL

(1.16)

The specific emissivity then is proportional to:
j(ν)dν ∝ B 2 γ 2 Kγ −p

dγ
∝ KB (p+1)/2 ν −(p−1)/2 ;
dν

(1.17)

The key result of this derivation is that a power-law distribution of particles produces
a power-law synchrotron emission; this provides a powerful diagnostic for the radiative
mechanism in a given band, and allows one to model the synchrotron spectrum and
recover information about the underlying particle distribution.
The conclusion above only holds if the source is optically thin, and all photons can
escape after being emitted. If instead it is optically thick, the shape of the observed
spectrum changes. A simple way to derive the emitted spectrum in the optically
thick (or self-absorbed) regime is to think of a power-law particle distribution as
a superposition of many Maxwellian (or thermal) distributions, each with a given
temperature Tkin . This means that the energy γme c2 can be associated to a (non
physical) “kinetic temperature” kTkin :
γme c2 = kTkin .

(1.18)
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Figure 1.6: Synchrotron spectrum showing optically-thick and optically thin slopes. Image from
Ghisellini (2013b).

The Lorentz factor is tied to the emission frequency, as shown by equation 1.15. Tem1/2
perature and frequency are therefore also tied to each other: kTkin ≈ (ν/νL ) me c2 .
We can now make use of a common quantity used to treat optically-thick synchrotron
spectra: the brightness temperature Tb . This is defined as the temperature that a
black body should have in order to reproduce a given observed intensity I(ν) (power
emitted per unit area) in the Rayleigh–Jeans limit:
Tb =

I(ν)c2
.
2kν 2

(1.19)

For a self absorbed source, this can be equated to the non physical “kinetic temperature” defined above; the intensity then is:
ν2
I(ν) ≡ 2 2 kTkin = 2ν 2 me
c



ν
νL

1/2

∝ ν 5/2 B −1/2 .

(1.20)

As I will show later, synchrotron absorption becomes more dominant at lower frequencies; as a result, the synchrotron spectrum of a homogeneous source with a given
magnetic field B is a broken power-law; at low frequencies, F (ν) ∝ ν 5/2 and the
source is optically thick, at high frequencies F (ν) ∝ ν −α and the source is optically
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thin. This is shown in figure 1.6. The frequency at which the optically thick and thin
branches of the spectrum meet is called the synchrotron self-absorption frequency,
and is indicated as νt .
The self-absorption frequency can be estimated through the radiative transfer
equation. In the case of a one-dimensional slab of thickness z, the radiative transfer
equation can be written as:
I(ν) = j(ν)z

1 − e1−τ (ν)
,
τ (ν)

(1.21)

where τ (ν) = α(ν)z is the (frequency-dependent) synchrotron optical depth, α(ν) the
absorption coefficient, I(ν) is the intensity, and j(ν) the emissivity defined in eq.1.17.
In the optically thick regime, τ (ν)  1 and I(ν) is defined by eq.1.20. In this case,
the radiative transfer equation simplifies to:
I(ν) =

j(ν)
,
α(ν)

(1.22)

and the absorption coefficient therefore is:
α(ν) =

j(ν)
∝ KB (p+2)/2 ν −(p+4)/2 .
I(ν)

(1.23)

Crucially, because p ≈ 1.5 − 3, the exponent of the frequency dependence in this
relation is always negative, meaning that self-absorption is more important at low
frequencies than at high frequencies. This is another way to intuitively understand the
spectral shape in figure 1.6. The scaling of the self-absorption frequency νt with the
other parameters of the plasma can now be found by remembering that by definition,
νt occurs at the transition from the optically thick to thin regime, when τ (ν) = 1.
Therefore:

2/(p+4)
τ (νt ) = zα(νt ) = 1 → νt ∝ zKB (p+2/2)
.
(1.24)
So far, the only geometrical assumption that has gone in these calculation is that
we are treating a one-dimensional problem. This dimension can be thought of, for
example, the distance from the black hole, moving along a jet. I am also going to
assume that the jet has a constant conical shape, magnetic energy and particle number
are conserved (implying B ∝ z −1 and K ∝ z −2 ), and particles are re-accelerated
throughout this jet such that p = 2 for every z. Such a jet is typically referred to as
the isothermal, or Blandford-Königl, jet model (Blandford & Königl 1979). In this
case, it can be shown easily that eq.1.24 scales with distance as νt ∝ z −1 : as one
moves away from the black hole, the plasma begins being optically thin at lower and
lower frequencies. Because the synchrotron spectrum peaks at νt , each region of the
jet dominates the total emission at its own self-absorption frequency.
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Figure 1.7: Flat radio spectrum from an isothermal jet; the coloured lines indicate the spectrum
from different regions of the jet, with lighter colours indicating larger distances. The black line is
the sum of all the coloured spectra.

The spectral shape of such a jet is now relatively easy to calculate. The flux
density (which is what is measured by a telescope) is defined as power emitted per
unit surface, time and frequency; therefore:
F (ν) = I(ν)α(ν)V,

(1.25)

where V is the volume of the emitting region. One can think of a conical jet as
many cylinders stacked on top of each other, each having a radius r = θz, where θ
is the (constant) opening angle of the jet. Therefore, V = πr2 ∆z. Because r ∝ z,
V ∝ z 3 . As I highlighted earlier, synchrotron self-absorption causes each component
at a distance z to contribute mainly at a frequency νt ; this can be simplified further
by assuming that each region of the jet emits only at the self-absorption frequency,
or in other words, ν = νt . Therefore, combining the modelling assumptions of p=2,
B ∝ z −1 and K ∝ z −2 , together with eq.1.20, 1.23, V ∝ z 3 , and νt ∝ z −1 , one finds:
F (ν) ∝ ν 5/2 B −1/2 KB 2 ν −3 z 3 ∝ ν 5/2−1/2+2+2−3−3 = ν 0 .

(1.26)

The resulting spectrum is therefore flat, showing no dependency on frequency.
This is shown in figure 1.7. As this simple order of magnitude estimate shows, the
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Figure 1.8: Ratio of Klein Nishina to Thomson cross section. The red line represents the true cross
section, the blue dashed line a simple parametrising function of the Klein-Nishina regime. Image
from Ghisellini (2013b).

conditions required to obtain a flat (synchrotron) spectrum are peculiar, to the point
that the detection of such a spectrum is considered to be the smoking gun of a steady
jet being launched by an accreting system (e.g., van den Eijnden et al. 2018).

1.3.2

Inverse Compton

Compton scattering refers to the scattering of a photon by an electron. When the
electron’s energy is lower than that of the photon, the process is called direct Compton
scattering: the photon loses part of its energy, which is transferred to the electron.
This transfer of energy is also referred to as down-scattering. Inverse Compton refers
to the opposite process: the electron is not at rest, and its energy is greater than that
of the photon. In this case, it is possible for the photon to gain (or up-scatter) some
of the electron’s energy.
The Inverse Compton process happens in two different regimes, depending on
whether the interaction is regulated by the classical Thomson cross section, or by
the Klen-Nishina cross section, which accounts for quantum-mechanical effects. The
dependence of the Klein-Nishina cross section as a function of energy is shown in
fig.1.8. The two regimes are defined by the energy of the incoming photon, in the
frame at rest with the electron. Depending on whether the photon energy in this frame
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is smaller or greater than me c2 , the scattering happens in the classical or quantummechanical regime, respectively. As one can see from the figure, the main effect of
this change of regime is to suppress the cross section, which results in a suppression
of the resulting emission.
Similarly to synchrotron emission, the photons resulting from the inverse Compton
process have a typical frequency. Consider a photon of energy hν and an electron
moving with velocity v, corresponding to a Lorentz factor γ. It is more convenient to
consider the photon’s energy in units of me c2 : x = hν/me c2 . Because of beaming, in
the frame of reference K 0 that is comoving with the electron the photon’s energy is:
x0 = xγ(1 − βcos (φ)),

(1.27)

where φ is the angle between the electron velocity and the photon direction, measured
in the lab frame K 1 . If x0  1 then the scattering happens in the Thomson regime,
in which recoil can be neglected: after the scattering, the photon will have the same
energy x01 as before: x0 = x01 . The photon is scattered at an angle φ01 . The scattering
pattern can be shown to be roughly isotropic, as the cross section does not depend
strongly on direction: inverse Compton thus re-isotropises (in the frame K 0 ) radiation
that may initially be strongly directional. In the frame K, the energy of the photon
becomes:
x1 = x01 γ(1 + βcos(φ01 )).

(1.28)

Converting the angle to the lab frame one finds the final formula for the energy gain
of the photon:
x1 = x

1 − βcos(φ)
,
1 − βcos(φ1 )

(1.29)

where φ is angle between the electron’s velocity and the photon trajectory before the
scattering, φ1 the angle after the scattering, β the electron’s velocity in units of c,
x1 the photon energy after the scattering, x the photon energy before the scattering.
The maximum final energy happens for φ = π, a head-on collision, and φ1 = 0, the
photon is scattered along the electron’s velocity vector. In this case, x1 = 4γ 2 x. The
minimum final energy on the other hand happens for φ = 0 and φ1 = π, meaning the
photon hits the electron tail on and it is scattered in the direction opposite of the
electron’s velocity. In this case, x1 = (x/4γ 2 ). If the seed photon field is isotropic,
the average energy gain is hx1 i = (4γ 2 /3)x. This formula is extremely similar to
the synchrotron case: in both processes the typical photon frequency (or energy) is
a factor γ 2 larger than the initial frequency. The power output of an electron that
1 Note that to reconcile this equation with the typical x0 = δx conversion, one needs to consider
that δ is defined considering the angle θ between the line of sight velocity and the emitter, in the
co-moving frame, i.e. θ0 = π − φ0 , e.g equations 5.16-5.18 in Ghisellini (2013b)
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is inverse Compton scattering photons in a radiation field with energy density Urad
can be computed simply as number of collisions per second, times the average energy
gain of each collision:



Urad
4
4
2
PC (γ) = σt c
hhνi γ
= γ 2 σt cUrad
(1.30)
hhνi
3
3
Because the frequency and Lorentz factors are closely related, it is possible to calculate the inverse Compton emission from a population of particles exactly like in the
synchrotron case. Consider again a power-law population:
N (γ) = Kγ −p ;

γmin < γ < γmax .

(1.31)

Assuming that the seed photons all have the same frequency ν0 , the Compton emissivity j(ν) at a given frequency in an interval dν can be assumed to be the result of
the scatterings from electrons with the appropriate factor γ, within an interval dγ:
j(ν)dν =

1
PC (γ)N (γ)dγ,
4π

(1.32)

and for scatterings in the Thomson regime:

γ=

3ν
4ν0

1/2
→

ν −1/2
dγ
=
dν
2



3
4ν0

1/2
.

(1.33)

The emissivity then is proportional to:
Urad
j(ν)dν ∝ σt K
ν0



ν
ν0

−α
,

(1.34)

where α = (p − 1)/2: a power-law distribution of particles produces power-law emission, like in the synchrotron case. The formulae above hold only if a single scattering
happens before the photons escape the system; in this regime the photons carry some
memory of the distribution electrons that scattered them. This happens when the
Thomson optical depth:
τ = σt ne R,

(1.35)

is low (τ  1). Here σt is the Thomson cross section, ne is the number density of
the scattering electrons, and R the radius of the region in which the scattering is
occurring.
Thermal Comptonisation is commonly defined as the process of multiple scatterings of seed photons by a thermal distribution of electrons. If the medium in which
the scatterings is mildly optically thin (τ ≈ 0.1 − 1) and the temperature of the electrons is not relativistic (Θe = kTe /me c2 ≤ 1) this can result in a power-law spectrum.
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Figure 1.9: Typical thermal Comptonisation spectrum, in which the total spectrum (blue line) is
the sum of many scattering orders (red lines). The slope of the spectrum is set by the energy gain
and fraction of escaping photons. Figure from Ghisellini (2013b).

This regime is particularly important for black hole accretion, as virtually every accreting black hole produces this type of emission. During thermal Comptonisation,
as the photons undergo many scatterings, they lose all information about the shape
of the seed field or scattering electrons. Because the shape of the initial spectrum
does not matter in this regime, in this section I will assume that the seed photons
are mono-energetic, with dimensionless initial energy x0 = hν0 /me c2 and final energy
(after each individual scattering) x1 = hν1 /me c2 .
The importance of Comptonisation in general, and of thermal Comptonisation in
particular, is quantified by the Compton y parameter. y is defined as the average
number of scatterings that a photon undergoes before escaping the medium, times
the fractional energy gain for each scattering. Broadly speaking, if y > 1 then the
Comptonised spectrum carries more energy out of the system than the seed field, and
therefore Comptonisation is important.
The average number of scatterings is τ if the medium is optically thin or τ 2 if
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it is optically thick. Given a thermal distribution of electrons with dimensionless
temperature Θe (or alternatively, with an average Lorenz factor hγi if the particle
distribution is non-thermal), the fractional energy gain of the photons during each
scattering is
x1 − x0
= 16Θ2e
x0

(1.36)

if Θ ≥ 1 and
x1 − x0
= 4Θ2e − x
x0

(1.37)

if Θ ≤ 1; the term −x accounts for the possibility of down-scattering, in which the
photon loses some energy to the electron. Therefore, the generalised expression for
the Compton-y parameter is:

y = 16Θ2e + 4Θ2e − x max[τ, τ 2 ].

(1.38)

If τ ≈ 1 and Θe ≤ 1 the resulting spectrum, generated by the superposition of multiple
scattering orders, is a power-law. This is because the energy that the photons receive
for each scattering (neglecting down-scattering) is:
A=

x1
y
= 16Θ2e + 4Θ2e + 1 ≈ ;
x0
τ

(1.39)

while the fraction of photons from the previous scattering undergoing another interaction is τ . By definition then, the spectral index αC of thermal Comptonisation
(where the spectrum is defined as F (x) ∝ x−α ) is:
α=−

log(τ )
log(τ )
≈
.
log(A)
log(y) − log(τ )

(1.40)

This is visualised in figure 1.9. The process of continuous scatterings can not proceed
indefinitely, as eventually the photons will have energies comparable to the electrons.
When this limit is reached all the photons escape the system without undergoing
further energy gains, and the spectrum shows an exponential cutoff corresponding
to the maximum energy the electrons can reach. Because the underlying electron
distribution is thermal, this limit will be on the order of the electron temperature.
Therefore a thermal Comptonisation spectrum allows one to measure both the average
energy of the scattering electrons (by observing the spectral cutoff) as well as the
optical depth of the scattering medium (by observing the spectral slope and spectral
cutoff, together with eq.1.39), but not the exact shape of the scattering electrons. This
is different from the single-scattering, optically thin regime described up to eq.1.34,
in which one can directly recover the shape of the scattering electron distribution.
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1.4

Summary: thesis outline

In this thesis I present an investigation of jets in accreting black holes across the mass
scale, by developing tools for modelling the multi-wavelength SEDs of a wide variety
of objects. These tools include both the broad-band model itself, and the statistical
methods used to fit the data.
Chapter 2 presents a novel, scale invariant, semi-analytical jet model (bljet,
built on the previous agnjet model of Markoff et al. 2001, 2005; Maitra et al. 2009;
Connors et al. 2019) capable of modelling the broad-band SED of a jet launched by
an accreting black hole. The main goal of the model is to reproduce the jet dynamics
observed in theoretical works in a straightforward, computationally-inexpensive way.
In particular, the chapter presents a simple description for the magnetic acceleration
of an outflow to ultra-relativistic speeds, which is the most commonly invoked bulk
acceleration mechanism of black hole jets. After describing the model, we apply it
to state-of-the-art data-sets of the BL Lac object PKS 2155−304, and outline a jointfitting approach of multiple SEDs which greatly reduces modelling degeneracies. This
results in much stronger modelling constraints than fitting an individual broadband
spectrum.
In Chapter 3 we apply the model to the nearby radio galaxy M 87. This AGN is
unique in that it is one out of a handful of sources for which both the broad-band SED
and the jet collimation profile are well constrained by observations. We show that
bljet can satisfactorily reproduce both the jet shape and arcsecond-scale SED up
to X-ray frequencies, but greatly under-predicts the unresolved γ-ray flux. Finally,
we show that compared to the population of nearby BL Lac objects like Mrk 421,
M 87 is inherently an under-luminous source likely accreting at a much lower rate,
and therefore comparisons between this source and blazars require care.
In Chapter 4 we present several improvements to bljet, allowing it to treat nonrelativistic particle distributions, and apply it to the X-ray binary MAXI J1836−194.
Due to its low viewing angle, this source is perhaps the BHXB that is most similar
to the jetted AGN studied in Chapters 2 and 3. In the chapter we combine X-ray
timing information with broad-band spectral coverage in order to track the changes
of the outflow throughout the outburst of the source. Both the timing and spectral
information rule out optically-thin synchrotron as the dominant radiative mechanism
responsible for the X-ray emission, favouring inverse-Compton scattering near the
black hole. We show that if the electrons are not relativistic, emission from the base
of the jet can easily reproduce the broad-band SEDs of the source. Furthermore, by
combining timing information with the joint-fitting method developed in Chapter 2,
we show dynamical jet properties are correlated with the shape of the X-ray power
spectrum. Finally, we discuss the implications of scale-invariance with respect to the
matter content of jets in BHXBs and AGN.
In Chapter 5 we present the result of a multi-wavelength campaign following the
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outburst of MAXI J1535-571. By modelling the broad-band emission of the source,
we show that the jet radio emission is quenched over a timescale of a few minutes
as the source transitions from a hard to a soft state. Furthermore, we estimate
the relevant cooling time-scales before and during the jet quenching with a simple
phenomenological model. We find that as the jet fades, the dynamical timescale is
comparable to the observed quenching time-scale, while the radiative timescale is far
longer. We interpret this finding as the jet suddenly switching off during the state
transition.
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Breaking degeneracy in jet dynamics: multi-epoch
joint modelling of the BL Lac PKS 2155−304

M. Lucchini, S. Markoff, P. Crumley, F. Krauß, R. M. T. Connors
Monthly Notices of the Roayl Astronomical Society, 2019, 482, 4798
Abstract
Supermassive black holes can launch powerful jets which can be some of the most
luminous multi-wavelength sources; decades after their discovery their physics and
energetics are still poorly understood. The past decade has seen a dramatic improvement in the quality of available data, but despite this improvement the semianalytical modelling of jets has advanced slowly: simple one-zone models are still the
most commonly employed method of interpreting data, in particular for AGN jets.
These models can roughly constrain the properties of jets but they cannot unambiguously couple their emission to the launching regions and internal dynamics, which
can be probed with simulations. However, simulations are not easily comparable to
observations because they cannot yet self-consistently predict spectra. We present
an advanced semi-analytical model which accounts for the dynamics of the whole jet,
starting from a simplified parametrisation of Relativistic Magnetohydrodynamics in
which the magnetic flux is converted into bulk kinetic energy. To benchmark the
model we fit six quasi-simultaneous, multi-wavelength spectral energy distributions
of the BL Lac PKS 2155−304 obtained by the TANAMI program, and we address
the degeneracies inherent to such a complex model by employing a state-of-the-art
exploration of parameter space, which so far has been mostly neglected in the study of
AGN jets. We find that this new approach is much more effective than a single-epoch
fit in providing meaningful constraints on model parameters.
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2.1

Introduction

Accreting compact objects such as neutron stars and black holes often display collimated and relativistic outflows called jets. Jets have been observed (among others)
in X-ray binaries (e.g. Mirabel & Rodríguez 1994, Fender et al. 1997) and in active
galactic nuclei (e.g. Fanaroff & Riley 1974) ; their emission can span many orders
of magnitude in frequency, from radio up to TeV γ-ray. They appear to be more
common when the accretion rate on the compact object is either very sub-Eddington
(roughly below 1% of the Eddington luminosity), as is the case in hard state X-ray
binaries and low-luminosity AGNs (Ho 2008 and references therein, but see Ghisellini
et al. 2014) or highly super-Eddington, as in Gamma-ray Bursts (e.g. Sari et al. 1999)
and jetted Tidal Disruption Events (Bloom et al. 2011, Burrows et al. 2011, Cenko
et al. 2012).
Despite their prevalence, jets are still poorly understood astrophysical sources. In
the standard picture, black hole jets are collimated and launched by magnetic fields
dragged near the event horizon and wound up either through frame dragging caused
by a rotating black hole (Blandford & Znajek 1977), or by differential rotation in the
accretion disk (Blandford & Payne 1982). At some distance from the central engine,
particles are accelerated continuously to relativistic energies by internal shocks within
the jet (Blandford & Königl 1979).
On the theoretical side, in the past fifteen years General Relativistic Magnetohydrodynamics (GRMHD) simulations have made great strides in demonstrating how
jets are powered, launched, and accelerated (e.g. Gammie et al. 2003, De Villiers et al.
2005, McKinney 2006, Tchekhovskoy et al. 2011, Liska et al. 2018). However, numerical GRMHD codes do not yet self-consistently handle radiation/radiation transfer
and/or are extremely computationally intensive. While some efforts have been made
to make simulations comparable with observations (e.g. Mościbrodzka et al. 2009,
Mościbrodzka et al. 2017, Dai et al. 2018) these efforts are still in their early days.
Furthermore, GRMHD codes typically assume an ideal, single temperature fluid and
do not yet have the dynamic range to capture the microscopic scales over which
particle acceleration occurs.
On the phenomenological side, semi-analytical models successfully predict most
spectral energy distributions (SEDs) of these objects but are often either overly simplistic or degenerate.
In recent years, the favoured approach (especially in the case of AGN jets) has
been the so-called “one-zone model” in which the bulk of the emission comes from a
single spherical region, often close to the jet base (e.g. Tavecchio et al. 1998). While
these models can usually reproduce SEDs fairly well, the typical synchrotron selfabsorption frequency in these models is of the order of 1011−12 Hz, and thus the radio
emission is assumed to originate in regions of the jet further away from the black hole.
Therefore, one-zone models cannot unambiguously couple the observed emission to
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the launching regions and internal jet dynamics. Furthermore, the erratic variability
observed in many jetted AGN in both timing (e.g. Aharonian et al. 2007, Acciari
et al. 2011) and polarimetry (e.g. Marscher et al. 2008, Blinov et al. 2018) also calls
for physics that can’t be captured in a homogeneous single-zone model.
Structured models which account for the emission of the entire outflow actually
pre-date one zone models (e.g. Marscher 1980, Konigl 1981, Ghisellini et al. 1985),
but they have fallen out of favour with the advent of modern observational facilities,
particularly due to the discovery that the high-energy emission in many AGN can
vary on extremely short time-scales, implying a small size of the emitting region
(e.g. Aharonian et al. 2007). However, in recent times the simplest one-zone model
approach has been called into question due to both the erratic variability detected in
some AGN (e. g. Boettcher 2010) or the extreme parameters required by some sources
(Tavecchio & Ghisellini 2016). These issues, together with a desire to model radio
fluxes and probe jet morphologies and dynamics, have made inhomogeneous multizone model an attractive option once again. Modern multi-zone models generally come
in one of three flavours: structured outflows that invoke Doppler boosting between
different regions, such as a fast-moving spine and a slow layer (e.g. Ghisellini et al.
2005) or a decelerating jet (Georganopoulos & Kazanas 2003), detailed shock-injet models that focus on electron dynamics (e.g. Böttcher & Dermer 2010, Malzac
2013), and extended outflow models whose aim is to capture the dynamics and/or
energetics of the entire jet, rather than focusing on a single region (e.g. Markoff et al.
2005, Boutelier et al. 2008, Potter & Cotter 2013a). Unfortunately, moving away
from the single-zone paradigm introduces large numbers of free parameters and/or
increases the computational cost (particularly if one aims at also predicting variability
or polarisation signatures e.g. Marscher 2014, Potter 2018), which results in severe
model degeneracies and/or in a loss of predictive power.
The limitations in both simulations and phenomenological models, as well as the
lack of robust methods for fitting data statistically, make it paramount to develop
more accurate semi-analytical models along with fitting techniques capable of reducing
possible degeneracies.
Further complicating matters, in many low-power sources the contribution of the
jet to the SED is poorly constrained, and other processes such as inverse Comptonization from a corona (e.g. Shapiro et al. 1976, Haardt & Maraschi 1993) and/or or the
contribution from a radiatively inefficient accretion flow (e.g. Narayan 1996) can also
contribute to the emission, particularly in the X-ray band. In this context, highly
beamed sources are a particularly useful tool for isolating jet physics.
Blazars are ideal sources for this purpose. These are radio-bright AGN with one of
the jets pointed towards the observer (e.g. Blandford & Rees 1978, Urry & Padovani
1995, and see Ghisellini 2013a for a review). Because of relativistic beaming, the
radiation produced in the jet can outshine all other components such as the accretion
disc, corona or dusty torus. Blazars are divided into two categories: Flat Spectrum
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Radio Quasars (FSRQs) and BL Lacertae (BL Lacs), depending on whether they show
bright (equivalent width > 5 ) or faint/absent (equivalent width < 5 ) emission lines
in their optical spectrum. All blazars show two humps in their Spectral Energy Distribution (SED); the first originates from relativistic electrons emitting synchrotron
radiation in the jet, while the second is often attributed to Inverse Compton scattering (IC) either with photons produced in the jet (synchrotron-self Compton, SSC),
or coming from the external environment (EC, external Compton). Possible target
photon fields include the emission from the disc, broadened line emission coming from
ionized clouds of gas orbiting close to the black hole (BLR, broad line region), or a
dusty torus surrounding the disc. Alternatively, the second hump could be caused by
hadronic processes initiated by a population of relativistic protons.
Typically, efforts to model blazars have been limited to the study of a single
multi-wavelength SED for a given source, taken either during organized campaigns,
sometimes during flaring states, or by utilizing archival, non-simultaneous data. This
greatly limits the ability of any model to effectively constrain the physics of the
source. Only recently has it been possible to compile multi-wavelength, multi-epoch,
and quasi-simultaneous SEDs, for example thorough the TANAMI1 (Tracking Active Galactic Nuclei with Austral Milliarc-second Interferometry) multi-wavelength
program (Ojha et al. 2010, Krauß et al. 2016).
In this work we model six quasi-simultaneous, radio through γ–ray SEDs of the BL
Lac PKS 2155−304 obtained during the TANAMI campaign with a new steady-state,
multi-zone, semi-analytical dynamical model designed as a simple parametrisation of
relativistic MHD. The treatment of particle acceleration and radiation are identical
to those of the agnjet model, developed by Markoff et al. 2005, Maitra et al. 2009,
Connors et al. 2017 and including the modifications described in Connors et al. 2019.
Agnjet has mainly been used to study black hole X–ray binaries in the hard state
and in quiescence (e.g. Markoff et al. 2005, Gallo et al. 2007, Maitra et al. 2009,
Plotkin et al. 2015, Connors et al. 2017). It can also reproduce the broadband SEDs
of LLAGN (e.g. Sgr A*: Falcke & Markoff 2000, Markoff et al. 2001 Connors et al.
2017; M81: Markoff et al. 2008, Markoff et al. 2015; NGC 4051: Maitra et al. 2011)
and of the nearby low power FRI radio galaxy M87 (Prieto et al. 2016); however, in
agnjet the outflow velocity is limited to low bulk Lorentz factors, making it incapable
of treating more powerful blazar jets (Crumley et al. 2017). The new dynamical model
described in this paper is called bljet. Furthermore, we combine our new dynamical
model with a thorough exploration of parameter space, and show that, compared to
individual SEDs, multi-epoch data can provide much stronger constraints on model
parameters.
The paper is structured as follows: in Section 2 we present the updated bljet
model, in Section 3 we use it to fit six quasi–simultaneous SEDs of PKS 2155−304
1 HTTPS://fekrauss.com/resources/
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Figure 2.1: Jet bulk Lorentz factor as a function of distance z from the black hole, taking z0 = 20
Rg , γmax = 4, 8, and 12, and zacc = 200, 2000, and 104 Rg .

from the TANAMI program, and compare individual and joint fits of the data, in
Section 4 we discuss our results, and in Section 5 we draw our conclusions.
Throughout the paper we use cgs units and assume the following cosmological
parameters: H0 = 69.6 km s−1 Mpc−1 , ΩM = 0.286, ΩΛ = 0.714 (Bennett et al.
2014). With this choice, the luminosity distance of PKS 2155−304, located at redshift
z = 0.116, is 543.4 Mpc.

2.2

Model description

In order to describe the properties of a given jet it is necessary to know its velocity
(or velocity profile, in the case of multi–zone models such as ours), as well as its
energy budget and the way this is divided between proton and electron internal and
kinetic energy, and magnetic fields. The goal of this section is to derive some simple
analytical expressions for these quantities, which can then be used to produce SEDs
to be compared with observations. We start with the velocity profile and magnetic
field.
We assume that a certain amount of power, expressed as a percentage Nj of the
black hole’s Eddington luminosity LEdd , is channelled from the inner radius of the
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Figure 2.2: Jet radius as a function of distance from the black hole for the jet in M87. Stars show
VLBI data reported in Asada & Nakamura 2012, diamonds show data from Hada et al. 2013. The
green line shows the broken power-law fit; the inner region is parabolic (r ∝ z 0.56 , Hada et al. 2013)
and the outer region is conical (r ∝ z, Asada & Nakamura 2012). The orange line is the profile used
in bljet with r0 = 3 Rg , h = 2, zacc = 2.5 · 105 Rg , γacc = 15.

accretion disc into an outflowing cylinder situated above the disc, with radius r0
(measured in units of Rg ) and up to a height z0 = h · r0 , which we term the nozzle of
the jet. This initial power is divided between particles (electrons and protons) and a
magnetic field. The nozzle represents the base of the jet and may correspond to an
outflowing, lamp-post corona (Martocchia & Matt 1996). Unlike in agnjet, the jet is
always magnetically dominated near the base, and the initial magnetic field is assumed
to be converted into bulk kinetic energy through acceleration of the outflow. Because
we cannot treat jet acceleration in full GRMHD, we parametrise this behaviour with
a special relativistic prescription in which energy is conserved.
We assume that the jet bulk acceleration begins at the top of the nozzle, starting
with with an initial Lorentz factor γ0 at a height z0 , and continues until a final
Lorentz factor γacc is achieved at a distance zacc . Beyond this region the jet velocity
remains unchanged. The initial bulk Lorentz factor is assumed to be γ0 = 1.09
(β0 = 0.4), which in the old agnjet model corresponds to the maximal sound speed;
γ0 has a negligible effect on the SED. The bulk Lorentz factor in the acceleration
region is assumed to follow a power-law in the acceleration region of index α = 1/2,
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as suggested by analytical MHD (e.g. Vlahakis & Königl 2004, Beskin & Nokhrina
2006, Komissarov et al. 2007). Three different possible velocity profiles with differing
terminal velocities are shown in Fig. 2.1. The region of the jet close to and downstream
of zacc can be thought of as the equivalent of the “blazar zone” probed by one-zone
models, and throughout the paper we use the two terms interchangeably. The velocity
profile in the acceleration region is thus:
1/2

γ(z) = γ0 + (γacc − γ0 )

z 1/2 − z0
1/2

1/2

zacc − z0

.

(2.1)

For every z, we take the jet opening angle to be inversely proportional to the Lorentz
factor as suggested by VLBI observations of Fermi /LAT detected blazars (Pushkarev
et al. 2009, see also Jorstad et al. 2005, Clausen-Brown et al. 2013, Pushkarev et al.
2017):
θ(z) =

0.15
,
γ(z)

(2.2)

where the factor of 0.15 is a typical value inferred from the same VLBI campaigns.
We take the jet radius as a function of distance to be:
r(z) = r0 + (z − z0 ) tan(θ(z)),

(2.3)

This results in a jet that is roughly parabolic (r(z) ∝ z 1/2 ) as it accelerates near
its base, and which then expands conically (r(z) ∝ z) after reaching its terminal
speed; therefore, our choice of velocity profile results in a radial profile that is roughly
consistent with that observed in M87 (Asada & Nakamura 2012, Hada et al. 2013,
Hada et al. 2016) as shown in figure 2.2. Unlike the model of Potter & Cotter (2013a),
who assumed a fixed geometry identical to that of M87 for every source, we leave
zacc as a free parameter, thus allowing jets with different sizes for the parabolic to
conical transition regions. We will show in sections 3 and 4 that this has important
consequences for our modelling.
Particle conservation determines the number density of particles (leptons or protons) along the entire jet to be:

n(z) = n0

γ(z)β(z)
γ 0 β0

−1 

r(z)
r0

−2
,

(2.4)

where n0 is the initial particle number density. We assume a heavy jet containing one
cold proton per electron throughout its length: n(z) = ne (z) = np (z). We choose to
restrict ourselves to this regime because as we will show in this section, assuming that
a dominant proton contribution is carrying the bulk of the jet’s kinetic energy (and
enthalpy) greatly simplifies the calculation of the magnetic field strength throughout
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Figure 2.3: Bernoulli’s equation evaluated at each point in the jet acceleration zone, for the same
parameters shown so far (γacc = 8, z0 = 20 Rg , zacc = 2000 Rg , Te = 1010 K, σ0 = 13.4, σdiss = 1,
and Nj = 1.38 × 1045 ergs s−1 ). The blue, red and green lines represent the the contributions by
the magnetic field, protons and electrons respectively; the black solid line shows the sum of all three
contributions. As long as the electron contribution is negligible, the total energy is roughly conserved.

the jet. In order to conserve energy while accelerating, a streamline of the jet must
satisfy the relativistic Bernoulli equation (Königl 1980):
γ(z)

ω(z)
= const,
n(z)

(2.5)

where
ω(z) = Up (z) + Ue (z) + Pe (z) + Ub (z) + Pb (z)

(2.6)

= n(z)mp c2 + n(z)hγe ime c2 + Pe (z) + Ub (z) + Pb (z),
is the total enthalpy of the jet, assuming that the protons are cold and therefore
their pressure is negligible. hγe i is the average Lorentz factor of the electrons, Up (z)
is the energy density of the cold protons, Ue (z) and Pe (z) are the internal energy and
pressure of the electrons, and Ub (z) and Pb (z) those of the magnetic field. Because
Ub (z) = Pb (z) = B 2 (z)/8π, writing the first three terms explicitly and combining
them with Eq. 2.1, 2.2, 2.3, 2.4 and 2.5 allows us to compute the magnetic field
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profile required to accelerate the jet. The electron pressure and internal energy can
be related to each other via the adiabatic index Γ:
Pe = (Γ − 1) Ue ;

(2.7)

We only consider relativistic leptons, and therefore Γ = 4/3. Eq. 2.6 can be written
as:
ω(z) = n(z)mp c2 + ωe (z) + B 2 (z)/4π,

(2.8)

where ωe (z) = ΓUe (z) = Γn(z)hγe ime c2 is the electron contribution to the total
enthalpy. We define the magnetization parameter σ as:
σ(z) =

=

Pb (z) + Ub (z)
Up (z) + Ue (z) + Pe (z)

4π (n(z)mp

(2.9)

B 2 (z)
;
+ Γn(z)hγe ime c2 )

c2

Eq. 2.9 allows us to write Eq. 2.8 as:


ω(z) = n(z)mp c2 + ωe (z) [1 + σ(z)] .

(2.10)

We leave the magnetization at the end of the acceleration region σdiss as a free
parameter in the model. Because the Bernoulli equation holds at every distance along
a streamline of the jet (as long as energy is conserved), we can evaluate it at z0 and
zacc to find the initial magnetization necessary to reach a desired final Lorentz factor
γacc :
γ(zacc )

ω(zacc )
ω(z0 )
= γ(z0 )
,
n(zacc )
n(z0 )

(2.11)

which can be written as
γacc (1 + σdiss ) mp c2 + Γhγe ime c2




2

.

= γ0 (1 + σ0 ) mp c2 + Γhγe ime c

(2.12)

We only consider isothermal, cold jets in which the average Lorentz factor of the
electrons is low (hγe i . 50) and constant up to zdiss , so that the proton contribution to
the total enthalpy is always much greater than that of the electrons. This assumption
also implies that the energy required by any mechanism to offset adiabatic losses
(Blandford & Königl 1979) is negligible with respect to the total energy budget. In
this regime, the Bernoulli equation simplifies to:
γ(zacc ) (1 + σdiss ) = γ0 (1 + σ0 ) ,

(2.13)
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Figure 2.4: The blue lines represent our analytical solution for the magnetic field as a function
of distance z from the black hole in the jet acceleration zone, for the same parameters as Fig. 2.1,
assuming that the electrons are isothermal with Te = 1010 K and that σdiss = 1. The total jet power
is 10−2 LEdd , which corresponds to 1.38 × 1045 ergs s−1 for a black hole mass of Mbh = 109 M .
The dashed green and purple lines represent reference toroidal (∝ z −1 ) and poloidal (∝ z −2 ) fields,
respectively. As the terminal Lorentz factor increases, so does the initial magnetization σ0 .

so that the required magnetization at the base, as a function of the final magnetization
and bulk Lorentz factor, is:
γacc
σ0 = (1 + σdiss )
− 1.
(2.14)
γ0
We can now evaluate the Bernoulli equation at every z to find the magnetization
as a function of distance and jet bulk velocity:
γ0
σ(z) =
(1 + σ0 ) − 1
(2.15)
γ(z)
and by inverting the definition of σ(z) we can determine the corresponding magnetic
field:

1/2
B(z) = 4πσ(z)n(z) mp c2 + Γhγe ime c2
.
(2.16)
We stress that this result is only valid as long as the second term in the parentheses
is much smaller than the first, meaning that the protons have to carry the bulk of
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the particle energy budget. If this isn’t the case, then our simplification between Eq.
2.12 and 2.13 is incorrect. If instead the energy density of the electrons (or leptons
for a pair-dominated jet) dominates, our solution would need to account accurately
both for adiabatic cooling and the conversion of bulk kinetic or magnetic energy into
internal energy of the electrons through either shocks or reconnection, which would
impact the values of σ(z), γ(z) and hγe (z)i. The full description of these effects is
beyond the scope of this work and will be investigated in a future paper. As long as
the jet is cold our solution of the Bernoulli equation always holds and therefore the
jet conserves energy while it accelerates, as shown in Fig. 2.3.
Beyond the jet acceleration zone the magnetic field is assumed to be purely
toroidal:
B(z) = B(zacc )

zacc
,
z

(2.17)

in order to reproduce the flat radio spectrum observed in most compact jets, assuming
the radiating particle distribution is isothermal (Blandford & Königl 1979). Fig. 2.4
shows three possible solutions for the magnetic field.
We now need to calculate the initial number density of particles in the jet. The
energy density at the base of the jet can be written as:
Uj (z0 ) = Ue (z0 ) + Up (z0 ) + Ub (z0 ) =

Nj LEdd
,
2πr02 γ0 β0 c

(2.18)

where the factor 2 accounts for the launching of a jet and a counter-jet, and Nj is the
total power injected in the jet in Eddington units. We define the standard plasma-beta
parameter at the base of the jet as:
βp,0 =

Ue (z0 )
;
Ub (z0 )

(2.19)

whose value is set by our assumption of ne = np and by the initial magnetization
defined in Eq.2.14:
σ0 =

2Ub (z0 )
2Ue (z0 )
=
,
Up (z0 ) + ΓUe (z0 )
βp,0 (Up (z0 ) + ΓUe (z0 ))

(2.20)

from which we find:
βp,0 =

2hγe ime
.
σ0 (mp + Γhγe ime )

(2.21)

We can now calculate the initial particle number density from Eq. 2.18 and Eq. 2.19:

n0 =

Nj LEdd
1
·
.
2πr02 γ0 β0 c mp c2 + hγe ime c2 (1 + 1/βp,0 )

(2.22)
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The injected electrons are initially described by a relativistic Maxwellian distribution having temperature Te (corresponding to a scale Lorentz factor γth ). At a
distance zdiss from the black hole the jet meets a dissipation region beyond which
the leptons are heated, which we parametrise by increasing the peak of the thermal
Maxwell-Jüttner distribution γth by a fixed factor fheat , and at the same time a fraction fpl of the total number of electrons are assumed from this point onwards to be
continuously accelerated into a non-thermal tail, described by a power-law with index
p. This roughly mimics the behaviour of shock acceleration seen in PIC simulations
(e.g. Sironi & Spitkovsky 2011). The parameter fheat therefore effectively sets the
minimum Lorentz factor γmin of the non-thermal particles, which is assumed to scale
with the peak of the Maxwellian distribution:
γmin = 2.23fheat γth

(2.23)

We do not specify the mechanism responsible for particle heating and acceleration
beyond the dissipation region; instead, the efficiency of this process is quantified
through a free parameter fsc , which is used to define the particle acceleration time
scale independently of the acceleration mechanism:
tacc =

4γme c
,
3fsc eB

(2.24)

where e is the electron charge, B the magnetic field strength, γ the electron’s Lorentz
factor, me the mass of the electron, and c the speed of light. In the case of standard
2
quasi-parallel shock acceleration, fsc = βsh
/(λ/Rgyro ) (Jokipii 1987), where βsh is
the shock speed relative to the plasma, λ is the scattering mean free path of the
particles and Rgyro their gyroradius. While we do not assume particles are accelerated
in shocks, we do assume that fsc does not depend of energy of the particle. The
maximum Lorentz factor reached by the leptons is then set by solving:
−1
−1
−1
t−1
acc = tsyn + tcom + tdyn ,

(2.25)

where tsyn and tcom are the synchrotron and Compton radiative time scales at each
point in the jet (tsyn/com = 3me c2 /4σt cUrad γe , where Urad is the magnetic or photon energy density for synchrotron/inverse Compton respectively and γe the electron
Lorentz factor). We take the dynamical time scale to be tdyn = fb r(z)/β(z)c, where
fb is a free parameter and r(z) is the jet radius defined in eq. 2.3. The free parameter fb absorbs the uncertainty in the electron diffusion coefficient and importance
of adiabatic losses within the jet, similarly to how fsc absorbs our ignorance of the
details of particle acceleration. Because tdyn  tsyn, com ≥ tacc , the parameter fb
has a negligible impact on the maximum lepton energy (but it does impact the break
energy, see below). In this way, the maximum energy reached by the non-thermal
tail is directly linked to the efficiency of the acceleration mechanism as well as local
conditions in the jet at each point.
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Figure 2.5: Fermi/LAT light-curve of PKS 2155−304 from K16. The six epochs α, β, γ, δ, , ζ,
are highlighted in blue, magenta, red, yellow, green and blue respectively.

Similarly, we parametrise the energy of the cooling break in the leptons by balancing the radiative and dynamical time scale in each section of the jet. For simplicity
we only consider synchrotron losses when computing the break energy. In this case:
tsyn =

3m2e c3
r(z)
= fb
= tdyn ,
4σt Ub (z)Ebr (z)
β(z)c

(2.26)

from which we find the break energy:
Ebr (z) =

3β(z)m2e c4
.
4fb r(z)σt Ub (z)

(2.27)

In our numerical code zacc and zdiss are allowed to have different values; however,
in this work we always take zacc = zdiss , as this is a natural choice and is suggested by
observations, e.g. Marscher et al. (2008), and reduces the number of free parameters
in the model. However, we note that the location of particle acceleration has been
observed to vary drastically during BHB outbursts (Russell et al. 2014a); thus zacc =
zdiss need not be the only viable choice.
Beyond the dissipation region the jet then extends up to a maximum length zmax .
Our code computes the radiation from both the nozzle and extended jet (including
synchrotron, synchrotron self-Compton) to reproduce the broadband SED. The synchrotron calculation includes the full individual particle synchrotron spectrum, and
the IC calculation accounts for multiple scatterings and the Klein-Nishina cross section. Inverse Compton scattering with other external photon fields such as a torus or
broad line region is neglected, as these components are believed to be absent or very
faint in low power AGN. We address this choice in section 4.
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If necessary we also include the contribution from the accretion disk to fit the SED,
which we model phenomenologically as an optically thick, geometrically thin inflow
(Shakura & Sunyaev 1973), described by an accretion rate Ṁ normalised in Eddington
units, an inner truncation radius Rin and an outer radius Rout = 103 Rg (the exact
value has a negligible impact on the SED). If a disk contribution is necessary, its
photons are included in the Compton calculation as seed photons, but in the case of
PKS 2155−304 we find that they are negligible compared to the synchrotron photon
field. We assume that emission from the inner disk regions (r < Rin ), assumed to be
geometrically thick and optically thin, is negligible.

2.3

Modelling of PKS 2155−304

For the first application of our new model we have chosen PKS 2155−304, which is
a relatively nearby (redshift z = 0.116) high-peaked BL Lac. It has been extensively
studied by several multi-wavelength campaigns (e.g. H. E. S. S. Collaboration et al.
2012, Madejski et al. 2016, Krauß et al. 2016, henceforth K16) that found the source
in a variety of spectral states; the wealth of data available makes it an ideal source
to benchmark any AGN jet model.
We will be focusing on the data-sets produced during extensive monitoring by the
TANAMI multi-wavelength program, which involved a variety of instruments operating in different bands (K16). Radio Very Large Baseline Interferometry (VLBI)
coverage is provided by the Australian Long Baseline Array (LBA), plus stations
in Antarctica, South America and South Africa; in addition, lower resolution observations are performed with the Australian Telescope Compact Array (ATCA) and
Ceduna single-dish telescope. These pointings are complemented by data taken with
Swift/UVOT, the Rapid Eye Mount (REM) telescopes and the Small and Medium
Research Telescope System (SMARTS) in the NIR/optical/UV band, Swift/XRT in
X-rays, and Fermi /LAT in high energy (HE) γ-rays. The details of the data reduction
process for each instrument and the production of each SED can be found in K16.
Briefly, the Fermi /LAT light curve is analysed through a Bayesian block analysis
method, with the goal of isolating periods of relatively constant γ-ray flux, indicating
limited variability in each time block. Once these are isolated, an SED is produced
by including available pointings of other instruments in each of these periods, which
are typically a few months long. The resulting SEDs are quasi-simultaneous: while
some variability is expected on much shorter time scales than those probed by the
campaign, the overall behaviour of the source is not expected to change dramatically.
For PKS 2155−304, the Bayesian block analysis produced six different well sampled
SEDs, which following K16 we label α, β, γ, δ, , ζ. As shown by the Fermi light
curve of K16, reproduced in figure 2.5, all of these periods corresponds to low or intermediate states; the only flare detected by Fermi /LAT lacks simultaneous pointings
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Table 2.1: A list of the input parameters of the bljet model. Bold parameters are left free while
fitting, parameters marked with an asterisk are only used for some SEDs. Other non-fitted physical
parameters are reported after the double horizontal line.

Parameter
Nj
r0
zdiss
σdiss
p
fheat

fb

fsc
∗
Ṁdisc
∗
Rin
Mbh = 109 M
θ = 2.5◦
h = 2r0
γ0 = 1.09
γacc = 15
γth = 3

pl = 0.1
Zmax = 6.6 · 105 Rg

Description
The total power channelled into the jet base normalized in
Eddington units
The initial radius and aspect ration of the jet nozzle/corona
The location of the dissipation zone where particle acceleration
starts and the jet stops accelerating
The magnetization at the dissipation region zdiss , after the jet
stops accelerating
The slope of the power-law index of accelerated non-thermal
particles
The amount of heating received by the leptons at the start of
the dissipation region, which sets the γmin of the non-thermal
power-law
A free parameter responsible for setting the dynamical time
scale, which fixes the cooling break energy in the lepton distribution
The efficiency of the particle acceleration process, which sets
the maximum energy in the lepton distribution
The disc accretion rate (when required by data)
The inner radius of the accretion disc (when required by data)
The mass of the black hole
The viewing angle between the jet and the line of sight
The aspect ratio of the jet nozzle/corona
The initial bulk Lorentz factor of the jet
The final bulk Lorentz factor of the jet
The peak of the relativistic Maxwellian distribution of thermal
leptons
The number fraction of leptons accelerated into a non-thermal
tail at the dissipation region
The total length of the compact radio jet where emission is
calculated
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of other instruments involved. Because our model represents a steady-state jet, we do
not attempt to model short-term variability or flaring states. Instead, our goal is to
investigate which of our model parameters are responsible for the long-term variability
of the source. The six TANAMI SEDs are ideal for this purpose.
We assume a systematic error of 10% for all optical data points (rather than the
2-5 % reported in K16) because a) the pointings of the three telescopes involved are
not strictly simultaneous and b) this reduces the statistical weight of the optical data,
compared to radio, X-ray and γ-ray data, thus leading to a better overall description
of the data across all wavelengths.
In the radio band we only fit the VLBI data and exclude the single dish and ATCA
pointings because these low resolution images are likely to be contaminated by the
parsec scale jet (resolved out at the VLBI scale) and possibly the radio lobes.

2.3.1

Fitting method

Bljet is more complex than a one-zone model, and this added complexity introduces
degeneracies in our parameter space. Because of this we do not limit ourselves to the
typical “fit-by-eye” approach used for modelling of blazars. Instead, we perform leastχ2 fits using the Interactive Spectral Interpretation System (ISIS) software package
(Houck & Denicola 2000), which allows users to import custom-written models and
use them to perform multi-wavelength spectral fitting. Every model is folded through
an instrument’s response function when available (in our case, this is true for Swift
data), allowing for a model independent and more precise evaluation of residuals.
Like with most γ-ray satellites, the Fermi //LAT PSF is very extended as well as
energy-dependent; therefore, sources commonly overlap or contaminate each other;
the correct way to treat such data is to do log-likelihood fitting of individual photons.
Such behaviour can not be easily treated with tools that have originally been designed
for X-ray analysis like ISIS or xspec. This makes including an accurate response
function impossible. The main benefit of using ISIS with Fermi data is that the
software automatically integrates the model flux in each of the (very large) Fermi
bands, which allows for more accurate comparisons with the data.
We also include an absorption model (tbabs, Wilms et al. 2000) and a reddening
model (redden); for both we fix the column density to the galactic value of 1.48 · 1020
cm−2 . We adopt the abudances of Wilms et al. (2000) and set the photo-ionisation
cross-sections according to Verner et al. (1996). The final syntax of the model is:
tbabs×redden×bljet. We initially fit the X-ray spectra alone with a power-law
plus absorption model; we find that any amount of absorption above the Galactic
value is essentially unconstrained by the data.
In five out of six epochs we find an excess in the optical bands that cannot be
reproduced by our jet model. In order to reproduce it we include a contribution from
an accretion disc.
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We minimize the residuals with the subplex least-χ2 fitting algorithm included in
ISIS. The full list of parameters is provided in Table 2.1; several of them are frozen
either because of observational constraints, or because they do not impact the SED.
The black hole mass in PKS 2155−304 is not measured directly, and estimates
based on the host galaxy luminosity range between 1 − 2 × 109 M (Aharonian et al.
2007), although when accounting for scatter in the Lhost − Mbh correlation this could
be as low as 2 · 108 M . We assume a black hole mass of 109 M and neglect any
contribution from the host galaxy to the optical flux.
We fix the final Lorentz factor of the jet to 15 and the viewing angle θ to 2.5◦ ,
which results in a peak Doppler boosting factor of δ ≈ 22. In preliminary fits we
found that leaving γacc and/or θ free to vary did not improve the quality of the fits
significantly, with the best fit values clustering around these values. Lower terminal
velocities and/or larger viewing angles result in very low beaming, making the model
incapable of matching the observed fluxes, and in the synchrotron and Compton peaks
being shifted to lower frequencies than those observed. Vice versa, for a faster or more
beamed jet (δ& 30) the peaks are shifted to higher frequencies, which results in a very
poor fit of the X-ray spectra.
We freeze the maximum length of the compact jet to 1020 cm, which corresponds
to 6.6 · 105 Rg for a 109 M black hole. With this choice, the self-absorption turnover
of the outermost region is at ≈100 MHz and the spectrum in the GHz frequency range
is optically thick and flat (but this is not to suggest the physical jet necessarily ends
at this distance).
We assume that pl , the percentage of particles accelerated into a power-law tail at
the dissipation region, is always 10%. This is consistent with the efficiency expected
both for magnetic reconnection and diffusive shock acceleration (Sironi & Spitkovsky
2011 and 2014, Sironi et al. 2013, Sironi et al. 2015).
Because of relativistic beaming the bulk of the emission originates in regions at
z ≥ zdiss , leaving the nozzle mostly unconstrained. Because of this we always take
γth = 3, which ensures that the thermal synchrotron (and SSC) emission in the
nozzle remains negligible. In section 4 we discuss this choice and show that a higher
temperature at the base would result in unreasonable features appearing in the SED.
The initial radius r0 and nozzle height h do affect the SED by setting the initial
conditions (number density, magnetic field, z0 ) at the base of the jet. However, the
parameter h in particular cannot be constrained without data capable of probing
the inner regions of the inflow/outflow (such as a reflection signature in the X-ray
spectra), and therefore we assume h = 2r0 and leave the initial radius r0 as a free
parameter.
These choices leave us with 8-10 free parameters (depending on whether we include
a contribution from the disc), described in table 2.1.
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Table 2.2: Best fit parameters for every SED fit individually. Fitted free parameters are bolded;
we also report the values calculated by the model for the magnetic field, non-thermal lepton number
density (only the non-thermal particles contribute meaningfully to the SED in this source), minimum,
break and maximum energies reached by the leptons, all computed at a distance of 3·103 Rg from the
black hole, as well as the reduced χ2 for each fit. These parameters require an initial magnetization
σ0 ≈ 13. We do not report any confidence intervals for the individual fits because the parameter
space of individual fits is too degenerate (see Fig. 2.7).

Flux (erg cm−2 s−1 )

Ṁ [10−2 ṀEdd ]
rin [Rg ]
Nj [10−2 LEdd ]
r0 [Rg ]
zdiss [Rg ]
p
fheat
fb
fsc [10−6 ]
σdiss [10−2
B [G]
n(e) [cm−3 ]
γmin
γbrk [102 ]
γmax [105 ]
χ2 /dof

β
1.6
30
1.0
75
1360
1.8
10
22
2.5
3.2
0.30
17.3
63
7.1
2.7
38.51/15

γ
/
/
0.9
23
1700
1.9
11
30
2.0
5.6
0.37
56.6
72
7.1
2.4
58.3/21

δ
1.4
100
0.9
10
1170
1.6
8
86
1.2
2.0
0.23
97.3
51
7.3
1.8
66.05/24


0.7
79
1.5
15
960
1.8
6
50
1.2
1.4
0.23
130
43
8.2
1.8
29.87/24

ζ
0.9
18
1.6
26
1720
1.9
8
43
1.6
1.6
0.28
90.1
55
8.1
2.3
33.72/25

10-10
10-11
10-12
10-13

α: MJD = 54862-54885
β: MJD = 54885-55088
γ: MJD = 55088-55326

10-14
5
χ

α
2.9
22
1.0
29
510
1.9
20
40
2.7
2.0
0.24
52.6
133
11
3.2
59.33/22

δ: MJD = 55326-55676
ǫ: MJD = 55676-56124
ζ: MJD = 56124-56572

0
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Figure 2.6: Individual fits to the six SEDs in the top two panels, with residuals shown in the
bottom two. The contribution from the accretion disc at each epoch is shown by the dashed lines.
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Figure 2.7: Degeneracy from individual fits: the plots show the most two-dimensional contour
plots for the α SED which show a correlation between parameters. The red, green and blue contours
indicate 68, 90 and 95 per cent confidence intervals found by emcee; the black cross denotes the best
fit values found by the least χ2 routine. We find strong correlations between the initial radius r0 and
location of the dissipation region zdiss , injected jet power Nj and final magnetization σdiss , particle
heating fheat and zdiss , all of which are very poorly constrained.

2.3.2

Individual fits

Our best fits to individual datasets are shown in Fig. 2.6, and the best fit parameters
are reported in Table 2.2, along with the values of the magnetic field, lepton density,
minimum and maximum Lorentz factors reached by the emitting particles at z =
3 · 103 Rg (the regions around this distance are responsible for a large contribution
to the SED, with the exception of the radio emission), and χ2 /dof of the best fit
parameters. In all cases, the broadband SED is described very well by the model.
In every dataset except γ an additional thermal component is required to match
the optical flux and spectral shape. In the case of α and  the excess optical bump
is easily seen in the data. A less visible bump is also present in β, δ and ζ. This additional variable thermal component was also found by K16, who modelled the same
datasets with phenomenological two log-parabolas (plus a black body if necessary).
We model this additional component as a contribution from a truncated geometrically thin, optically thick accretion disk, neglecting any emission from regions at radii
smaller than the truncation radius. We find that both the accretion rate and truncation radius have to vary between epochs in order to match the optical excess. We
address the inferred disk variability in section 4.
The most notable trend emerging from these individual fits is that the bulk acceleration process always lasts until the magnetization σ is smaller than 1 and of
the order of ≈ 2 − 3 · 10−2 , meaning that the jet always transitions from a Poyntingdominated base (σ  1) to a kinetic-dominated outer region (σ  1) as it accelerates.
This transition is also consistently required when modelling the SEDs of TeV BL Lacs
with one-zone models (e.g. Tavecchio & Ghisellini 2016). Despite this departure from
equipartition between kinetic and magnetic powers, we always find that the required
jet power is sub-Eddington, and comparable to the accretion rate inferred from modelling the optical data. This finding is consistent with those of Ghisellini et al. (2014),
who found a strong correlation between accretion rate (inferred from the luminosity
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of the BLR) and jet power (measured through SED fitting with a one-zone model),
with the latter being of the same order of magnitude but systematically higher. We
note however that their study is limited to high power blazars in which the BLR is
clearly detected, which is not the case for PKS 2155−304.
In three out of six epochs (γ, , ζ) the power injected at the base of the jet is higher
than the inferred accretion rate in the outer thin disk. As we will show in the next
section this is purely a result of the degeneracy of the model. We note that in most
cases the contribution of the disc is neglected in PKS 2155−304 due to its featureless
optical spectrum (e.g. H. E. S. S. Collaboration et al. 2012), which means that the
true accretion rate of this source is presently unknown. However, if the accretion rate
is of the order of the estimated jet power (≈ 10−2 LEdd ) then the disc could possibly
contribute in some amount to the observed SED, as required by our model.
Finally, we note that the main parameter driving changes in the (optically thick)
radio flux predicted by the model is the injected jet power Nj . A multi-zone model
capable of fitting this part of the spectrum should therefore constrain the jet power
more effectively that a one-zone model, as long as model degeneracy is limited or accounted for. Our values for the jet power are consistent with the lower limit estimated
from NuSTAR observations by Madejski et al. (2016).

2.3.3

Model degeneracies and joint fitting

After fitting the six data-sets using χ2 minimisation we further explore our parameter
space using emcee, an ISIS implementation (Murphy & Nowak 2014) of the Monte
Carlo Markov Chain (MCMC) method of Foreman-Mackey et al. (2013). Emcee sets
up a distribution of “walkers” which then explore the parameter landscape: for each
iteration the walkers jumps to a new parameter value, and depending on the χ2 values
in the new and old position the move may be accepted or rejected. For each emcee run
we initialise 100 walkers per free parameter in a narrow Gaussian distribution around
the best fit values found, where the standard deviation is 1% of the best fit value. We
choose a Gaussian rather than flat distribution because in trial runs we found this
results in faster convergence of the chain. The output of emcee allows us to identify
possible modelling degeneracies which could force the least-χ2 in a local rather than
global minimum, and also to estimate error bars for the best-fit parameters. We
found that for an individual SED the chain takes around one thousand iterations to
converge to a good fit, but it identifies possible correlations between parameters in a
few hundred steps.
We initially run emcee for the α data-set exclusively with the goal of identifying
degeneracies in our model, and therefore only evolve the chain for 1000 iterations. We
take the first 200 iterations as a “burn-in” period and discard them. Fig. 2.7 shows
the four main correlations found among the 10 free parameters in the final 800 steps.
We find that the parameters that show significant correlations are: the jet power
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Table 2.3: Best joint fit parameters (bolded). We also include the calculated values for break and
maximum energies reached by the accelerated leptons at a distance of 3 · 103 Rg from the black hole.
At this distance we find a magnetic field of 0.25 G, a non-thermal lepton number density of 70 cm−3
and a minimum Lorentz factor of 69; as in the individual fits the initial magnetization is σ0 ≈ 13.
We also report the reduced χ2 for the full joint fit. Unlike the individual fits, the parameter space is
relatively well-behaved, and thus we can report confidence intervals along for the best-fit parameters.

Nj
r0
[10 LEdd ] [Rg ]
Joint
0.90+0.06
18+3
−0.07
−2
Rin
Ṁdisc
[10−2 ṀEdd ]
[Rg ]
+3
α
2.6+0.3
20
−0.2
−2
β
2.6+0.3
46+8
−0.3
−7
+4
γ
0.8+0.1
23
−0.1
−3
+0.1
δ
1.4−0.1
110+20
−20

0.8+0.1
79+10
−0.1
−11
ζ
1.2+0.1
31+5
−0.1
−4
−2

zdiss
[Rg ]
600+62
−65
p

fheat
10.4+0.8
−0.6
fb

1.74+0.05
−0.04
2.01+0.04
−0.03
1.99+0.04
−0.03
1.90+0.03
−0.03
1.98+0.03
−0.03
1.94+0.03
−0.03

48+12
−4
8+2
−1
17+3
−3
17+3
−1
17+3
−2
20+4
−3

σdiss
χ2 /dof
−2
10
2.5+0.1
265.54/156
−0.2
fsc
γbrk γmax
10−6
102
105
+0.1
1.4−0.2
8
2.0
+0.8
4.2−0.7
52
3.3
5.1+0.6
24
3.8
−0.4
1.9+0.1
23
2.3
−0.1
+0.1
1.3−0.1
22
1.9
2.2+0.2
20
2.5
−0.1

Nj and final magnetization σdiss ; the initial radius r0 , dissipation distance zdiss , and
electron heating fheat ; and finally the accretion rate Ṁ and inner disc radius Rin (not
shown). Due to these degeneracies the chain does not recover the same best fit values
as the least-χ2 method, and at the same time the quality of the fit does not improve
significantly, implying that the parameter space is too complex and multi-modal to
estimate parameter uncertainties; however, the least-χ2 and MCMC fits are roughly
consistent with each other.
Our method to attempt to break these degeneracies is to perform joint SED fitting:
the data-sets are loaded simultaneously and a separate instance of the chosen spectral
model is assigned to each data-set, with several parameters tied across every data-set
rather than being left to vary independently. This approach has been used successfully
to study individual SEDs of LLAGN and BHBs simultaneously (Markoff et al. 2015,
Connors et al. 2017), but it has never been applied to different multi-wavelength datasets of the same source until now (but see Connors et al. 2019 for a similar study of
the BHB GX 339−4).
We choose to tie all the jet parameters which show degeneracy: Nj , r0 , zdiss , σdiss
and fheat . Physically, this corresponds to assuming that the bulk source properties
(jet dynamics, shape and energy budget) are unchanged over the time scales probed
by the our data. The time scale over which we might expect these properties to vary
is roughly tvar ≈ zmax / [cδ (1 + z)] ≈ 1.5 yr, comparable to the TANAMI sampling.
This suggests that even if the bulk properties of the source did change with time their
variation should be relatively small, justifying our assumption to tie them across
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Figure 2.8: Joint fits to the six SEDs in the top two panels, with residuals shown in the bottom
two. Four SEDs have been shifted up (α, δ) or down (γ, ζ) by a factor of 10 for clarity. Despite the
stronger constraints imposed by jointly fitting all the SEDs, the model remains in excellent agreement
with the data.

epochs. Unlike the bulk jet properties, we cannot address the degeneracy between
the two disc parameters, as we find they need to be different in different epochs
(and entirely absent in one), which prevents us from tying them. We discuss the
implications of the inferred disk variability in the following section. Fig. 2.8 shows
the result of our best joint fit for all datasets; the best fit parameters are reported
in Table 2.3. The total number of fully free parameters in each SED is now 5, plus
the 5 that have been tied. We find that despite the additional constraint imposed by
the joint fit, the model remains in excellent agreement with the data at all epochs, as
shown in Fig. 2.8. The X-ray slope of the α dataset and the NIR/optical slopes at all
epochs show slightly worse than individual fits (with the structure seen in the residuals
being similar in both individual and joint fits), but the data are still well reproduced.
We also point out that the α state is both the lowest X-ray state and brightest γ ray
state identified during the TANAMI monitoring of the source (see also the SED plots
in K16), making it the most constraining (and challenging) dataset to model. As a
consistency check we also tried running one more fit in which the tied parameters
were untied again and allowed to vary within 10% of the value found during the joint
fit, but this did not improve the quality of the fit. Finally, because our model includes
only a phenomenological treatment of both the non-thermal particle distribution and
the accretion disk, we do not consider this discrepancy between the model and the
data to invalidate the joint fit found.
The 5 degenerate parameters fall within the range allowed by the individual fits,
showing that the joint fit recovers the same physics but also discriminates more effectively between the various degenerate solutions allowed by the individual fits. This
is the key result of this study. In particular, we find that the differences in the SED
at different epochs can be reproduced mainly by varying the slope, break energy and
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Figure 2.9: Two-dimensional confidence contour histograms for the degenerate parameters in our
model for the joint fit. The red, green and blue contours indicate 68, 90 and 95 per cent confidence
intervals found by emcee; the black cross denotes the best fit values found by the least χ2 routine.
Unlike in the individual fit, the degeneracy between fheat and the other parameters almost completely
disappears, and every tied parameter is well constrained.
0.012

14

14

700

0.011

fheat

10

600

500

8

Nj

12

zdiss

fheat

12

10

0.01
0.009

8
0.008

400

6
400

600

zdiss

800

10

6
20

r0

15

20

r0

25

0.007

0.02

0.03

0.04

σdiss

maximum energy of the radiating particle distribution, while the bulk properties of
outflow remain unchanged.
We run a final emcee routine for the full joint fit in order to identify any remaining
degeneracies. A full exploration of parameter space for all six SEDs, each with its
own instance of the model, is extremely computationally intensive, and therefore we
cannot evolve this chain for more than 1000 loops2 . As in the first chain, we initialize
100 walkers per free parameter in a narrow Gaussian distribution around the best-fit
values found during least-χ2 fitting. We discard the first 200 loops as the “burn-in”
period. The final contour plots for the tied parameters are shown in Fig. 2.9.
The new emcee chain confirms that the joint fit is far more constraining than the
individual fits. We find that, unlike in the single-SED run, 1000 loops are enough
for the chain to converge and recover the best-fit parameter values, in the sense that
the peak of the posterior distribution found by the emcee and the value found by the
least-χ2 algorithm are in agreement with each other. This result demonstrates that
the parameter space for the joint fits is far smaller and less multi-modal than for the
individual fits. Because the chain successfully converged to a good fit very quickly
(around 200 loops) we can use its output to estimate confidence intervals, which we
define as the intervals in the the one-dimensional histograms containing 68% of the
walkers from the end of the burn-in period to the end of the emcee run. An example
of such a histogram for the jet power Nj is shown in Fig. 2.10. We also find that the
degeneracy of the heating parameter fheat almost completely disappears. This results
in the allowed intervals for r0 and zdiss being far smaller, to the point where despite the
inherent degeneracy between these two parameters they are rather well constrained.
A similar behaviour is also observed for the jet power Nj and the magnetization at
the dissipation region σdiss : while the two parameters remain degenerate with each
other, they are much better constrained.
2 The

final chain took about 6 weeks on a 32-core AMD Ryzen Threadripper 1950X CPU, using
30 slave processes.
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0.008

0.01

0.012

Nj
Figure 2.10: Posterior distribution for the injected jet power Nj found during the joint emcee run.
The red continuous line denotes the maximum of the posterior distribution, the dashed red lines the
68% confidence intervals.

2.4

Discussion

The main trend emerging from our joint fitting approach using the multi-zone jet
model is that the long term variability of the source can be reproduced by changing
the details of the non-thermal particle distribution (in particular p, γb , γmax ) while
keeping the bulk jet parameters (geometry, magnetization, injected power) unchanged.
This result implies that at least outside of flaring states, the outflow is in a steady-state
configuration but the local properties of the plasma are varying, leading to changes
in efficiency of the acceleration mechanism responsible for producing the non-thermal
radiating particles.
Figure 2.11 shows a typical SED of the source, as well as the individual contribution from several zones. We find that the particle distribution is very strongly cooled
in regions relatively close to the base (z ≤ 2000 Rg ) due to the strong magnetic field
present in this region, suppressing the contribution from these zones to the SED. The
bulk of the emission originates at intermediate distances (z ≈ 103 −104 Rg ), where the
magnetic field is low enough to not cause strong cooling, and the number density of
particles is still relatively high, resulting in fairly bright emission. In particular, most
of the SSC emission is originated in this section of the jet. Interestingly, the strong
effect of cooling in the inner regions of the jet implies that the bulk of the emission
comes from regions farther downstream from where the jet stops accelerating. The
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Figure 2.11: Typical SED computed by our model; the teal/green/blue continuous lines represent
the total thermal synchrotron, non-thermal synchrotron, and inverse Compton emission, the dashed
magenta line the disc emission, and the black continuous line the integrated flux. The coloured dashed
lines show the contribution at varying distance from the black hole. Light blue lines correspond to
inner (z < 1500 Rg ) regions of the jet, green/yellow lines to intermediate regions (z ≈ 103 − 104 Rg ),
and orange/red to outer regions (z ≈ 104 − 105 Rg ).

outer regions (z ≥ 104 Rg ) mostly contribute in the radio band; their IC emission is
so faint that we neglect its calculation to speed up our code.
In every SED except one (epoch γ in the individual fits), we require an additional
component to match the optical emission, which we model as a variable truncated
optically thick, geometrically thin accretion disc. In order to match the optical excess
we find that the truncation radius Rin has to vary between epochs by a factor of ≈ 6,
and that the best-fit values at each epochs are statistically inconsistent with each
other. The truncation radius should vary only over a viscous time scale (Done et al.
2007, Yuan & Narayan 2014, and references therein), which for a disk at a distance
of 50 Rg from a black hole of 109 M is around 103 yr (Frank et al. 2002). This time
scale is far larger than those probed by our data, implying that if a disk contribution
is indeed present in the SED a simple truncated disk is too simplistic to fully capture
its physics. One possible explanation is that the inferred disk variability is not caused
by a variation in the truncation radius, but by disk irradiation from a central X-ray
source instead. When the central source varies (which can happen on time scales far
smaller than the viscous time scale), so does the reprocessed disk emission – Gierliński
et al. (2008) showed that this process can lead to inferring a large variation on the disk
truncation radius, as is the case in our SEDs. Unfortunately the total contribution
of the accretion flow to the SED is not sufficient to constrain this scenario. Accurate
modelling of the accretion flow in this source is beyond the scope of this paper, so in
the following discussion we will assume that the “true” parameters of the accretion
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disk are of the same order of magnitude as those we found while fitting the data. We
also note that modelling the source during a single epoch would not have highlighted
the potential issue of disk variability.
We find that the jet power and accretion rate are roughly of the same order of
magnitude in both individual and joint fits. Individual fits for three epochs (γ, , ζ)
require higher jet powers than accretion rates, thus implying an additional source of
energy needed to power the jet such as the black hole’s spin (Blandford & Znajek
1977). The trend of higher jet power with respect to accretion rate however is not
seen in the more constraining joint fit, implying that it is exclusively a product of
the model’s degeneracy. Our model therefore cannot discriminate black hole spin
(Blandford & Znajek 1977) from disc angular momentum (Blandford & Payne 1982)
as the origin of jet powering for PKS 2155−304. We also point out that jet power
estimates based on SED fitting are very strongly model-dependent. For example,
Madejski et al. (2016) find a range between 1045 and 1047 erg s−1 depending on the
jet composition and lepton distribution, while Potter & Cotter (2013b) find 1.6 ×
1044 erg s−1 but do not include a proton contribution to the jet energy budget. The
45
−1
main constraint on the jet power in our model (1.24+0.08
) is given by
−0.09 · 10 erg s
the radio flux, which is rarely fit by one-zone models. Our statistical analysis over
multiple epochs therefore provides a strong constraint on this quantity and allows for
a very small range of values, which we find to be in agreement with the lowest value
allowed in Madejski et al.’s 2016 work.
The best fit values for our model require the jet to accelerate strongly over a small
distance, particularly for the joint fit (zdiss = 600+62
−65 Rg ). This conclusion is roughly
consistent with one-zone models of other blazars, but not consistent with VLBI observations of M87, for which the jet geometry and acceleration profile can be mapped
from scales of a few Rg up to the parsec- and kilo-parsec- scale. In M87, the transition
region from an accelerating parabolic flow to a roughly conical one is seen to occur at
around 105 Rg (e.g. Biretta et al. 1999, Asada & Nakamura 2012, Hada et al. 2013,
Hada et al. 2016). If such a source were to be seen face-on at a cosmological redshift,
according to our model its emission would be very faint compared to PKS 2155−304
(particularly in the γ-ray band) unless the jet power and Doppler factor were extremely high, as the non-thermal particles would be injected in a region of very low
magnetic fields and particle density (or modest beaming and high magnetization, if
particle injection were to occur closer to the base). While the SED of M87 is relatively
similar to that of a typical low power blazar (Tavecchio & Ghisellini 2008, de Jong
et al. 2015), the dynamics of its jet may not be. A similar trend of jet acceleration
lasting up to large distances is also seen in GRMHD simulations (McKinney 2006,
Chatterjee et al. 2019). A possible way to resolve this tension could come from a comparison of jetted AGN and X-ray binaries. During black hole X-ray binary outbursts
the synchrotron self-absorption break in the jet is seen to vary by several orders of
magnitude between epochs while the source is still in the hard state (Russell et al.
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2014a). Such time-dependent behaviour implies that key properties of the jet, such
as the jet acceleration and particle injection regions, can change dramatically over
time for the same black hole, at similar accretion rates. If super-massive black holes
behave in the same way as stellar mass black holes on longer time scales, then the
jets of M87 and PKS 2155−304 could simply be in different “configurations/states”
despite both being low-power, jetted sources. We also note that recent RadioAstron
observations of the FRI radio galaxy 3C84 (Giovannini et al. 2018) show a very different jet geometry from M87, further strengthening the suggestion that black hole
jets in different sources can have very different dynamics and structure.
Our findings for the location of the jet dissipation region are in contrast to those of
Potter & Cotter (2013b), who modelled PKS 2155−304 (J2158.8−3014 in their work)
with a similar multi-zone jet model which includes magnetic acceleration. In their
work they assume that the jet geometry is the same as that of M87, with a transition
between the accelerating, parabolic inner flow and the conical, slowly decelerating (in
their model) region at 105 Rg ; if necessary, they vary the black hole’s mass in order
to rescale their model. Unlike in our model, they self-consistently account for turning
bulk kinetic energy into internal energy through shocks. Instead, our model does
not account for the additional energy required to heat and accelerate the electrons.
However, because the cold protons dominate the overall particle energy budget, this
additional energy is small and our estimate for the injected jet power is close to the
true jet power.
For PKS 2155−304 they achieve a good fit by scaling the black hole mass to
2.3 · 107 M , one to two orders of magnitude lower than that inferred for the source
(Aharonian et al. 2007). They find a power of ≈ 10−1 LEdd , which is one order of
magnitude higher than in our model, despite their choice of a light, pair-dominated
jet. This is because in our model the highly beamed regions dominating the emission
are much closer to the black hole, approximately between 600 and 104 Rg , where the
particle density and magnetic fields are higher, resulting in brighter emission despite
the lower initial energy budget. This comparison between our jet model and theirs
provides another hint that the structure and dynamics of the jet in M87 are likely
different from those of a canonical blazar like PKS 2155−304.
We find that the jet in PKS 2155−304 has to become strongly particle-dominated
at the dissipation region(σdiss ≈ 0.02, including cold protons) in order to match the
Fermi /LAT data, which we reproduce purely through SSC. This happens because the
bolometric synchrotron luminosity scales as LS ∝ n, where n is the number density of
0
the radiating particles, while for SSC LSSC ∝ nUrad
∝ n2 ; therefore, LSSC /LS ∝ n. In
our definition the magnetization σ ∝ 1/n (Eq. 2.9), which implies LSSC /LS ∝ 1/σ: if
the Compton bump is due to SSC the magnetization has to be low in order to match
the observed flux. Our result is consistent with one-zone models for TeV-detected BL
Lacs (Tavecchio & Ghisellini 2016). We note however that in our model the average
Lorentz factor of the radiating leptons is relatively low (hγe i ≈ 102 ), meaning that
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their energy density is far lower than that of the protons. Low values of σdiss therefore
mean that in our model for this source Up  Ub ≈ Ue . As a result, deviation from
“equipartition” is far less severe than that reported by Tavecchio & Ghisellini (2016)
with one-zone models, which in their work require hγe i ≥ 103 .
The typical alternative to SSC is to invoke external photon fields for Compton
scattering, such as the BLR or torus. Despite our need for a disc contribution, which
implies that in principle either of these mechanisms could be present in PKS 2155−304,
we find either EC scenario to be unlikely. The reason is the following: assume that the
BLR/torus, if present, are hidden by the jet/accretion disc continuum, as one would
expect in a BL Lac. With the standard distance scalings for the BLR and torus (e.g.
Ghisellini & Tavecchio 2009):
1/2

RBLR = 1017 Ld,45 cm,

1/2

RDT = 2.5 · 1018 Ld,45 cm,

(2.28)

which for our disk parameters gives RBLR ≈ 400 Rg and RDT ≈ 104 Rg for the broad
line region and torus, respectively. Assuming these scales are correct this immediately
rules out the BLR, as it would lie closer to the BH than the dissipation region and
therefore its seed photons would be strongly de-boosted in the co-moving frame of the
jet. While a torus contribution may be present, dusty tori are generally not detected
in FRI sources (van der Wolk et al. 2010, Plotkin et al. 2012) thus making the presence
of one in PKS 2155−304 unlikely.
In bljet the leptons are described by a relativistic, thermal distribution (which
for highly beamed sources does not contribute to the observed high-energy emission),
with 10% of the particles being channelled in a non-thermal tail responsible for the
bulk of the emission; the thermal particles effectively act as a “pool” to replenish
the non-thermal tail as it cools. We find that we require a relatively low particle
acceleration efficiency (described by the parameter fsc ), and that the temperature of
the thermal “pool” has to increase significantly between the jet base and the outer
jet regions. In particular, our emcee runs strongly rule out a scenario in which the
temperature is the same in the jet nozzle/corona and blazar zone (fheat = 1), requiring
large amounts of heating instead (fheat  1). We note that the amount of heating
required is even higher if the leptons are initially non-relativistic (Te < 511 keV), as
inferred by other corona models such as nthcomp (Zdziarski et al. 1996, Zycki et al.
1999). If instead the temperature in the nozzle is increased by a large amount (thus
requiring lower heating far out in the jet), the thermal synchrotron emission from the
inner jet regions results in a bright bump at mm/far-IR frequencies (and enhanced
soft X-ray emission), as shown in Fig. 2.12. Such a spectral feature has never been
observed in a blazar, and therefore we deem this scenario to be unphysical; as shown in
Fig. 2.12 our choice of γth = 3 roughly corresponds to the highest allowed temperature
in the nozzle/jet acceleration region. The need for large amounts of heating from the
corona/jet base to the outer regions is consistent with the findings of Connors et al.
(2019), who conducted a similar study of the black hole binary GX 339−4 using
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Figure 2.12: Changes in the SED as a function of the temperature in the nozzle, leaving the
outer jet and non-thermal distribution unchanged; the top panel shows the emission for γth = 3
and fheat = 12, the bottom panel for γth = 12 and fheat = 3. The non-thermal synchrotron is
shown in green, SSC in blue, the accretion disk in pink, the thermal synchrotron emission in cyan. If
the nozzle temperature increases the thermal synchrotron emission results in a bump at mm/far-IR
frequencies and brighter soft X-ray emission.

agnjet and who require a non relativistic plasma to model the X-ray spectra of the
source.
The required heating and low magnetization needed at the dissipation region
favours shocks (which are only efficient as long as σ  1, Sironi & Spitkovsky 2011,
Sironi et al. 2013, Sironi et al. 2015) as the particle acceleration mechanism within
the jet of in PKS 2155−304. We can reproduce the long-term variability of the source
(by long term here we mean the monthly/yearly periods during which each TANAMI
SED was taken) purely by varying the slope, break and maximum energies of the
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non-thermal tail, suggesting that in the internal shock scenario the specific plasma
conditions within the shocks change between epochs, leading to changes in the particle
distribution.
Previous studies of BHBs and LLAGN with agnjet (e.g. Connors et al. 2017,
Connors et al. 2019, Markoff et al. 2005, Gallo et al. 2007, Markoff et al. 2007, 2008,
Maitra et al. 2009, Plotkin et al. 2015, Markoff et al. 2015, Prieto et al. 2016) typically
found a degeneracy between synchrotron-dominated and SSC-dominated scenarios to
reproduce the X-ray emission of these sources. The key difference between the two is
that synchrotron dominated fits require high acceleration efficiencies (corresponding
to fsc ≈ 0.1) in order to accelerate electrons at high enough energies to extend the
non-thermal synchrotron emission up to the X-ray band, while this is not necessary
for a purely SSC scenario. If we assume that the acceleration efficiency in BL Lacs
jets is comparable to that of other sources, then our study favours the SSC case for
BHBs and LLAGN (the different regimes for jet acceleration in the two models would
not impact the inferred values of fsc ). This result highlights the usefulness of studying
jetted black hole sources as a whole to better constrain their properties.

2.5

Conclusion

In this work we have presented a new dynamical jet model for accreting black holes;
the jet in the launching region is assumed to be a Poynting-dominated outflow which
then accelerates by turning the magnetic flux into bulk kinetic energy. Energy is
conserved during the acceleration process as long as the energy budget of the leptons
is negligible compared to that of the protons. The treatment of radiation and particle
acceleration is the same as the agnjet model by Markoff et al. (2005), Maitra et al.
(2009) and Connors et al. 2019.
As a benchmark for the model we fit six quasi-simultaneous, radio through γray SEDs of the HSP BL Lac PKS 2155−304; our modelling shows how even a very
simple but physical treatment of a magnetically-accelerated jet is capable of linking
a one-zone-like dissipation region with the launching mechanisms near the central
engine, while keeping the number of free parameters (8-10) comparable to that of a
one-zone model. Unlike one-zone models however, bljet also reproduces the radio
data points, produced downstream in the jet away from the blazar zone. For the first
time we have applied a joint fitting technique in order to break model degeneracies to
a multi-wavelength dataset of a blazar. We find that the joint fit recovers parameters
similar to those of an individual fit, and also discriminates much effectively between
the various degenerate solutions allowed by single-epoch datasets. As a result, the
parameter space of our joint fit is much simpler and most of the model’s parameters
can be estimated with reasonably small uncertainties.
The joint fit shows three main trends. First, we can model the long-term variability
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of the source with a steady-state jet in which the bulk properties of the outflow
(geometry, magnetization, injected power) are unchanged and very well constrained
by the joint fit, while the parameters of the radiating particles are free to vary. Second,
in order to reproduce the observed γ-ray emission with SSC the jet has to be particle+0.1
dominated (σdiss = 2.5−0.2
· 10−2 ) in the regions where the bulk of the jet’s emission
−2
is produced. Third, the inferred energy budget for the jet (Nj = 0.90+0.06
LEdd
−0.07 · 10
9
for a 10 M black hole) and the observed optical flux imply a contribution from the
accretion disk in this band. The inferred accretion rate and jet power are found to be
of the same order of magnitude; due to modelling uncertainties, we cannot estimate
whether the jet power is higher than the accretion rate (implying a Blandford-Znajek
origin for the jet) or not.
Despite the increasing quality of multi-wavelength data of jets in various sources,
we are still far from a fully self-consistent model for jetted black holes. In order to
capture the physics of the outflow such a model would have to include a more physical
treatment of relativistic MHD (e.g. Polko et al. 2010, 2013, 2014, Ceccobello et al.
2018) but still be capable of producing spectra to be compared with observations.
However, simpler approaches such as the one presented here are valuable for constraining the viable parameter space for more complex models. We will cover these
in future works.

61

i

i
i

i

i

i

i

i

i

i
i

i

i

i

i

i

3
The unique case of the AGN core of M87: a
misaligned low power blazar?

M. Lucchini, F. Krauß, S. Markoff
Monthly Notices of the Roayl Astronomical Society, 2019, 489, 1633
Abstract
M87 hosts one of the closest jetted active galactic nucleus (AGN) to Earth. Thanks
to its vicinity and to the large mass of is central black hole, M87 is the only source
in which the jet can be directly imaged down to near-event horizon scales with radio very large baseline interferometry (VLBI). This property makes M87 a unique
source to isolate and study jet launching, acceleration and collimation. In this paper
we employ a multi-zone model designed as a parametrisation of general relativistic
magneto-hydrodynamics (GRMHD); for the first time we reproduce the jet’s observed
shape and multi-wavelength spectral energy distribution (SED) simultaneously. We
find strong constraints on key physical parameters of the jet, such as the location
of particle acceleration and the kinetic power. However, we under-predict the (unresolved) γ-ray flux of the source, implying that the high-energy emission does not
originate in the magnetically-dominated inner jet regions. Our results have important
implications both for comparisons of GRMHD simulations with observations, and for
unified models of AGN classes.
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3.1

Introduction

Active galactic nuclei (AGN) are accreting super-massive black holes residing at the
centre of galaxies; the gravitational energy released by accretion onto such compact
objects makes them the most luminous non-transient sources in the sky at all wavelengths.
Over the years, many classes of AGN have been identified on the basis of their
accretion rates, viewing angle, and presence or lack of a collimated, relativistic outflows called jets (e.g. Antonucci 1993, Urry & Padovani 1995). While the basic
physics of the AGN phenomenon are fairly well understood (e.g. Shakura & Sunyaev
1973, Blandford & Znajek 1977, Blandford & Königl 1979, Blandford & Payne 1982,
Narayan & Yi 1994, Blandford & Begelman 1999, Abramowicz & Fragile 2013), a
complete picture for accretion, outflow formation and ejection, and how these are
coupled is still missing. A full understanding of the energy output of AGN is necessary to quantify the impact that super-massive black holes have on their environment,
which in turn is needed to correctly predict galaxy formation and evolution (e.g. Silk
& Rees 1998, Di Matteo et al. 2005, Silk 2013).
One of the most well known and remarkable AGN discovered to date is the one
hosted in M87, a giant elliptical galaxy in the Virgo cluster. It hosts a remarkably
massive black hole (Mbh = 6.5·109 M , Event Horizon Telescope Collaboration 2019).
With this mass, the gravitational radius Rg = GMbh /c2 = 9.7 · 1014 cm, making
1 pc ≈ 3 · 103 Rg . The source is located at a distance of D = 16.7 ± 0.6 Mpc, estimated
thanks to the surface brightness fluctuation (SBF) method using the Hubble Space
Telescope Advance Camera for Surveys Virgo Cluster Survey (ACSVCS, Blakeslee
et al. 2009), and emits a modest bolometric luminosity of Lbol ≈ 2.7 · 1042 erg s−1 ,
which fluctuates by about 20% due to AGN variability between the radio and X-ray
bands (Prieto et al. 2016). These properties combined make M87 an excellent source
to study AGN in the low-luminosity regime (LLAGN), in which the in-falling material
is believed to be under-luminous (e.g. Narayan & Yi 1994, see also Yuan & Narayan
2014 for a recent review) and pc-scale collimated jets are more likely to be formed and
launched (e.g. Nagar et al. 2005). The viewing angle of the forward jet is estimated
to be between 10 and 20 degrees (e.g. Biretta et al. 1999, Mertens et al. 2016, Kim
et al. 2018, Walker et al. 2018).
Unlike many LLAGN, the jet of M87 is easily detected on a variety of physical
scales: its radiative output is believed to dominate the spectral energy distribution
(SED) of the AGN core (e.g. Nemmen et al. 2014, Prieto et al. 2016) and the outflow
extends up to kpc scales (e.g. Biretta et al. 1999, Owen et al. 2000, Wilson & Yang
2002). The proximity of the source allows observations mapping the jet on parsec and
sub-parsec scales with an accuracy beyond that achievable for more distant sources.
M87 is the only source whose jet has been resolved over multiple spatial scales, from ≈
105 Rg , with arcsec-accuracy instruments like Hubble and Chandra (e.g. Biretta et al.
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1999, Wilson & Yang 2002, Cheung et al. 2007), down to ≈ 101−3 Rg with radio VLBI
at ≈ 2 − 86 GHz (e.g. Hada et al. 2011, Asada & Nakamura 2012, Nakamura & Asada
2013, Hada et al. (2013), Mertens et al. 2016, Hada et al. 2016, Kim et al. 2018, Walker
et al. 2018). Higher frequency VLBI observations at 230 GHz by Doeleman et al.
(2012) imply very small scales (≈ 10 Rg ) for the base of the jets, and observations with
the full Event Horizon Telescope (EHT) array have successfully resolved the shadow
of the black hole itself (Event Horizon Telescope Collaboration et al. 2019a). The only
three others sources for which a similar study of the jet collimation profile has been
conducted, albeit with lower angular resolution and dynamic range in observations,
are Cygnus A (Boccardi et al. 2016), 3C84 (Giovannini et al. 2018) and NGC 4261
(Nakahara et al. 2018).
This wealth of high quality, high resolution VLBI data makes M87 a unique source
for isolating the physics of jets in accreting black holes. The general picture that has
emerged over the years is that the jet is highly collimated and parabolic in shape
up to around 105 Rg , after which it transitions to a conical profile (Blandford &
Königl 1979, Asada & Nakamura 2012). The inner core is likely to be magnetically
dominated (Kino et al. 2014, Hada et al. 2016), and while in the inner pc and subpc scale regions only sub-luminal or mildly super-luminal speeds are observed (e.g.
Mertens et al. 2016), plasma ejected from the HST-1 knot complex (located at a deprojected distance of ≈ 5 · 105 Rg downstream of the core) has shown super-luminal
speeds up to 6 c (Biretta et al. 1999). Taken together, these observations imply that
the jet is magnetically-dominated near the base, and accelerated up to large scales
of ≈ 105 Rg by converting the initial high magnetic field into bulk kinetic energy, in
agreement with GRMHD simulations (e.g. Komissarov et al. 2007, Chatterjee et al.
2019).
Along with extensive radio monitoring, the jet of M87 has also been studied indepth in the high-energy regime. The X-ray emission of both the core and kpcscale jet knots (which can be resolved by the Chandra X-ray Observatory, hereafter
Chandra) is well reproduced by a featureless absorbed power-law; the core emission
is thought to be dominated by the jet (e.g. Wilson & Yang 2002, de Jong et al. 2015,
Prieto et al. 2016) rather than the accretion flow. Remarkably, HST-1 has shown
strong flaring activity in the past, even outshining the core emission (Harris et al.
2003, Cheung et al. 2007, Sun et al. 2018). The source is spatially unresolved in
the γ-ray band, but it has been detected both by Fermi/LAT (Abdo & et al. for the
Fermi/LAT collaboration 2009) and atmospheric Cherenkov telescopes (e.g. HEGRA:
Aharonian et al. 2003, H.E.S.S: 2006, Albert et al. 2008, Abramowski et al. 2012, Aliu
et al. 2012, VERITAS: Acciari et al. 2011, MAGIC: Abramowski et al. 2012). While
the Fermi/LAT data cannot easily constrain variability, VHE observations have found
variability on remarkably short timescales of a few days. The 2005/2006 VHE flare
detected by HESS (Aharonian et al. 2006), coincided with the period of increased
activity and knot ejection in HST-1, leading Cheung et al. (2007) to suggest that at
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least part of the high-energy emission may not originate near the black hole. Recent
work by Ait Benkhali et al. (2019) shows that both the shape of the γ-ray spectrum
and detailed analysis of the variability imply that the high energy photons are likely
produced in multiple components.
Despite such complex behaviour, the overall shape of the SED has been found in
the past to be consistent with a standard one-zone synchrotron self-Compton (SSC)
model (e.g. Abdo & et al. for the Fermi/LAT collaboration 2009, de Jong et al. 2015),
with the caveat that the implied bulk speed of the jet is far lower than that inferred
from modelling blazar SEDs, in contrast with AGN unification models (Henri & Saugé
2006). One possible solution to this inconsistency, which is common for single-zone
models, has been proposed by Tavecchio & Ghisellini (2008), who proposed that the
jet is composed of an inner, relativistic spine and of a slower moving, outer sheath.
The different velocities of the two components lead to enhanced inverse-Compton
emission, and the different Doppler factors of the spine and the sheath as a function
of the line of sight can reconcile the differences in inferred bulk speeds for aligned and
misaligned sources.
The critical drawback of both single-zone and spine/sheath models is their inability
to predict both the jet’s shape and/or radio emission, because in these models the
synchrotron self-absorption frequency is typically ≈ 1011 Hz (e.g. Tavecchio et al.
1998). The aim of this paper is investigate whether this limitation also applies to
in-homogeneous, multi-zone models by building on the work of Prieto et al. (2016),
who fitted the radio through X-ray SED of M87 with the multi-zone agnjet model
developed by Markoff et al. (2005). For the first time we use a semi-analytic model to
reproduce both the jet shape, inferred from VLBI imaging, and the SED of an AGN
jet, using the bljet model first presented in Lucchini et al. (2019b), hereafter Paper
I. By using both constraints at the same time, we show that we have little degeneracy
in our model, and can put strong constraints on the origin of the γ-ray emission of
the source.
The paper is structured as follows: in Section 2 we build an updated multiwavelength SED with improved X-ray coverage, in Section 3 we present the model
used and apply it to the M87 core emission, in Section 4 we discuss the implications
of our modelling, and in Section 5 we summarise our findings. Throughout the paper we assume a luminosity distance to the source of 16.8 Mpc, a black hole mass
of 6.5 × 109 M as in Event Horizon Telescope Collaboration et al. (2019a), and a
viewing angle of θ = 14◦ . At the assumed distance, an angular resolution of 0.400
corresponds to a physical size of ≈ 35 pc.
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Figure 3.1: Sky map of Chandra images of M87 in J2000.0 coordinates. The left panel shows a
wide view of the jet of M87 and surrounding gas in the host galaxy. The extraction region of gas
south of the jet is shown in red. The middle panel shows a closeup of the HRC image (Obs ID
13515) of M87, where the HST-1 and the core of M87 are clearly visible. The extraction region for
the extended jet is shown in white. The section that is shown in the middle panel is shown with a
gray box in the left panel. The right panel shows an ACIS image of M87 (observation 13964), as well
as the observation regions for the core and HST-1, which are more difficult to separate. The section
of the image is shown as a gray box without connecting lines in the left panel.

12.395
12.395

Declination [◦ ]

12.40

12.39

12.390

12.390
HST-1

12.38
ObsID 13515 HRC

187.72

187.71
187.70
Right Ascension [◦ ]

187.69

187.705
Right Ascension [◦ ]

187.700

ObsID 13964 ACIS

187.705
187.700
Right Ascension [◦ ]

Table 3.1: List of the regions used for the Chandra data extraction for each observation. α and
δ specify the right ascension and declination, respectively, in the J2000.0 system. The variables
r, Θ, l and w, give the radius, the angle, the length and width of the observation, respectively.
An example of the regions is also shown in Fig. 3.1. To estimate the contribution of the diffuse
emission, we use three regions in all observations with αcomponent1 = 187.706867◦ ,δcomponent1 ,
rcomponent1 = 9.36600 ; αcomponent2 = 187.708754◦ , δcomponent2 = 12.389499◦ , rcomponent2 = 4.74500 ;
αcomponent3 = 187.703400◦ , δcomponent3 = 12.386178◦ , and rcomponent3 = 16.13500 . The background
is given by αbkg = 187.696525◦ , δbkg = 12.3799006◦ , with a radius of rbkg = 22.48700 .

Obs ID
13964
13965
14973
14974

αCore [◦ ]
δCore [◦ ]
rCore [00 ] αHST−1 [◦ ] δHST−1 [◦ ]
187.705896 12.391174
0.516
187.70566
12.39133
187.705929 12.391056
0.516
187.705646 12.391179
187.706058 12.3910247 0.516
187.705779 12.391179
187.706050 12.391067
0.516
187.705638 12.391254
◦
◦
Obs ID αjet [ ]
δjet [ ]
Θjet [◦ ] ljet [00 ] wjet [00 ]
13964
187.70296
12.392370 22.0006 18.83
2.951
13965
187.70296
12.392370 22.0006 18.83
2.951
14973
187.702971 12.392234 22.0006 18.963 3.046
14974
187.702871 12.392298 22.0006 18.963 3.046

rHST−1 [00 ]
0.516
0.516
0.516
0.516
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3.2

Data analysis

We compile a new multi-wavelength SED of M87 by complementing the quiescent
state, 0.400 data at radio, sub/mm, infra-red and optical frequencies of Prieto et al.
2016 (in which the details of the data selection and reduction are reported) with
additional X-ray and γ-ray coverage.
We looked for Chandra observations coinciding as closely as possible (within a
period of a few months) with the ALMA observations of June 2012. We also take the
Fermi/LAT γ-ray spectrum from the 3FGL catalogue (Acero et al. 2015) as representative of the source’s steady-state high energy emission.

3.2.1

Chandra data reduction

The following Chandra observations were available between December 2011 and March
2013: 13964, 13965, 13515, 14973, and 14974.
The Chandra observations of M87 were extracted with CIAO 4.9 using the standard pipelines. First the CIAO script chandra_repro was run to update calibrations. As a second step, ACIS observations were extracted using specextract and
ds9-generated regions. One observation, ID 13515 was taken with the High Resolution Camera (HRC), and no spectra were extracted for this source. Specextract was
run with the psf correction, to correct the ARF for the small (sub-PSF) extraction
region. We extracted spectra for the core region, HST-1, the kpc-scale jet, as well as
a background region. Finally, we also extracted a spectrum to the south of the jet in
order to get a spectrum of the gas in the host galaxy surrounding the jet. The gas
spectrum is used as background for the spectra of the AGN components (core, HST-1
and kpc-scale jet).
All extraction regions are reported in Table 3.1 and shown in Fig. 3.1.

3.2.2

X-ray spectral modelling

We fit both phenomenological and physical models to the data using the Interactive
Spectral Interpretation System (ISIS) software package (Houck & Denicola 2000),
version 1.6.2-35, which enables the statistical modelling of multi-wavelength spectra
using custom models. All models are folded through the detector response matrices of
X-ray satellites; at all other wavelengths, the instrument response is assumed to be an
identity matrix, which represents the response of a detector with effective area = 1 m2 .
Chandra spectra are binned to a signal to noise ratio of 4.5 in order to be able to use χ2
statistics when fitting. Each fit is performed by running the subplex χ2 minimisation
algorithm, after which we refine the fit and explore parameter space by using the ISIS
implementation of a Markov Chain Monte Carlo (MCMC) routine, based on the emcee
developed by Foreman-Mackey et al. (2013). The routine initialises an ensemble of
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Table 3.2: Best-fit parameters for the three AGN components (core, HST-1, kpc-scale jet) for
each observation, listed in chronological order, as well as for the stacked spectra (obs IDs 13964,
13965, 14973). The normalisation of the power-laws is given in units of 10−4 photons/cm2 /s/keV
at 1 keV. The normalisation of the core and HST-1 spectra from observation ID 14974 are clearly
inconsistent with the remaining observations. The best-fitting column density for the individual
+1.2
spectra is 6.9+1.2
−0.6 , and that of the stacked spectra is 5.6−1.0 .

νFν (erg cm−2 s−1 )

Core
Norm (10−4 )
Γ
HST-1
Norm (10−4 )
Γ
Jet
Norm (10−4 )
Γ

13964
+0.33
5.79−0.23
+0.08
2.13−0.05
13964
+0.20
3.13−0.20
+0.10
2.64−0.09
13964
+0.29
6.75−0.24
+0.07
2.54−0.06

13965
5.23+0.24
−0.23
2.12+0.07
−0.06
13965
2.79+0.17
−0.15
2.54+0.11
−0.08
13965
6.40+0.32
−0.22
2.50+0.08
−0.07

14974
2.62+0.16
−0.16
1.98+0.10
−0.07
14974
1.85+0.16
−0.12
2.64+0.15
−0.10
14974
6.34+0.30
−0.25
2.45+0.10
−0.06

14973
4.56+0.23
−0.18
2.06+0.07
−0.07
14973
2.78+0.17
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Figure 3.2: Combined X-ray spectra of M87. All three spectra are well fit by an absorbed power-law
model. The core spectrum is harder than both the kpc-scale jet and HST-1.
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walkers (we use 100 for each free parameter) which at each iteration move through the
parameter space; depending on the χ2 values in the new and old position the move
may be accepted or rejected. We evolve the chain for 5000 iterations and discard
the first 1500 as the “burn-in” period of the chain. In this way, the MCMC routine
identifies the global minimum in the parameter space, along with possible degeneracies
among parameters. The final distribution of walkers allows us to estimate the best fit
values of the global minimum, and uncertainties of the fitted parameters. These are
defined respectively as the peaks in the posterior distribution of the walkers, and as
the intervals in the the one-dimensional histograms containing 68% of the walkers from
the end of the burn-in period to the end of the emcee run. We adopt the abundances
of Wilms et al. (2000) and set the photo-ionisation cross-sections according to Verner
et al. (1996).
We first fit the Chandra spectra for the three components (core, HST-1 and kpcscale jet) to ensure they are consistent with each other. Each spectrum was fitted
with an absorbed power-law (tbnew×powerlaw); in all cases the power-law model is
in excellent agreement with the data (χ2red = 1.05 for the combined data set). The fits
did not show any statistical improvement if we let the column density vary between
spectra, so we tied NH across the entire data set; our best-fit values show a small
excess (by a factor of about 3) above the Galactic value of 1.94 × 1020 cm2 . The bestfit values are shown in table 3.2, and the spectra and residuals are shown in figure
3.2.
The spectra at all epochs are consistent with each other with the exception of
observation ID 14974. In this epoch we find that the flux of both the core and HST1 is lower by a factor of ≈ 2, while the spectral indices and kpc-scale jet remain
unchanged. We do not believe this to be a physical change caused by the source’s
variability. This is because, in order for the variability to be physical, both the core
and HST-1 would have to vary by the same amount over the same period, which is
extremely unlikely. Instead, the discrepancy in flux measurements is likely caused by
the difficulty in separating the core and HST-1 components in ACIS images, as shown
in the right panel of figure 3.1. Because of these systematics, we neglect the core and
HST-1 spectra from observation ID 14974 in the following analysis.

3.3

Modelling the M87 core emission

In this section we model the core SED with the bljet leptonic multi-zone model;
the full details are contained in Paper I, and references therein. Briefly, the model
assumes that a fraction Nj of the black hole’s Eddington power is injected in a highly
magnetized nozzle of radius r0 and aspect ratio h = 2r0 , which can be thought of as
related to a magnetized corona or wind (see, e.g., Markoff et al. 2005). We define the
initial magnetization as σ0 = (Ub,0 + Pb,0 )/(Up,0 + Ue,0 + Pe,0 )  1, where Ub,0 , Ue,0 ,
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Table 3.3: List of model parameters in bljet; the first group of 6 is constrained by the VLBI data
and fixed during spectral fitting, the second group of 5 are kept as free parameters during spectral
fitting, and the last 3 are set to unity, as leaving them free did not improve the quality of the fits.

Parameter
r0 = 3 Rg
zacc = 2.5 · 105 Rg
zmax = 3 · 105 Rg
Γacc = 15
α = 0.5
ρ = 0.18
Nj
γe
zdiss
p
fsc
σacc = 1
fheat = 1

fb = 1

Description
The initial radius of the jet nozzle/corona; we assume the aspect ratio is h = 2r0
The location where bulk acceleration of the flow stops and the
jet transitions from parabolic to conical
The total length of the jet up to which the emission is calculated
The final Lorentz factor of the jet at zacc
The scaling factor of the bulk Lorentz factor with distance,
Γ(z) ∝ z α
The collimation profile of the jet, θ(z) = ρ/Γ(z)
Power channelled into the base of the jet in Eddington units
Peak Lorentz factor of the relativistic Maxwellian distribution
of electrons
Distance along the jet after which particle acceleration begins
Slope of the accelerated particle power-law distribution beyond
zdiss
Particle acceleration efficiency scaling, which sets the maximum lepton energy in the power-law
The magnetization of the jet at the end of the parabolic acceleration region.
The amount of heating received by the electrons at the dissipation region, which sets the minimum Lorentz factor γmin of
the power-law distribution.
A dimensionless parameter responsible for setting the importance of adiabatic losses with respect to radiative ones, thus
shifting the cooling break Lorentz factor in the non-thermal
lepton distribution γbreak .

Up,0 are the initial energy densities of the magnetic field, electrons and protons in the
jet, Pb,0 and Pe,0 the pressure of the magnetic field and electrons, and the protons are
assumed to be non-relativistic and thus have negligible pressure. The jet accelerates
up to a terminal Lorentz factor Γacc up to a distance zacc by converting the initial
magnetic field into bulk kinetic energy until the outflow becomes matter-dominated
(σacc ≤ 1). The bulk Lorentz factor of the outflow is assumed to scale with distance
from the black hole z as a power-law: Γ(z) ∝ z α , with α ≈ 0.5. The jet opening
angle is inversely proportional to the Lorentz factor: θ(z) = ρ/Γ(z), where ρ is a
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Figure 3.3: Jet profile in bljet for different parameters compared with VLBI data in the inner
parabolic region. Left panel: jet acceleration profile (Γ(z) ∝ z α ); middle panel: jet terminal Lorentz
factor; right panel: jet opening angle (θ(z) = ρ/Γ(z)). The model is in good agreement with the
data by taking α = 0.5, γacc = 15 and ρ = 0.18, with the exception of the inner ≈ 500 Rg .

proportionality constant taken to be less than 1. The resulting jet profile is roughly
parabolic in shape in the bulk acceleration region, and conical in the outer region.
The leptons in the jet are assumed to be thermalised and relativistic up to a
distance zdiss from the base (which we took to be equal to zacc in paper I, though
this need not be the case), at which point 10% of the particles are injected in a
power-law tail with slope p. At the dissipation region the particle distribution is also
assumed to be heated, parametrised by increasing the temperature of the relativistic
Maxwellian by a fixed factor fheat . The energy of the cooling break in the nonthermal particle distribution is controlled by the free parameter fb , which regulates
the importance of adiabatic losses with respect to radiative losses. The maximum
energy reached by the particles is parametrised by the dimensionless parameter fsc
which sets the time-scale of the acceleration mechanism. In preliminary fits we found
that the magnetization at the acceleration region σacc has a negligible effect on the
SED as the bulk of the emission is generated fairly close to the jet base (z ≤ 104 Rg ),
in highly magnetized regions where σ  1, and therefore we fix it to σacc = 1. Unlike
in paper I we also found that the SED was well matched by assuming an isothermal
jet with constant temperature γe , and that the break energy of the particles was
consistent with the value calculated from equating adiabatic and synchrotron timescales: Ebr (z) = (3β(z)m2e c4 )/(4r(z)σT Ub (z)), where z is the distance along the jet,
β(z) is the speed of the jet in units of c, me is the mass of the electron, r(z) is the
radius of the jet, σT is the Thomson cross section, and Ub (z) the magnetic field energy
density along the jet. We therefore fixed both fheat and fb to unity.
Finally, we have expanded the inverse Compton calculation in the code to include
the host galaxy’s stellar photon field. Following e.g. Stawarz et al. (2006), we assume
that the radiation energy density in the galaxy core is with Urad = 10−9 erg cm−3 and
peak temperature T = 3200 K. The main parameters of the model are summarised
in Table 3.3.
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Figure 3.4: Top panel: jet profiles overlaid on top of the VLBI imaging data. Orange shows the
jet profile assumed during the spectral fits with bljet; dark blue shows a broken power-law fit of the
VLBI data (r ∝ z 0.56 in the inner region, r ∝ z in the outer region). Bottom panel: model residuals
for the jet geometry in bljet.

3.3.1

Matching the jet collimation profile

Before performing spectral fits with bljet we match the jet geometry to the available
VLBI observations of the source. The quality of the imaging data limits the allowed
range of the parameters of bljet, particularly α, Γacc , and ρ. In paper I we took
fixed values for these parameters; in this section we will show that these values allow
the shape predicted by the model to match the observation fairly well. We stress that
because our collimation profile model is relatively simple, our goal is to find a set of
parameters that qualitatively produces a jet similar to that of M87 fit, rather than
perform a quantitative statistical fit of the jet’s collimation and acceleration.
We first combine the imaging observational constraints by fixing the radius of the
jet nozzle r0 to 3 Rg , which ensures that the computed jet width never exceeds the
observed value, and the distance of the bulk collimation/acceleration region zacc to
2.5×105 Rg (e.g. Asada & Nakamura 2012, Hada et al. 2013), which fixes the location
of the parabolic to conical transition in the jet profile. We then vary the values of α, ρ
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Table 3.4: Best-fit synchrotron-dominated parameters and relative uncertainties.
∗ : best fit consistent with allowed upper limit

Injected power Nj (10−5 LEdd )
Dissipation distance zdiss (rg )
Electron temperature Te (γe )
Non-thermal power-law slope p
Acceleration efficiency fsc
2
BB Normalisation (10−5 L39 /D10
kpc )
BB Temperature (ev)

3.2+0.5
−0.3
97+13
−3
4.2+1.0
−0.3
2.34+0.01
−0.01
1.∗−0.2
5.1+0.7
−0.6
0.28+0.03
−0.02

and Γacc and check their impact on the predicted jet shape. The resulting profiles are
shown in figure 3.3. In general highly collimated jets (corresponding to low values of
α and ρ) predict a jet that is too narrow near the base; less collimated shapes (large
values of α and ρ) instead over-predict the jet width on larger scales. Similarly, fast
jets are narrower than slow jets.
As shown in figure 3.4 taking α = 0.5, ρ = 0.18 and Γacc = 15 provides a reasonable
agreement with the imaging data, with the exception of the inner ≈ 500 Rg ; we thus
keep these values unchanged and assume a constant geometry throughout the spectral
fitting procedure. In principle an even better agreement with the imaging data could
be obtained by assuming, for example, that ρ also changes with distance (the right
panel of 3.3 for instance suggests that ρ is around 0.3 at the base, decreasing to 0.18
further out). Imposing a wider collimation profile in the initial segments of the jet
would lower the number density in these regions, while the strength of the magnetic
field and total number of particles would be unchanged. As a result, the synchrotron
emission in the final SED would be unchanged, but the inverse-Compton component
would be suppressed slightly. As we will discuss in the next section, we don’t expect
the inverse Compton emission to contribute meaningfully to the core’s emission from
radio to X-rays, and thus our conclusions are unaffected by the mismatch in the inner
jet collimation profile.

3.3.2

Broadband spectral modelling: a synchrotron-dominated
inner core

The constraints imposed by the imaging data on the jet shape leave only 5 of the
fitted parameters in bljet to be free: the injected jet power Nj , location of the
particle acceleration region zdiss , electron temperature γe , slope of the non-thermal
distribution p, and particle acceleration efficiency fsc .
We find that the data requires an excess in the optical/near-IR bands, which we
model as a single black body. The model syntax assigned in ISIS to the the full SED
is tbnew×(bljet+bbody).

74

i

i
i

i

i

i

i

i
3.3 Modelling the M87 core emission

νFν (erg cm−2 s−1 )

10-11

10-12

10-13

χ

10
0

-10
1012

νFν (erg cm−2 s−1 )

1010

1014
1016
Frequency (Hz)

1018

10-12
10-13
10-14
10-15
1012

1015
1018
1021
Frequency (Hz)

1024

Figure 3.5: Top panel: radio through X-ray sub-arcsec core SED of M87 with our best
synchrotron-dominated fit. The dashed pink line represents thermal synchrotron emission from
the jet base/corona; the dot-dashed green line de-absorbed, non-thermal synchrotron emission, the
double dot-dashed yellow line the black body contribution, approximating the host galaxy contribution. The black solid line shows the total model flux and includes the effects of absorption. Bottom
panel: radio through γ-ray SED of M87. The inverse-Compton contribution of the jet core is shown
by the dashed blue line.

Our best fit of the SED is shown in figure 3.5, and the best-fit parameters and
uncertainties are reported in table 3.4. The radio and X-ray emission is mainly due to
non-thermal synchrotron, while the ALMA band is dominated by thermal synchrotron
emission from the jet nozzle and the optical/IR emission shows a prominent thermal
bump. The model is in excellent agreement with the data up through the X-ray band;
furthermore after running emcee we do not find any significant degeneracy in any of
the free parameters, which are all very well constrained. However, the model predicts
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Figure 3.6: Radio through X-ray SED of M87 with an attempt at a SSC-dominated fit. The
dashed pink line represents thermal synchrotron emission from the jet base; the dot-dashed green
line de-absorbed, non-thermal synchrotron emission, the double dot-dashed yellow line the black
body contribution; the dashed blue line the inverse-Compton emission. The black solid line shows
the total model flux and includes the effects of absorption. The data cannot be reproduced with an
SSC-dominated inner jet.

a γ-ray flux of ≈ 10−14 erg s−1 cm−2 , far below the Fermi/LAT spectrum; we discuss
the implications of this finding in section 4.

3.3.3

Broadband spectral modelling: SSC-dominated regime

Unlike in the synchrotron-dominated regime, we could not find a satisfactory fit to
the data in a regime in which the X-rays are produced through synchrotron-selfCompton (SSC) near the base of the jets. This is because of the combination of
constraints imposed by direct imaging of the jet collimation profile, combined with
the main assumption underlying bljet (while the jet is accelerating, it is magnetically
dominated). A highly magnetized base for a given synchrotron luminosity (fixed by
the radio/sub-mm fluxes) implies a low lepton number density, which in turn results
in a suppression of the SSC flux. The only way to offset such an offset is to assume
a much higher temperature (hγe i ≈ 100) for the radiating particles in the jet base.
Our best attempt to fit the data in such a regime is shown in figure 3.6; as shown in
the figure, such a high temperature causes the nozzle’s emission to vastly exceed the
sub/mm and infrared data, while still not successfully matching the X-ray flux of the
source. Therefore, we rule out SSC from the magnetically dominated inner jet spine
as the radiative mechanism responsible for the emission detected by Chandra.
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3.4

Discussion

The first result emerging from our combined imaging/spectral fit is that the 3FGL
spectrum can not be matched by the model for the compact jet; the predicted γ-ray
flux of the core is only ≈ 10−14 erg cm−2 s−1 , 2-3 orders of magnitude below the data.
The main contribution to the core’s limited γ-ray flux is due to inverse Compton
scattering of the host galaxy’s starlight, rather than SSC. This conclusion is mainly
driven by matching our model’s jet dynamics and shape with those inferred from
direct imaging of the outflow through VLBI.
The second result of the fit is that the location of particle acceleration occurs very
+13 R
close to the black hole (zdiss = 97−3 Rg g ); such a distance is far closer to the central
engine than the acceleration distance zacc = 2.5·105 Rg inferred from the jet speed and
collimation profile. Interestingly, high-resolution VLBI 86 GHz images of the jet show
a “pinching” of the outflow around this distance (Hada et al. 2016), which were also
observed at this scale in GRMHD simulations (e.g.McKinney 2006, Barniol Duran
et al. 2017, Nakamura et al. 2018, Chatterjee et al. 2019); we tentatively suggest
that the initial injection of particle acceleration in the jet may be influenced by this
pinching region.
The third result is that, assuming that the magnetically dominated jet creates
most of the observed X-rays, then the radiating leptons need to be accelerated to
very high Lorentz factors (≈ 107 − 108 , varying slightly along the length of the jet)
in order to extend the synchrotron spectrum up to the Chandra energy range. Such
high particle energies can be achieved by assuming a very high particle acceleration
efficiency fsc . Prieto et al. (2016) modelled a similar SED with agnjet but instead
found a matter-dominated jet base, in which the soft X-ray photons are produced by
SSC emission from the jet nozzle. We can not reproduce such a solution because in
bljet the base of the jet is always magnetically-dominated, thus suppressing the SSC
flux; this assumption leaves non-thermal synchrotron as the only radiative mechanism
in the jet capable of matching the X-ray data.
The fourth result is that the particle distribution in the jet is consistent with
being isothermal even beyond the dissipation region (in our model this corresponds
to fheat = 1), and the temperature of the relativistic Maxwellian (γe = 4.2+1.0
−0.3 ) is well
constrained by the sub-mm ALMA data, which forms a clear bump. The finding that
the particle distribution in the jet is isothermal differs from our findings in Paper I,
in which we showed that it was necessary to increase the temperature (fheat  1)
of the particle distribution at zdiss (figure 12 in Paper I). One likely explanation for
this discrepancy is in the difference in jet kinetic powers between the two sources. In
−3
PKS 2155−304 the higher kinetic power (Nj = 9+0.6
LEdd ) could drive stronger
−0.7 · 10
shocks in the jet, allowing for additional energy to be transferred to the radiating
−5
particles, while in M87 (Nj = 3.2+0.5
LEdd ) this amplification does not seem to
−0.3 · 10
be necessary.
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The optical/IR thermal bump was interpreted by Prieto et al. (2016) as a tracer of
an optically thick, geometrically thick accretion disk, with an inner radius of 5 Rg and
temperature of 3200 K; when fitting a Shakura-Sunyaev disk to the data we recover
similar parameters. However, this combination of inner radius and temperature results
in an accretion rate of ≈ 10−7 ṀEdd . At such a low accretion rate the disk should be
in the ADAF state, and therefore its emission should not resemble a black body (or
a superposition of black bodies). Furthermore, such low accretion rate is two orders
of magnitude below the estimated jet power. These findings suggest that the origin
of the thermal bump may not be related to the accretion disk, and instead be caused
by a residual starlight contribution in the inner 32 pc of the galaxy.
The transition in the jet shape from parabolic to conical, as well as the observed
trend of increasing bulk motion up to HST-1, imply that in M87 bulk acceleration
continues up to large scales of ≈ 105 Rg . Assuming that the process responsible
for accelerating the jet is the dissipation of magnetic field into bulk kinetic energy
in a highly magnetized region, this implies that the outflow remains magneticallydominated (σ ≥ 1) up to these large scales; high σ in turn implies a relatively low
lepton number density required to match the synchrotron spectrum, and such low
lepton number density naturally results in a suppression of the inverse Compton flux.
The inefficiency of the Inverse Compton process in the source is unchanged by taking
lower values of σacc : the regions near the dissipation region zdiss (responsible for the
radio and X-ray emission) are always highly magnetized, thus automatically setting
a relatively low number density of particles throughout the outflow. Increasing the
Inverse Compton flux would require both taking a low σacc and increasing the jet
power, which would in turn cause the synchrotron emission to exceed the radio/submm data. Our findings are in contrast to previous modelling efforts of M87 (e.g. Abdo
& et al. for the Fermi/LAT collaboration 2009, de Jong et al. 2015), who reproduced
the SED of the source with a standard homogeneous one-zone SSC model. The
parameters explored in both of these works require the plasma emitting in the core
region to be strongly particle-dominated, with Ue /Ub ≥ 100, in order to produce
a meaningful high-energy flux; this is in contrast with VLBI data, which favours a
magnetically-dominated core (10−1 < Ue /Ub < 10−4 , Kino et al. 2014, Hada et al.
2016).
Recently, coupling radiation with GRMHD simulations has also been used to
model the inner jet of M87 in place of simple semi-analytic models (e.g. Mościbrodzka et al. 2016, Chael et al. 2019). Both of these works find that the bulk of
the X-ray emission is due to SSC rather than optically thin synchrotron, in contrast
to our work here. However, this conclusion depends very strongly on the assumptions made in the post-processing of the radiation in the simulations due to two main
factors. Firstly, in GRMHD simulations the radiating electrons are assumed to predominantly be located in the outer sheath of the jet, thus restricting the emitting
region to a more matter-dominated region than the jet base of our model. Secondly,
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the particle distribution in both of the above works is assumed to be only a relativistic
Maxwellian, which prevents the optically thin synchrotron spectrum from extending
above the sub-mm band. Finally, it is worth noting that if SSC were the dominant
mechanism producing X-rays in M87, it would no longer be consistent with a low
power blazar when oriented face-on (see section 4.2). Because of these differences, a
direct comparison of the spectra predicted from these simulations and from our model
is not straightforward. Including more realistic particle distributions which account
for non-thermal leptons (Davelaar et al. 2018) in simulations will facilitate such a
comparison in the future.
Event Horizon Telescope Collaboration et al. (2019b) used the X-ray flux as a
constraint on several GRMHD models by (conservatively) rejecting all the solutions
whose SSC emission over-predicts the data. Our work suggests instead that more
GRMHD models could be rejected by the observations, as we expect the bulk of the
X-ray radiation to originate from non-thermal synchrotron emission.

3.4.1

The origin of the γ-ray emission

Our work shows for the first time that in the context of a leptonic model based on
an MHD-driven, magnetically accelerated outflow, the γ-ray emission of M87 likely
does not originate in the magnetically dominated inner jet regions. In this section we
explore alternative mechanisms for the high-energy emission, and discuss the implications of each.
One possible way of increasing the efficiency of IC is if the jet is structured,
with an inner, fast spine surrounding a slow-moving sheath, as commonly found in
GRMHD simulations, e.g. McKinney (2006), Hardee et al. (2007), Penna et al. (2013),
Nakamura et al. (2018), Chatterjee et al. (2019). In this case, the synchrotron emission
from the spine/layer is boosted in the co-moving frame of the sheath/spine, resulting
in an increase of the IC flux (Ghisellini et al. 2005). Indeed, such a model was applied
to M87 by Tavecchio & Ghisellini (2008), who showed that the TeV emission could
be well matched thanks to the spine/sheath contribution to the seed photon fields.
However, an additional Inverse Compton contribution would reduce the radiative
cooling time-scale of high energy particles, which are needed to match the Chandra
data, thus requiring extremely short acceleration time-scales. A similar issue was also
pointed out by Costamante et al. (2018) for the case of hard-TeV BL Lacs.
Alternatively, the high-energy bump could be due to hadronic processes. The
main caveat to this scenario is the high power requirement typically associated with
hadronic models. Our estimated jet power, driven mainly by the radio fluxes, is
3, 2 · 10−5 LEdd = 2.9 · 1043 ergs−1 assuming a 6.5 · 109 M black hole. This power
assumes one cold proton (carrying the jet’s bulk kinetic energy) per electron. Such
an estimate is consistent with, but on the lower end of, independent measures either
studying the internal pressure exerted by the kpc-scale jet knots (e.g. Bicknell &
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Begelman 1996, Owen et al. 2000, Stawarz et al. 2006), or by estimating the required
heating in the galaxy’s X-ray halo (e.g. Churazov et al. 2002, Forman et al. 2005,
Allen et al. 2006, Russell et al. 2013a); all of these find a range of Pjet ≈ 10−5 −
10−4 LEdd . Requiring that the power in the halo/outer jet and core be roughly of
the same order of magnitude, these constraints on the jet’s energetics leave relatively
little room for a population of relativistic protons in the outflow (unless the core has
recently entered a phase of renewed activity). However, implementing an energetically
dominant population of relativistic/hot particles (either protons or leptons) would
cause the underlying assumptions of bljet to fail (see Paper I), and is therefore
beyond the scope of this work.
A third possibility is that the high-energy emission does not originate in the core,
but in the kpc-scale jet (Stawarz et al. 2003, Hardcastle & Croston 2011), due to a
combination of IC with synchrotron, stellar and cosmic microwave background photons. The recent hints of variability on monthly time scales found in the Fermi/LAT
light curve of the source (Ait Benkhali et al. 2019) as well as the fast TeV variability
(Aharonian et al. 2006) would disfavour such an interpretation. Cheung et al. (2007)
however showed that the inferred size of the HST-1 complex at VLBI scales is compact
enough that it could indeed be the source of the TeV emission; furthermore, flaring
activity on yearly time scales has been detected in X-ray kpc-scale jets of Pictor A
(Marshall et al. 2010) as well as M87 itself (Harris et al. 2003). Because of all of these
arguments, we conclude that HST-1 or the kpc-scale jet can not be ruled out as the
sites of a significant portion of M87’s γ-ray emission.
In addition to the limited variability, Ait Benkhali et al. (2019) found that the
source shows a complex spectrum likely originating from multiple components, of
which at least one is variable. Such complex behaviour could be reproduced if, on top
of a steady state component (such as the large scale jet), a secondary highly variable
region is also present. One possible candidate in such scenario would be magnetospheric gap acceleration in the black hole’s ergosphere (e.g. Neronov & Aharonian
2007, Rieger & Aharonian 2008, Levinson & Rieger 2011, Mościbrodzka et al. 2011,
Broderick & Tchekhovskoy 2015).
In conclusion, while the location of the γ-ray emission is still unclear, our work
rules out a one zone SSC model originating in the magnetized core, as such mechanism
implies plasma conditions in strong disagreement with theoretical expectations.

3.4.2

What kind of misaligned blazar is M87?

Figure 3.7 shows a comparison between our best fitting model re-scaled to a viewing
angle of 5◦ , and a sample of SEDs from nearby blazars. We built the sample by selecting all blazars in the ROMABZCAT catalogue (Massaro et al. 2015) with known redshift between 0 and 0.025, corresponding to a luminosity distance of about 110 Mpc.
This search returned 16 sources, listed in table 3.5. One of these sources (5BZUJ1325-
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Source name
5BZGJ0048+3157
5BZGJ0153+7115
5BZGJ0204+4005
5BZUJ0241-0815
5BZUJ0319+4130
5BZGJ0709+501
5BZGJ1148+592
5BZUJ1301-3226
5BZUJ1325-4301
5BZGJ1336-0829
5BZGJ1407-2701
5BZUJ1632+8232
5BZGJ1719+4858
5BZGJ1840-7709
5BZGJ1945-5520
5BZUJ2209-4710

Redshift
0.015
0.022
0.007
0.005
0.018
0.02
0.011
0.017
0.002
0.023
0.022
0.025
0.024
0.018
0.015
0.006

Source classification
BL Lac
BL Lac
BL Lac
Blazar Uncertain type
Blazar Uncertain type
BL Lac
BL Lac
Blazar Uncertain type
Radio Galaxy: Cen A
BL Lac
BL Lac
Blazar Uncertain type
BL Lac
BL Lac
BL Lac
Blazar Uncertain type

Table 3.5: List of our comparison sample from the ROMABZCAT catalogue, along with their
redshift and classification. We excluded Centaurus A from our comparison as it is not seen face-on.

4301) is the misaligned radio galaxy Centaurus A, and thus we excluded it from the
sample. Out of the remaining 15 sources, 10 are listed as galaxy-dominated BL Lacs
and 5 as blazars of uncertain type; 3 are detected by Fermi/LAT (5BZGJ0153+7115,
5BZUJ0319+4130, 5BZUJ1632+8232) and two are detected in radio, infrared and optical, but not in X-rays or γ-rays (5BZGJ1148+592, 5BZGJ1945-5520). The data of
this sample are from Myers et al. (2003), Healey et al. (2007), Dixon (1970), Jackson
et al. (2007), Condon et al. (1998), White et al. (1997), Gregory & Condon (1991),
Nieppola et al. (2007), White & Becker (1992), Kuehr et al. (1981), McConnell et al.
(2012), Wright & Otrupcek (1990), Mauch et al. (2003), Wright et al. (1994), Murphy
et al. (2010), Wright et al. (2009), Moshir & et al. (1990), Joint Iras Science (1994),
Gregory et al. (1996), Planck Collaboration et al. (2011), Planck Collaboration et al.
(2014), Planck Collaboration et al. (2016), Wright et al. (2010), Bianchi et al. (2011),
Warwick et al. (1981), Levine et al. (1984), Evans et al. (2014), Rosen et al. (2016),
Saxton et al. (2008), Voges et al. (1999), Boller et al. (2016), Elvis et al. (1992),
Evans et al. (2010), Forman et al. (1978), Verrecchia et al. (2007), Hiroi et al. (2011),
Hiroi et al. (2013), D’Elia et al. (2013), Cusumano et al. (2010a), Cusumano et al.
(2010b), Ajello et al. (2012), Bird et al. (2010), Baumgartner et al. (2013), Piccinotti
et al. (1982), Hartman et al. (1999), Acero et al. (2015), Abdo et al. (2010), Nolan
et al. (2012), Giommi et al. (2012), and Bartoli et al. (2013). Finally, we included
the averaged SED of Mrk 421 from Abdo et al. (2011) to compare our model to a
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Figure 3.7: Comparison between our model for M87 (orange line), the same model but rescaled to a viewing angle of 5◦ , our sample of nearby blazars (grey points), and Mrk 421 (black
stars). The Fermi/LAT-detect sources are represented by squares (5BZGJ0153+7115), asterisks
(5BZUJ0319+4130), and plusses (5BZUJ1632+8232) respectively. The SED of 5BZGJ0709+501 is
shown by the blue diamonds. The SED of M87 seen face-on is clearly far more faint than that of
γ-ray bright HBLs. Out of all sources in our sample, we found that the most similar blazar SED to
our aligned model is that of 5BZGJ0709+501.

prototypical high-peaked BL Lac (HBL).
When re-scaled to a face-on geometry, the SED predicted by our model shifts to
qualitatively resemble a BL Lac: the increase in beaming in the outer jet regions causes
the synchrotron peak to shift from the far-IR to the X-ray band, and the Compton
peak luminosity almost matches the synchrotron luminosity. Despite this increase in
beaming, the SED remains more faint by three orders of magnitude than Mrk 421, and
is one to three orders of magnitude more faint than the other Fermi-detected sources
in our sample. Instead the predicted SED resembles the more faint, galaxy-dominated
sources of the sample, which are detected in radio and X-ray surveys but not at higher
energies. In particular, our face-on model is in remarkably good agreement with the
radio and X-ray data of 5BZGJ0709+501.
The reason for the low luminosity is the available energy budget in the jet inferred
from our model, which is far lower than that we found for PKS 2155−304 (Pjet,M87 ≈
82
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3 · 10−5 LEdd = 2.9 · 1043 erg s−1 against Pjet,2155 ≈ 9 · 10−3 LEdd = 1.25 · 1045 erg s−1 ,
see Paper I). This finding implies that M87 is not the misaligned counterpart of a
typical γ-ray bright HBL like Mrk 421 or PKS 2155−304, which are inherently more
powerful sources.
Despite the low energy budget, radio images of M87 display a typical FRI morphology: the jet extends for tens of kilo-parsecs and terminates in well-developed
lobes (Owen et al. 2000). The ability of a low-power jet to produce such extended
structure suggests that the surrounding environment of the galaxy, rather than the
central engine, may be the main driver for the formation of the large scale radio
structure (e.g. Tchekhovskoy & Bromberg 2016).

3.5

Conclusion

In this paper we have for the first time combined constraints from VLBI imaging and
spectral data to model the jet from the M87 radio galaxy, using our multi-zone jet
model, bljet. We find that bljet can reproduce both the jet morphology and the
SED from the radio to the hard X-ray band. Furthermore, the strong constraints
imposed by the data ensure that little degeneracy in the model is present, and that
the free parameters are well-determined. In particular, we find that the jet power near
the core is Pjet,M87 ≈ 3.2 · 10−5 LEdd = 2.9 · 1043 erg s−1 , in agreement with previous
independent estimates. Deriving such good constraints highlights the importance of
combining spectral modelling with additional information such as direct VLBI imaging
when modelling AGN jets.
In the γ-ray regime we find that the inner magnetically-dominated jet predicts
too little flux to reproduce the Fermi/LAT 3FGL spectrum. This is because the
high magnetization at the base, combined with the radio flux constraints, implies
a low lepton number density, resulting in a very low inverse Compton flux. Our
findings are in contrast with single-zone SSC models, which can match the highenergy SED but only if the plasma is highly matter-dominated (e.g. Abdo & et al.
for the Fermi/LAT collaboration 2009, de Jong et al. 2015). Such a strongly matterdominated emitting region is unlikely to exist in the magnetically-dominated inner
jet, but might exist in the outer sheath of the jet (Tavecchio & Ghisellini 2008).
Additional mechanisms that could allow for enhanced γ-ray emission are particle
acceleration in the vicinity of the black hole (either the ergosphere, e.g. Neronov &
Aharonian 2007, Rieger & Aharonian 2008, Levinson & Rieger 2011, or the stagnation
surface, Broderick & Tchekhovskoy 2015), or inverse-Compton scattering of the host
galaxy’s starlight and/or of the CMB in the large scale jet (Stawarz et al. 2003).
When re-scaling our best-fit model to a face-on viewing angle of 5◦ , we find that
while the SED roughly resembles that of a BL Lac, the predicted luminosity remains
far lower than a prototypical HBL like MrK 421. The main reason is that the increased
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beaming does not offset the low available jet power. This finding implies that the jet
of M87 is not powerful enough to be the misaligned counterpart of a γ-ray bright BL
Lac, instead resembling more a faint, galaxy-dominated source.
The main caveat of our model is that it focuses on probing the inner magneticallydominated spine, neglecting the emission from the (more particle-dominated) outer jet
sheath. On the one hand, limb-brightening is clearly observed in radio imaging of M87
(e.g. Mertens et al. 2016, Hada et al. 2016), and in principle the sheath would be a
more efficient inverse Compton emitter than the spine, as it is more particle-dominated
than the latter. The additional radiation from the sheath could lead to enhanced Xray or even γ-ray emission, which in turn would affect our conclusions. On the other
hand, our decision to focus on the spine is supported by further arguments, both
theoretical and observational. First, the inner spine determines the shape and size of
the sheath/interface region with the outer disk (e.g. McKinney 2006, Tchekhovskoy
et al. 2010, Nakamura et al. 2018, Chatterjee et al. 2019), implying that our assumed
shape for the spine is consistent with the observed shape of the (edge-brightened) jet.
Second, our synchrotron-dominated core model, when re-scaled to a face-on geometry,
resembles a low power BL Lac, in agreement with AGN unification models (Antonucci
1993, Urry & Padovani 1995). This would not be the case if the bulk of the X-rays were
produced in the slower outer sheath, as the Doppler factor would not be expected to
vary significantly between the two viewing angles. Therefore, while our model cannot
fully capture the physics of the system, it seems to provide a good overall description
of the source beyond simpler single-zone models.
Our results are particularly important in light of the upcoming observations of
M87 with the Event Horizon Telescope (e.g. Event Horizon Telescope Collaboration
et al. 2019a), which provide even more detailed imaging of the regions near the black
hole. These state-of-the-art observations will require further improvements in the
modelling of jets, for example by explicitly solving the relativistic MHD equations in
the presence of gravity (e.g. Polko et al. 2010, 2013, 2014, Ceccobello et al. 2018) to
derive the jet dynamics. We plan to couple these more physically consistent MHD
solutions to observables in future works.
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Correlating spectral and timing properties in the
evolving jet of the micro blazar MAXI J1836-194

M. Lucchini, T. D. Russell, S. B. Markoff, F. Vincentelli, D. Gardenier, C.
Ceccobello, P. Uttley
To be submitted to Monthly Notices of the Royal Astronomical Society
Abstract
During outbursts, the observational properties of black hole X-ray binaries (BHXBs)
vary on timescales of days to months. These relatively short timescales make these
systems ideal laboratories to probe the coupling between accreting material and outflowing jets as a the accretion rate varies. In particular, the origin of the hard X-ray
emission is poorly understood and highly debated. This spectral component, which
has a power-law shape, is due to Comptonisation of photons near the black hole,
but it is unclear whether it originates in the accretion flow itself, or at the base of
the jet, or possibly the interface region between them. In this paper we explore the
disk-jet connection by modelling the multi-wavelength emission of MAXI J1836-194
during its 2011 outburst. For the first time, we include radio through X-ray spectra,
X-ray timing information, and a robust joint-fitting method to better isolate the jet’s
physical properties. Our results demonstrate that the jet base can produce power-law
hard X-ray emission in this system/outburst, provided that its base is fairly compact
and that the temperatures of the emitting electrons are sub-relativistic. Because of
energetic considerations, our model favours mildly pair-loaded jets carrying at least
20 pairs per proton. Finally, we find that the properties of the X-ray power spectrum
are correlated with the jet properties; we propose that these correlations arise from
magnetohydrodynamical processes arising in the X-ray emitting region where the jet
is launched.
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4.1

Introduction

Low mass black hole X-ray binaries are a class of binary systems in which a stellarmass black hole is accreting mass from a low-mass companion star. Typically, these
objects (BHXBs for brevity) are transient sources: they spend most of their lifetime
in a faint quiescent state, occasionally shifting into outburst phases lasting a few
weeks to a few months (Tetarenko et al. 2016). When this happens, Galactic BHXBs
become some of the brightest sources in the X-ray sky.
During a full outburst most BHXBs exhibit consistent behaviour, in the form of
transitions between spectral states (see Homan & Belloni 2005; Remillard & McClintock 2006 for reviews, and Chen et al. 1997 for a discussion of the variation among
outbursts). As the source increases its luminosity while transitioning out of quiescence, its X-ray spectrum is dominated by a hard power-law component, originating
in a yet poorly understood “corona” close to the black hole; this is defined as the hard
state (HS from now on). "As the peak X-ray luminosity of the outburst is approached,
the spectrum softens and becomes increasingly dominated by a black-body component associated with the accretion disk, while the power-law weakens or is completely
absent. This is defined as the soft state, while transitional states are referred to as
intermediate states (HIMS or SIMS respectively, depending on whether the source is
closer to the hard or soft state). As the outburst decays and the luminosity decreases,
the source eventually transitions back to the HS and then fades into quiescence. Furthermore, the properties of the X-ray light-curve are strongly correlated with spectral
properties (e.g., Homan et al. 2001; Homan & Belloni 2005; Heil et al. 2015a), with
harder states generally displaying more variability than softer ones. X-ray variability
therefore provides an independent estimator of the properties of a source during an
outburst (e.g., Pottschmidt et al. 2000, 2003; Belloni et al. 2005; Cassatella et al.
2012; Heil et al. 2015b). Steady compact jets are detected in the HS and (typically)
quenched in the soft state; as the source transitions from one to the other, individual
knots of plasma are ejected from the system (e.g. Fender et al. 2004). A significant
fraction (≈ 40%) of outbursts “fail” and only exhibit HSs (Tetarenko et al. 2016).
Observationally, the properties of jet and accretion flow appear to be connected.
In BHXBs, this takes the form of a correlation (in the HS) between the radio and
X-ray luminosities (e.g., Hannikainen et al. 1998; Corbel et al. 2000, 2003, 2013a;
Gallo et al. 2003, 2014) which probe regions in the outer jet or near the black hole,
respectively. The radio/X-ray correlation can be extended to accreting super-massive
black holes in jetted active galactic nuclei (AGN) by including a term accounting
for the black hole mass; this extension takes the form of a two-dimensional plane in
the three-dimensional phase-space connecting radio luminosity, X-ray luminosity and
black hole mass (Merloni et al. 2003, Falcke et al. 2004, Plotkin et al. 2012). This
plane is called the fundamental plane of black hole accretion; its existence implies
that to first approximation black hole physics are scale-invariant (Heinz & Sunyaev
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2003), and what is learnt from one class of systems could potentially be applied to the
other. However, the physics driving this connection between accreting and outflowing
materials are still poorly understood. Thanks to their quick evolution, BHXBs are
ideal laboratories to probe the disk-jet connection, and how it might be changing as
a function of accretion rate.
Currently there is significant debate about the exact nature of the coronal powerlaw component. In general, coronal emission is believed to originate near the black
hole due to inverse Comptonisation of soft disk photons by a population of hot electrons. Models of the corona can be broadly categorised in three groups, invoking
either a) the innermost regions of a radiatively inefficient accretion flow (RIAF, e.g.
Narayan & Yi 1994; Yuan et al. 2007) b) a slab corona extending over the accretion
disk (e.g., Haardt & Maraschi 1993; Haardt et al. 1994) or c) a compact location
above the black hole (the so-called lamp-post geometry, e.g. Matt et al. 1991, 1992;
Martocchia & Matt 1996; Beloborodov 1999) as the location of the Comptonised emission. In the latter scenario, the base of a jet is often invoked as a natural physical
realisation of the lamp-post (e.g. Markoff et al. 2005; Maitra et al. 2009; Dauser et al.
2013; Kara & et al. 2019). Additional contributions from non-thermal synchrotron
emission originating in the jet have also been invoked (e.g. Markoff et al. 2001).
In jet models, the emitting leptons are typically assumed to be fully relativistic
throughout the outflow, starting from the base (e.g. Falcke & Biermann 1995, Markoff
et al. 2001, Potter & Cotter 2012, Malzac 2014). Connors et al. (2019) showed
that this assumption has a large impact on the Comptonisation spectra from their
launching regions (or in other words, from the “lamp-post like” region), and is in
tension with observations. If the electron distribution is relativistic (its temperature
is Te  511keV or equivalently the minimum lepton Lorenz factor is γmin  1), then
fitting the data requires the X-ray emitting regions to be extended and very optically
thin (τ ≤ 0.01). In this regime, the Comptonisation spectrum is produced in a
single scattering, rather than a superposition of many scatterings. The resulting Xray spectrum shows significant curvature, and is unlike a typical power-law continuum
produced by many consecutive scatterings in more optically thick (τ ≈ 0.1−1) media.
The only way to produce a power-law X-ray emission with these parameters is to
fine tune different spectral components.As a result, past works often invoked a mix of
synchrotron and Comptonisation from two different emitting regions in order to match
the X-ray spectra of BHXBs (e.g. Markoff et al. 2005), particularly the hardening
above 10 keV: the hard X-rays are due to Comptonisation in the jet base, while
the soft X-rays are due to synchrotron emission produced downstream in the jet.
This combination also resulted in lower reflection fractions as some of the hardening
was absorbed into the continuum. Connors et al. (2019) pointed out that this is
inconsistent with the observed hard lags in XRBs (Kotov et al. 2001, Arévalo &
Uttley (2006)). If instead the synchrotron emission does not extend all the way to
the soft X-rays, Connors et al. (2019) showed that the base of the jet can contribute a
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few to to ≈ 50% of the X-ray flux, but the bulk of it has to be produced in a different
region (such as the hot accretion flow). In this paper we show that this need not be
the case if the electrons in the jet base are in the mildly-relativistic regime, in which
Te ≤ 511 keV.
MAXI J1836−194 is a low mass BHXB that went into outburst during late August 2011; it was quickly identified as a black hole candidate (Negoro et al. 2011,
Strohmayer & Smith 2011, Miller-Jones et al. 2011, Russell et al. 2011). Later studies
of the source’s X-ray spectra found that the black hole spin is likely high (≈ 0.9), and
that the hard X-rays show a very prominent reflection component (Reis et al. 2012,
Dong et al. 2020). Rather than undergoing a full outburst, the source reached a hardintermediate state (HIMS) before going back into the HS and fading into quiescence
(Ferrigno et al. 2012). The source was the target of an extensive multi-wavelength
campaign, which produced some of the best spectral coverage of a BHXB outburst
to date (Russell et al. 2013a, Russell et al. 2014a). MAXI J1836−194 is unique in
that its viewing angle (4◦ < θ < 15◦ , Russell et al. 2014b) is the lowest in the Xray binary population to date, and is thus comparable to many jet-dominated AGN
such as M87 or (some) blazars. The low viewing angle, combined with the excellent
multi-wavelength data, makes it an excellent source to study both the disk-corona-jet
connection and scale-invariant models of black hole accretion.
The goal of this paper is to quantify the conditions required for the base of the
jet to comprise the X-ray emitting corona, particularly in terms of size, particle temperature and mass content. We do so by modelling the six multi-wavelength SEDs
presented in Russell et al. (2014a) with the bljet disk+jet model (Lucchini et al.
2019b, Paper I from now on), which in itself is an extension of the agnjet code
(Markoff et al. 2001, Markoff et al. 2005, Maitra et al. 2009, Connors et al. 2019).
bljet was originally developed for modelling AGN SEDs, and is applied to BHXBs
here for the first time. Furthermore, we improve the broadband coverage of the source
by analysing additional hard X-ray spectral and timing data gathered by RXTE . Finally, we combined timing and spectral information in our modelling with the goal
of providing a clearer picture of the coupling between these two observables. The
paper is structured as follows. In section 4.2 we describe the analysis of the data
used, in section 4.3 we discuss our full disk+jet multiwavelength model and apply it
to the data, in section 4.4 we discuss our findings, and in section 4.5 we draw our
conclusions.

4.2

Data analysis

In this paper we model the six quasi-simultaneous SEDs from Russell et al. (2014a),
including additional hard X-ray data provided by RXTE . The details of the radio
and Swift/XRT data reduction are presented in Russell et al. (2014a). The infrared,
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Instrument
RXTE /PCA
RXTE /PCA
RXTE /PCA
RXTE /PCA
Swift/XRT
RXTE /PCA
Swift/XRT
RXTE /PCA
RXTE /PCA
Swift/XRT
RXTE /PCA
RXTE /PCA
RXTE /PCA
Swift/XRT
RXTE /PCA
RXTE /PCA
RXTE /PCA
Swift/XRT
RXTE /PCA
RXTE /PCA
RXTE /PCA
Swift/XRT

ObsID
96371-03-01-00
96371-03-02-00
96371-03-03-00
96371-03-03-01
00032085001
96438-01-01-04
00032087009
96438-01-02-03
96438-01-02-00
00032087012
96438-01-03-01
96438-01-03-05
96438-01-03-02
00032087017
96438-01-05-02
96438-01-05-05
96438-01-05-06
00032087024
96438-01-12-01
96438-01-12-02
96438-01-12-03
00032087024

Date and time
Aug 31, 11:09 - 15:54
Sep 01, 13:28 - 16:06
Sep 02, 11:30 - 13:21
Sep 04, 07:23 - 08:41
Aug 30, 16:47 - 17:04
Sep 14, 20:12 - 20:31
Sep 13, 06:54 - 21:34
Sep16, 09:13: - 10:25
Sep 17, 20:13 - 20:51
Sep 16, 02:05 - 02:28
Sep 25, 19:05 - 19:42
Sep 26, 21:21 - 21:34
Sep 27, 19:51 - 20:55
Sep 26, 04:14 - 19:16
Oct 11, 18:33 - 18:57
Oct 12, 13:21 - 13:55
Oct 13, 19:06 - 19:26
Oct 12, 20:06 - 20:23
Oct 26, 06:18 - 07:18
Oct 27, 17:45 - 18:14
Oct 28, 09:51 - 10:10
Oct 27, 05:06 - 11:45

Table 4.1: X-ray data used in this work. The epochs considered in the spectral analysis have their
dates shown in bold font; all the others were only used in the timing analysis.

optical and UV data were first presented in Russell et al. (2013a). We note that in
this paper we label epochs based on the date of either the Swift/XRT (for spectral
fits) or RXTE /PCA (for timing analysis) pointings, while Russell et al. (2014a) used
the date of the radio observations instead.

4.2.1

RXTE data reduction

We searched the heasarc archives for RXTE observations close to our Swift/XRT
observations. The resulting ObsIDs are reported in Tab.4.1. We used the standard
RXTE tools in heasoft, version 6.26.1, through the Chromos1 pipeline (Gardenier
& Uttley 2018, which also contains the details of the data reduction process) to extract
PCA energy spectra and light-curves. The spectra were extracted from standard1 https://github.com/davidgardenier/chromos
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Figure 4.1: Evolution of X-ray timing properties of the source during the outburst. The left panel
shows the evolution of the source power spectra in the (power) colour-colour diagram. Opaque
points indicate the RXTE observation closest to Swift coverage; transparent ones indicate all the
other epochs reported in Tab.4.1. The right panel shows our tentative (≈ 2 − 3σ) detection of a hard
lag between the 3.5-5 and 7-13 kev bands, with hard photons lagging soft ones by ≈ 10−2 s.

2 events in the proportional counter unit 2 (PCU2) only. The light-curves were
extracted from good-xenon events in the 3 − 13, 3 − 5.5 and 7 − 13 keV bands. We
jointly modelled the Swift/XRT and only the RXTE /PCA spectra closest in time to
each Swift observation, but analysed the light-curves of every observation.

4.2.2

Timing analysis

We investigated the X-ray variability of the source by analysing its RXTE lightcurves
using Fourier domain techniques. The Chromos pipeline automatically computes the
noise-subtracted averaged power spectrum (PSD), correcting for background and dead
time detector effects, as well as the power colours of the PSD for each observation
chosen. Power colours are the ratio of the integral of the PSD in four bands (band 1:
0.0039−0.031 Hz, band 2: 0.031−0.25 Hz, band 3: 0.25−2.0 Hz, band 4: 2.0−16.0 Hz);
the two power colours are defined as band 3/band 1 and band 2/band 4, respectively,
and can be thought of as a way to quantify the shape of the PSD regardless of its
normalisation. This calculation is identical to that presented in Gardenier & Uttley
(2018). The evolution of the source in the power colour-colour diagram is shown in the
left panel of Fig. 4.1. The power spectral hue, as in Heil et al. (2015b), is defined as
the angle between the location of each point in the power colour-colour diagram, and
a line angled 45◦ toward the top left of the panel, shown in Fig.4.1 by the grey dashed
line. The spectral evolution of the source, presented in Russell et al. (2015), in the
hardness-intensity diagram is shown in Fig.4.2. The timing and spectral properties of
the source are well correlated, with epochs with larger hues being brighter and softer.
We also computed the Fourier time lag of the 7-13 keV lightcurve with respect to
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Figure 4.2: Left panel: Hardness/intensity diagram of MAXI J1836−194 during its outburst;
hardness is defined as the ratio of 2-6 and 6-16 keV count rates. Right panel: Sep16 spectrum fitted
without a disk reflection contribution. As shown by the residual and ratio plots, the characteristic
reflection signatures are very prominent in the RXTE band.

the 3-5.5 keV lightcurve following the receipt described in Uttley et al. (2014), through
the timing software software stingray Huppenkothen et al. (2019). In particular
we used 8192 bin per segments and logarithmic binning factor of 1.1. In order to
increase the statistics we stacked the lightcurves in three groups: one with all the
observations between August 31 and September 2, a second one with data collected
between September 14 and 16, and a last one considering the all observations between
September 25 and 27. We note that these epochs have power colours consistent with
each other, indicating that the variability properties of the source are relatively similar
in the three periods chosen. Results are shown in the right panel of Fig. 4.1. Even
though the statistics are poor, we found evidence (≈ 2 − 3σ) for a hard lag between 1
and 10 Hz for all of the early part of the outburst. In the latter epochs, the statistics
are insufficient to detect such a hard lag.
This hard lag is consistent with the standard propagating fluctuations model (e.g.
Lyubarskii 1997), and is a first hint that the X-ray emitting region is located close to
the black hole, rather than downstream (≈ 103 Rg ) in the jet.

4.2.3

X-ray spectral fits

All spectral fits in this work are performed in ISIS version 1.6.2-35 (Houck & Denicola
2000). The data are fit first by running the subplex least-χ squared algorithm to
get close to a good fit, and then by running the emcee Markov Chain Monte Carlo
algorithm (Foreman-Mackey et al. 2013). We use 20 walkers per free parameter for
each chain. All the walkers are initialised uniformly within 1% of the best-fit values
found by subplex. We define the chain as having converged after it reaches the point
when a) the acceptance rate of the chain stabilises and b) the posterior distribution
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is unchanged. This results in chain lengths of typically a few thousand; depending on
the behaviour of the posterior distribution in each fit, taking the initial burn-in period
to be between 30-75% of the chain. We define the value of the best-fitting parameter
as the median of the walker distribution after the chain has converged, as we found
that this produces a better fit to the data than the peak of the posterior. We define
the 1-σ uncertainty as the interval in the posterior distribution which contains 68%
of the walkers, after excluding the burn-in period.
Swift/XRT spectra were re-binned to a minimum signal-to-noise ratio of 20 per
bin in every epoch except on August 31st. In this epoch, due to the lack of statistics,
we only used a minimum signal-to-noise ratio of 10. In every Swift/XRT spectrum
we kept data between 0.5 and 10 keV. RXTE /PCA spectra were re-binned to a minimum signal-to-noise ratio of 4.5 per bin in order to use χ2 statistics. Depending on
the quality of the data, we either considered data between 3 and 20 keV (on October
27th) or 3 and 30 keV (every other epoch). In every epoch we added a 1% systematic
uncertainty to the RXTE /PCA data in order to account for cross-calibration uncertainties. Furthermore, when modelling the RXTE spectra we multiplied the data by
a constant in order to account for the observations not being strictly simultaneous,
as well as any additional cross-calibration uncertainties.
Before applying our physical multi-wavelength model to the entire data set, we
fit the X-ray spectra alone with phenomenological models in order to gain a better
understanding of the broad properties of the system. In particular, we aim to constrain the origin of the coronal X-ray emission. In the framework of a jet-dominated
model, two radiative mechanisms are viable candidates to produce X-ray emission:
inverse Compton scattering of disk and cyclo-synchrotron photons in the jet base, located close to the black hole, or non-thermal synchrotron emission originating further
downstream in the jet. In the former, much stronger reflection features are predicted
than in the latter (Markoff & Nowak 2004); while typical sources favour the inverse
Compton+reflection scenario (e.g. GX 339−4; Connors et al. 2019), exceptions do exist, such as XTE J1118+480 (Miller et al. 2002; Maitra et al. 2009) and XTE J1550-564
(Russell et al. 2010). To first order, one would expect that a low inclination source
like MAXI J1836−194 would be a prime candidate for detection of the non-thermal
synchrotron component, as it originates in regions further out in the jets, that are
more beamed than the jet base.
We first fit the spectra with an (absorbed) comptonisation continuum (nthcomp;
Życki et al. 1999) and a standard accretion disk component (diskbb; Makishima
et al. 1986), with the exception of the October 27th data for which we only use
nthcomp (no disk contribution was found in the soft X-rays). In order to account for
the non-simultaneity of the Swift/XRT and RXTE /PCA observations we included
a multiplicative calibration constant between the data sets; the final syntax of the
model is constant*tbabs*(nthcomp+diskbb) or constant*tbabs*(nthcomp), respectively. We freeze the constant to 1 for the Swift’s/XRT data and leave it free for
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Figure 4.3: Ratio (data/model) and residual (data-model/error) plots for the X-ray spectra of the
source throughout the outburst. On August 31st, October 12th and October 27th the model is in
good agreement with the data. On September 12 and 16, the Swift/XRT spectra appear to require
a softer power-law than the RXTE /PCA ones, resulting in residuals above 10 keV. On September
16 and 26 there are systematic residuals between 4 and 7 keV, likely caused by the simple reflection
model used here. The χ2 /dof are: 52.63/55, 337.98/257, 328.01/224, 121.28/115, 68.68/74, and
44.04/63, respectively.

the RXTE /PCA data. This model fits the soft X-ray data fairly well, but significant
residuals are present around 6 and above 10 keV in every epoch except October 27th;
Fig.4.2 shows this for the data on September 16th. Both of these are clear signs of
reflection, indicating that the source of the X-rays is located close to the black hole
and accretion disk.
We model these signatures with a Gaussian centred at 6.4 keV and the reflect
model of Magdziarz & Zdziarski (1995). The syntax for the final X-ray spectral model
in epochs that show reflection signatures is constant*tbabs*(reflect(nthcomp)+diskbb+
gaussian). This model provides a fair description of the data; the residuals for each
epoch are shown in Fig.4.3 and the best-fitting parameters along with uncertainties
are reported in Tab.4.2. However, in the spectra of September 13, 16 and 26 residual
features remain above 10 keV, and between 4 and 7 keV. We stress that the goal of
these phenomenological spectral fits is simply to constrain the location of the X-ray
emitting region by quantifying the presence or absences of reflection features. These
phenomenological spectral fits favour the inverse Compton scenario, as the reflection
features are very strong, particularly near the peak of the outburst, in agreement with
other works (Reis et al. 2012, Dong et al. 2020). This picture is further strengthened
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Constant
nH 1022
Diskbb Norm (103 )
kTdisk (keV)
nthcomp Norm
Γ
relfrac
Gaussian Norm (10−4 )
Gaussian σ (keV)

Aug 30
1.15+0.07
−0.09
0.38+0.09
−0.07
62+73
−44
0.19+0.03
−0.02
0.27+0.02
−0.03
2.10+0.01
−0.02
0.80+0.11
−0.07
7.2+1.8
−1.3
0.78+0.24
−0.19

Sep 13
0.90+0.01
−0.01
0.36+0.01
−0.01
5.64+0.31
−0.27
0.40+0.01
−0.01
0.77+0.02
−0.03
2.85+0.04
−0.05
2.74+0.40
−0.36
1.8+2.4
−1.3
1.4+2.6
−0.9

Sep 16
0.94+0.01
−0.01
0.396+0.005
−0.005
8.43+0.38
−0.35
0.414+0.004
−0.004
0.27+0.01
−0.01
2.88+0.03
−0.03
3.19+0.34
−0.30
2.1+2.4
−1.5
1.35+1.01
−0.49

Constant
nH 1022
Diskbb Norm (103 )
kTdisk (keV)
nthcomp Norm
Γ
relfrac
Gaussian Norm (10−4 )
Gaussian σ (kev)

Sep 26
1.26+0.02
−0.02
0.36+0.02
−0.02
11.5+4.4
−2.7
0.25+0.02
−0.01
0.32+0.02
−0.02
2.34+0.07
−0.06
2.46+0.54
−0.52
36.9+5.9
−6.2
3.1+0.3
−0.4

Oct 12
1.05+0.02
−0.02
0.35+0.03
−0.06
9.5+6.7
−5.6
0.18+0.02
−0.01
0.12+0.01
−0.02
1.81+0.04
−0.03
0.48+0.18
−0.11
7.4+5.6
−2.9
1.6+0.7
−0.5

Oct 27
0.56+0.02
−0.01
0.31+0.02
−0.01
//
//
0.050+0.002
−0.001
1.69+0.02
−0.02
//
//
//

Table 4.2: Best fitting parameters for our phenomenological fits of the Swift +RXTE spectra.

by our tentative detection of a hard lag in the X-ray lightcurves.

4.3

Multi-wavelength model

Next, we model the six multi-wavelength SEDs with an updated version of the multizone jet model bljet, the full details of the original model are presented in Paper
I. Briefly, bljet originated as an extension of the agnjet model of Markoff et al.
(2005); it is designed to mimic the conservation of energy within the jets similar to
ideal MHD, and now confirmed by GRMHD simulations. In this scenario, the jet is
launched with a high initial magnetisation, and accelerates by converting its Poynting
flux into bulk kinetic energy (e.g., McKinney 2006; Chatterjee et al. 2019). Unlike
agnjet, which is limited to mildly relativistic outflows, the jet in bljet can reach
arbitrarily high Lorenz factors.
The model assumes that a fraction Nj of the Eddington luminosity is injected
at the jet base near the black hole, the resulting internal energy is divided between
magnetic fields, cold protons and thermal leptons. This injection occurs in a region
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characterised by an initial radius r0 , with an aspect ratio h = Rz /z0 = 2 as in papers 1
and 2. The jet then accelerates up to a final speed γf by converting its initial magnetic
field into bulk kinetic energy; this occurs at a distance zacc , where the magnetisation
reaches a value σf ≤ 1. The details of this conversion, via a Bernoulli treatment, and
of the rest of the jet dynamics, are detailed in Paper I.
At a distance zdiss from the black hole, the jet experiences a dissipation region in
which particle acceleration begins. From this point onward, a fraction (which initially
we take to be 10%, as in Paper I and Lucchini et al. 2019a) of the leptons is channelled
in a non-thermal tail. Following paper 1, we set zdiss = zacc in order to reduce the
number of free parameters.

4.3.1

Particle distribution

Previous versions of agnjet and bljet assumed the particle distributions were always
relativistic and thus calculated in energy space, meaning that the leptons are assumed
to have an energy Ee and a corresponding Lorenz factor:
γe = Ee /me c2 ;

(4.1)

the lepton particle distribution was defined as N (Ee ). This approximation is appropriate in the relativistic regime (γe  me c2 , implying Te  511 keV), but it is
incorrect if the electron temperature is non-relativistic, thus in older versions the
minimum temperature allowed was ∼ 511 keV.
In this work, we have updated the calculations to be in momentum space in order to
treat both relativistic and non-relativistic particle distributions. Similar to Ghisellini
et al. (1998), we describe the leptons starting from their relativistic momentum pe ,
which corresponds to a Lorenz factor:
p
γe (p) = %2 + 1,
(4.2)
where % = p/me c2 is the electron momentum in units of me c. Unlike equation 4.1,
this expression is valid in both the relativistic (pe  me c2 , or γe (p)  1) and nonrelativistic (pe ≤ me c2 , or γe (p) ≈ 1) regimes. For the rest of this section, we will
drop the subscript e, implicitly assuming that γ and %, as well as the temperature Te
and number density ne , refer to leptons; we also use γ and p interchangeably, as one
is unequivocally determined by the other through equation 4.2.
As in older versions of the model, we assume that up to zdiss within the jet base,
the particle distribution remains thermal and that the jet is isothermal, meaning that
adiabatic losses are neglected and therefore T is unchanged. In this inner jet region,
the particle distribution is described by the Maxwell-Jüttner distribution:
N (γ) = n%2 e−

γ(%)
θ

,

(4.3)
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where n is the total lepton number density and θ = kT /me c2 the dimensionless
temperature.
Beyond zdiss , where we assume non-thermal particle acceleration begins, we calculate the radiating particle distribution by solving the steady state continuity equation
along the length of the jet:
R
Q(γ)dγ
N (γ) =
,
(4.4)
γ̇ad + γ̇rad
where Q(γ) is the injection term, γ̇rad is the radiative loss term and γ̇ad is the adiabatic
loss term. The injection term Q(γ) is assumed to be a mixed distribution, composed
by a Maxwell-Jüttner thermal distribution plus an exponentially-cutoff power-law tail:

Q(γ) =

nth 2 − γ(p)
% e θ
tinj

γp < γmin,pl

nth 2 − γ(p)
npl −s − γ(p)γ(p)


max,pl
% e θ +
% e

tinj
tinj

γp ≥ γmin,pl






(4.5)

where s is the slope of the injected power-law, nth is the number density of the
thermal particles, npl is the number density of non-thermal particles, and the two
are normalised such that the total lepton number density n is always n = nth + npl .
The injection time is defined as tinj = r(z)/c, where r(z) is the radius of the jet and
c the speed of light. γmin,pl = hγth (θ)i is the minimum of the non-thermal particle
distribution, which is always assumed to be equal to the average Lorentz factor of the
thermal distribution for a given dimensionless temperature θ. γmax,pl is the maximum
Lorentz factor; it is calculated identically to paper 1; for completeness this derivation
is reported below. s is the slope of the non-thermal tail in the particle distribution.
The radiative loss term is defined as:
γ̇rad =

4σt cUrad 2
γ ,
3me c2

(4.6)

where σt is the Thomson cross section. In this paper, the radiative energy density
Urad includes only the synchrotron term, such that Urad = Ub . This is because at the
distances over which particle acceleration occurs (≈ 103 − 106 Rg ) radiative cooling is
dominated by cyclo-synchrotron, and the disk contribution is negligible.
The adiabatic loss term is defined as:
γ̇ad =

βeff c
γ,
r

(4.7)

where βeff is the effective expansion speed of the jet. If the jet is purely isothermal then
adiabatic losses are assumed to be entirely balanced by some acceleration mechanism,
and thus γ̇ad = 0 and only radiative losses are present. When this happens, the
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observed slope of the steady-state non-thermal particle distribution will be p = s + 1
for every electron Lorenz factor γ. If the jet is purely adiabatic rather than isothermal,
then no re-acceleration is present and βeff is the true expansion speed of the jet; this
may or may not dominate over radiative cooling, depending on the particle energy. In
practice, the true value of βeff is somewhere between these two extremes, and allows
one to fine-tune the break in the particle distribution as we did in Paper 1 (in that
work, fb = β(z)/βeff , where β(z) is the jet speed along the z-axis).
The calculation of the maximum electron energy is unchanged from previous versions. We define the particle acceleration time-scale as:
tacc =

4γme c
,
3fsc eB(z)

(4.8)

where e is the charge of the electron, B(z) the magnetic field strength along the jet,
and fsc is a free parameter (described in Jokipii 1987) that quantifies the efficiency
of particle acceleration, originally in terms of a relative shock velocity and ratio to
scattering mean free path, but now this is grouped into a single parameter. The
maximum energy of the injected particles γmax,pl is found by solving:
−1
−1
t−1
acc = tad + trad ,

(4.9)

where tad and trad are the timescales derived from equations 4.6 and 4.7 respectively.
This results in a maximum injected Lorenz factor:

γmax,pl (z) =

4.3.2

−3me c2 βeff
8σt Urad (z)r(z)
s
2
1
3fsc eB(z)
−3me c2 βeff
+
+
2
4σt Urad r(z)
4σt Urad

(4.10)

The role of pairs

The second update to bljet presented in this paper consists of a more thorough
calculation of the pair content of the jets; previously, bljet only considered jets
which contain one proton per electron. Abandoning the assumption of one pair per
electron requires a change in the equipartition conditions of the plasma injected at
the jet base, compared to Paper 1. Similarly to Paper 1, we define the power injected
in the jet as:
Nj = γ0 β0 cπR02 (Ub,0 + Up,0 + Ue,0 ) ,

(4.11)

where γ0 is the initial jet Lorentz factor, β0 the initial jet speed in units of c, R0
the radius of the jet base, Ub,0 = B 2 /8π the energy density in magnetic fields in
the jet base, Up,0 = np mp c2 the energy density of the (cold) protons injected in the
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Figure 4.4: Jet pair content as a function of initial plasma-β βe,0 , for both mildly and highly
magnetised jets (σ0 = 3 and 10, respectively), for Te = 135 keV, corresponding to hγi ≈ 1.5.

jet, Ue,0 = ne hγime c2 the energy density of the injected (hot) electrons. We define
the pair content of the jet as η = ne /np . As in Paper 1, we wish to describe how
these three components are related to each other in order to fully describe the energy
budget of the jet. We define the initial magnetisation σ0 as:
σ0 =

Ub,0 + Pb,0
2Ub,0
=
,
Up,0 + Ue,0 + Pe,0
Up,0 + Γad Ue,0

(4.12)

where Γad is the adiabatic index of the hot electrons; for simplicity we always
take Γad = 4/3. As long as the electrons do not dominate the energy budget, this
approximation (and in general, the electron population) has negligible impact on the
jet dynamics. Next, we define the plasma-β parameter at the jet base as:
βe,0 =

Ue,0
.
Ub,0

(4.13)

The pair content η is determined by the values of σ0 and βe,0 , as well as the electron
average Lorentz factor hγi and does not depend on any other quantities like black
hole mass or injected power. This can be shown by solving equation 4.13 for Ub,0 and
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solving equation 4.12 for η:
σ0 =

2Ue,0 /βe,0
2ηhγinp me c2
=
,
Up,0 + Γad Ue,0
βe,0 (np mp c2 + Γad ηhγinp me c2 )

(4.14)

which gives
η(βe,0 , σ0 ) =

mp
βe,0 σ0
.
hγi(2 − Γad βe,0 σ0 ) me

(4.15)

This expression has two critical values, beyond which the the combination of σ0 and
βe,0 results in a charged, un-physical jet. The first critical value occurs when
βe,0 ≥ 2/(Γad σ0 );

(4.16)

in this case equation 4.15 forces the pair content of the jet to be a negative value.
The second critical value is
βe,0 =

2hγi
;
σ0 (mp /me + hγiΓad σ0 )

(4.17)

in this case, the jet contains exactly one electron per proton, and no pair content is
necessary. Within these two critical values, the pair content of the jet for a given
initial magnetisation is explicitly determined by βe,0 . This is shown in Figure 4.8; the
magnetisation essentially sets the normalisation of the relation between η and βe,0 .
We note that in the near-relativistic regime which this paper focuses on, hγi ≈ 1 − 3
and therefore the impact of the electron temperature on the pair content is far smaller
than that of βe,0 and σ0 .

4.3.3

Optically thick spectral shapes

The final update to bljet presented in this paper is a simple parametrisation designed
to allow more flexibility in fitting optically-thick spectra from compact jets.
The radio spectrum of MAXI J1836-194 was highly inverted rather than slightlyinverted/flat throughout its outburst (Russell et al. 2015), with spectral indexes ranging from α = 0.19 to α = 0.70 (where F (ν) ∝ ν α ). This behaviour cannot be captured
by the simple assumption made in the last version of bljet of a conical, isothermal
jet, which produces a strictly flat radio spectrum (F (ν) ∝ ν 0 , Blandford & Königl
1979), or in the quasi-isothermal treatment in agnjet (see, e.g. Crumley et al. 2017).
The optically-thick slope is set by the details of the balance between particle acceleration and cooling. bljet does not capture these details self-consistently, as this
would require a full Fokker-Planck treatment linking particle acceleration and cooling
to the jet geometry and dynamics.; therefore, we introduced a phenomenological free
parameter in the particle distribution to gradually reduce the emissivity along the
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Figure 4.5: Effect of the fpl parameter on the radio emission. The two SEDs show the difference
between jets with different powers (Nj = 4 · 10−2 LEdd and Nj = 8 · 10−2 LEdd , respectively) and
different values of fpl ( fpl = 0 and fpl = 10, respectively). Both SEDs assume Mbh = 10 M ,
D = 7 kpc, Te = 100 keV, r0 = 10 Rg , zdiss = 103 Rg , Ldisk = 2 · 10−2 LEdd . The dashed green and
dotted purple lines represent non-thermal synchrotron and inverse-Compton emission, respectively;
the dotted cyan and continuous thick blue lines represent thermal cyclo-synchrotron and inverseCompton emission from the jet base, respectively; the continuous thin red line the emission from the
disk.

jet z-axis. We produce inverted radio spectra by changing the fraction of electrons
channelled in the non-thermal tail along the length of the jet:

f
log10 (zdiss ) pl
nnth (z) = nnth,0
(4.18)
log10 (z)
where nnth,0 = 0.1 is the fraction of particles channelled into the non-thermal tail
at zdiss , z is the distance from the black hole, and fpl is a free parameter which we
fit to the data in order to match the optically thick spectral shape. Higher values
of fpl suppress the number density of non-thermal particles, mimicking the effect of
additional adiabatic cooling and/or reduced particle acceleration, that can hopefully
guide the implementation of more physical treatments in future work.
A limitation of this phenomenological approach comes from estimating the jet
power by modelling exclusively the optically-thick radio flux densities. This is highlighted in Figure 4.5. Suppressing the emission from the outer jet in order to invert
the radio spectrum can lead to a counter-intuitive regime: due to the shape of the
optically-thick spectrum, a less powerful, flat-spectrum jet can produce more radio
emission than a more powerful, inverted-spectrum one. A similar behaviour would
also emerge from a more self-consistent treatment, in which the radio spectrum is inverted with an additional loss term in the Fokker-Planck equation. Either treatment
essentially quantifies how much of the jet initial power is converted in radio emission.
The goal of this paper is to first quantify this behaviour, before implementing a more
self-consistent treatment in future works.
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4.3.4

Model parameters

The focus of this work is to probe the connection between the accretion disk, jet base,
and outer compact jet as the source evolves through its outburst; as such, we froze
parameters that can be estimated by observations (such as black hole mass), do not
greatly impact the SED (such as the location of the cooling break or the outer disk
radius), or introduce large amounts of degeneracy (such as the pair content).
We assume a black hole mass of 10 M , a distance of 7 kpc, and a viewing angle
of 10◦ (Russell et al. 2014b, Russell et al. 2014a).
X-ray binary jets are believed to be only mildly relativistic, thus we take γf =
3 (Fender et al. 2004). Constraining the value of σf is harder due to modelling
degeneracies, particularly in the case of X-ray binary jets in which the non-thermal
inverse Compton emission of the jets is not detected. Theoretical models however
predict that the magnetisation will continue to decrease as the jet accelerates, until
the jet either reaches equipartition or is slightly matter-dominated (e.g. Tchekhovskoy
et al. 2009, Komissarov et al. 2009, Ceccobello et al. 2018, Chatterjee et al. 2019).
With some exceptions, blazar jets also appear to either be close to equipartition or
be somewhat matter dominated (e.g. Ghisellini et al. 2014, Paper 1). Therefore, we
fix σf = 0.1 in all of our fits.
Similarly to Lucchini et al. (2019a), but unlike Paper 1, we find that no additional
heating of the electrons is necessary to match the data. Therefore, we fix fheat = 1.
In practice, this means that the minimum Lorenz factor of the non-thermal electron
distribution is γmin ≈ 1. The maximum and break energies of the electron distribution
are not well constrained. As such, we take fsc = 0.1 and βeff = 0.1. This results in
γmax ≈ 106 along the jet, varying by a factor of ≈ a few with the distance from the
black hole. Physically, this means we do not make any a-priori assumption on the
radiative mechanism responsible for the X-ray emission, and allow the non-thermal
synchrotron emission to extend above the RXTE /PCA band.
The pair content has a large effect on the SED, changing its normalisation and the
relative importance of Comptonisation. Unfortunately, this effect is almost entirely
degenerate with the effect of the injected jet power. As such, we set a pair content
of ≈ 20 pairs per proton (changing slightly depending on temperature), giving βe,0 =
0.02085. This results in jet powers roughly on the order of the accretion luminosity;
on the other hand, taking one electron per proton requires unreasonable values of the
injected jet power. We discuss this choice further in Section 4.4.
Assuming a standard Shakura-Sunyaev temperature profile T (R) ∝ R−3/4 , the
emission from the outer disk is sub-dominant at every wavelength, hence we always
take Rout = 105 Rg . However, on September 13 and 16 (near the peak of the outburst)
we found in preliminary fits that the spectral shape and luminosity, particularly in the
UV, can not be matched by cyclo-synchrotron emission from the jet base. Therefore,
we include an additional black body peaking at optical/UV wavelengths, likely due
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Fixed Parameter
Mbh = 10M
D = 7 kpc
θ = 10◦
γf = 3
σf = 0.1
fsc = 0.1
βeff = 0.1
βe,0 = 0.02085

fheat = 1
Rout = 105 Rg
Fitted Parameter
Nj (LEdd )
r0 (Rg )
zdiss (Rg )
Te (keV)
fpl
s
Ldisk (LEdd )
rin (Rg )
Tbb (K)
Lbb (ergs−1 )

Description
Mass of the black hole
Distance to the source
Source inclination
Terminal jet Lorenz factor after bulk acceleration
Final jet magnetisation after bulk acceleration
Particle acceleration efficiency
Adiabatic cooling efficiency
Initial plasma-β at the jet base; sets the pair content. Corresponds to ≈ 20 pairs per proton with γf = 3, Te ≈ 100 keV
and σ0 ≈ 2
Shock heating parameter
Disk outer radius
Description
Power injected in the jet base
Jet base radius
Location where particle acceleration in the jet starts
Electron temperature at the base of the jet
Additional loss parameter to set the radio spectral index
Slope of the injected non-thermal particle distribution
Disk luminosity
Disk truncation radius
Optical excess black body temperature
Optical excess black body luminosity

Table 4.3: Summary of the parameters of bljet. The parameters in the top block are frozen, as
they can be estimated a-priori or do not impact the SED. The parameters in the bottom block,
shown in bold font, are kept free and fitted to the data.

to disk irradiation. This is analogous to the models in Russell et al. 2014a and Péault
et al. 2019. In every other epoch this contribution is negligible compared to the jet,
and thus we choose to neglect it to reduce the number of free parameters.
In summary, our disk+jet model has up to 13 free parameters: 6 relating to
the jet, 4 to the accretion flow, and 3 to the reflection component. These are: the
injected jet power Nj , the jet base radius r0 , the temperature of the electrons at
the base Te , the location of particle acceleration zdiss , the slope of the accelerated
power-law s, the (radio) spectral shape parameter fpl , the disk luminosity Ldisk , the
disk inner radius rin , the black body luminosity Lbb , the black body temperature
Tbb , the reflection fraction, and the normalisation and with of the Gaussian. The
additional black body is only present on September 13 and 16, and the accretion disk
and reflection components are absent on October 27.
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Nj (10 LEdd )
r0 (Rg )a
zdiss (Rg )
Te (keV)
pldist
s
Ldisk (10−2 LEdd )
rin (Rg )a
Lbb (1036 ergs−1 )a
Tbb (104 K)a
relfrac
Gaussian norm (10−4 )
Gaussian σ (keV)

Aug30
4.3+0.3
−0.4
18.6+1.4
−1.3
5
7.4+1.8
−2.6 · 10
+4
126−4
15.3+1.5
−2.9
2.15+0.08
−0.06
0.64+0.04
−0.03
15.6+0.5
−0.4
//
//
1.05+0.11
−0.10
2.8+2.2
−1.6
1.0+1.6
−0.7

Sep 13
4.2+0.3
−0.2
25.3+1.0
−1.1
5
1.8+0.9
−0.5 · 10
+4
70−5
5.0+0.7
−0.7
2.55+0.10
−0.05
2.27+0.02
−0.02
14.0+0.2
−0.1
1.0+0.2
−0.1
1.9+0.2
−0.1
1.6+0.2
−0.2
9.7+3.5
−2.9
0.4+0.3
−0.2

Sep 16
3.6+0.3
−0.3
25.3+1.0
−1.1
5
1.5+0.9
−0.6 · 10
+10
52−7
3.4+0.9
−1.0
2.55+0.06
−0.07
2.44+0.04
−0.03
14.0+0.2
−0.1
1.0+0.2
−0.1
1.9+0.2
−0.1
3.8+0.7
−0.8
22+7
−9
2.1+0.4
−0.4

Nj (10−2 LEdd )
r0 (Rg )a
zdiss (Rg )
Te (keV)
pldist
s
Ldisk (10−2 LEdd )
rin (Rg )a
Lbb (1036 ergs−1 )a
Tbb (104 K)a
relfrac
Gaussian norm (10−4 )
Gaussian σ (keV)

Sep 26
3.7+0.3
−0.3
18.6+1.4
−1.3
5
4.0+0.5
−0.5 · 10
+7
114−7
19.5+1.0
−0.7
2.10+0.04
−0.04
0.74+0.02
−0.01
15.6+0.5
−0.4
//
//
1.4+0.2
−0.1
25+10
−10
4.6+1.3
−0.9

Oct 12
7.7+1.1
−1.1
17.5+2.5
−2.6
4
6.6+1.2
−1.1 · 10
+5
101−3
18.1+1.3
−1.3
2.45+0.06
−0.07
0.15+0.01
−0.01
12.8+1.9
−1.6
//
//
0.6+0.1
−0.1
12.0+6.0
−5.0
2.0+0.8
−0.6

Oct 27
6.2+2.4
−2.2
12.0+4.5
−3.7
3
2.5+0.7
−0.5 · 10
+18
126−8
7.5+0.5
−0.5
3.0+0.2
−0.2
//
//
//
//
//
//
//

−2

Table 4.4: Summary of the best-fitting parameters for each fit (individual for the October data,
jointly for the other epochs), using bljet for the continuum.
a

: Tied over Aug30/Sep26 and/or Sep13/Sep16.
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Figure 4.6: Best fit of each SED; August 30 and September 26, and September 13 and 16 have been
fitted jointly, while the October epochs are fit individually. The thick continuous dark line represents
the total model, the thin continuous line represents the non-thermal synchrotron emission, the thin
dashed line the inverse-Compton emission from the jet base, the thin dotted line represents the
thermal cyclo-synchrotron emission from the jet base, the dot-dashed and double dot-dashed lines
represent the optical black body excess and accretion disk, the triple dot-dashed line represents
reflection.

4.3.5

Joint fits

We initially modelled each SED independently; while the model reproduced the data
very well, we found significant degeneracies in the posterior distributions of the parameters. In order to address these issues we combined timing and spectral information,
and performed joint fits of SEDs that had similar power-colours. As shown in Fig.4.1,
these are September 13/14 and 16, around the peak of the outburst, and August 30/31

104

i

i
i

i

i

i

i

i
4.4 Discussion

and September 26, close to the HS to HIMS and HIMS to HS transitions, respectively.
For each of these epochs we take the geometrical parameters of the X-ray emitting
regions to be the same; in the case of our model, this means tying the disk truncation
radius rin and the jet base radius r0 . The best fitting results for the joint (on August
30 and September 26, and September 13 and 16) and individual (October 12 and
October 27) fits are reported in Tab.4.4, and all the SEDs are shown in Fig.4.6. In
every epoch we find that the model is in excellent agreement with the data.

4.4

Discussion

The main result of our modelling is that in every epoch the full broad-band SED can
be fitted by the disk+jet emission, without the need to invoke additional contributions
from an additional coronal region as in Connors et al. (2019). This demonstrates that
the coronal emission in these observations can in principle be closely related to the
base of the jets, provided that the emitting particle distribution remains in the mildlyrelativistic regime (Te ≤ 500keV) as might be expected from the inner hot accretion
flow, and the optical depth is large enough to produce hard Comptonisation spectra.
In all of our models we find that τ ≈ 0.01 − 0.1 (depending on the values of r0 and
Nj ), resulting in Γ ≈ 1.7 − 2.5. Most importantly, we find that epochs with similar
X-ray power spectra can be fit with similar geometries for the emitting region.
During most epochs of the outburst, the main radiative mechanism responsible for
the X-ray emission is inverse-Compton scattering of disk photons in the jet base; however, this slowly evolves during the latter two epochs of the outburst, which are harder
and fainter than the first four. For October 12 we find that inverse Comptonisation of
cyclo-synchrotron photons produced in the jet base (SSC) accounts for ≈ 10% of the
coronal continuum; by October 27 the disk is not detected in the soft X-ray anymore,
and as its luminosity increases SSC becomes the main channel of Comptonisation.
Near the peak of the outburst in mid-September, we find very strong reflection features, which dominate over the continuum; in other epochs (again, with the exception
of October 27) reflection is still present, but much weaker. We find the extent to which
reflection dominates over the continuum at energies ≥ 10 keV does not depend on the
continuum model chosen, and is observed both in the phenomenological fits using
nthcomp, and in the broadband fits using bljet. This is in agreement with the more
sophisticated reflection modelling in Reis et al. (2012) and Dong et al. (2020).
In the optical/ultraviolet bands we also find that the radiative mechanism changes
during the outburst. During the HSs in October, and the HS/HIMS transitions states
on August 30 and September 26, we find that the data can be represented fairly well
by cyclo-synchrotron emission originating in the jet base. However, this mechanism
under-predicts the UV flux of the source during the two HIMS states at the peak of the
outburst. Furthermore, during these epochs the optical/UV data showed an upturn,
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Figure 4.7: Evolution in the jet base radius (left panel) and location of the start of particle
acceleration (right panel) with power spectral hue, from our broadband fits.

becoming brighter at higher frequencies, which our model can not easily reproduce.
This is in agreement with Russell et al. (2014a).

4.4.1

An evolving jet during the outburst

Figure 4.7 shows the evolution of the jet dynamical properties, defined by the jet
initial radius r0 and the particle acceleration distance zdiss , throughout the outburst,
as a function of power-spectral hue (defined as the angle between the coloured and
grey lines in the left panel of Figure 4.1). Intriguingly, both parameters appear to be
correlated with the hue, which is a tracer of X-ray variability properties.
The changes in jet base radius can be understood in terms of optical depth. As
the outburst progresses from the HS to the HIMS, the power-law continuum softens.
As the temperature in the jet base is only changing by a factor of ≈ 2 at most (see
table 4.4), one natural way to soften the Comptonisation spectrum is to reduce the
optical depth by increasing the size of the emitting region. Such a trend is in broad
agreement with recent GRMHD simulations of thin disks. Liska et al. (2019) found
that compared to the standard thick disk scenario, a thin disk can still launch and
collimate a powerful jet; however, compared to a thick ADAF-type disk, a thin disk
exerts a lower pressure on the jet edge, leading to a wider outflow. A change in the
initial jet collimation would naturally lead to the behaviour we found in our fits, where
harder, fainter states with low hue (presumably close to a higher scale-height ADAFtype disk) favour smaller jet bases, while bright intermediate states with large hue
require more extended emitting regions. We also note that Dong et al. (2020), who
modelled the reflection spectra of the source near the peak of the outburst, favour an
extended corona over a compact lamp-post geometry, in agreement with our scenario.
Interestingly, the trend we observe of the corona/jet launching becoming wider
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(and more optically thin) appears to be unlike what is observed in other sources.
Kara & et al. (2019) found that the reverberation lags in MAXI J1820+070 become
shorter as the source transitioned towards the soft state, while the iron line remained
unchanged (and broad); they interpret this behaviour as the corona contracting during the state transition. Vincentelli et al. (2019) found that in the HS of GX 339−4
the IR power spectra evolved more slowly than the X-ray power power spectra, suggesting that the size of the jet launching region remains constant as the source evolves
during the HS. However, we (also) notice that these results were found (with different methods and) during different phases of the outbursts, therefore a quantitative
comparison between these estimates is not straightforward.
The (weaker) correlation between the X-ray variability properties and the particle
acceleration location zacc is less intuitive. We also note that due the relatively poor
constraints available on the break frequency on September 14 and 16 (Russell et al.
2014a), this second result should be interpreted with additional care. However, the
existence of such a correlation is not entirely unexpected, as the disk and jet are
coupled to each other. From a purely hydrodynamical point of view, one way to
explain such a correlation is to assume that propagating fluctuations in the accretion
flow, which set the shape of the power spectrum (Ingram & Done 2011, Ingram & van
der Klis 2013, Rapisarda et al. 2014, Rapisarda et al. 2016), also set the details of the
internal shocks powering particle acceleration (Malzac 2013). This could naturally
lead to the observed correlation. However, such a scenario does not account for the
role that magnetic fields play in determining the dynamics of accretion flows and
outflows. From a magneto-hydrodynamics point of view, the location of particle
acceleration may be associated with the modified fast point (MFP) of the jet, which
can be understood as the location beyond which the outflow ceases to be causally
connected with the black hole (e.g. Vlahakis & Königl 2004). In simplified, ideal MHD
treatments, the location of the MFP can be uniquely determined when the conditions
at the base of the jet are specified (e.g. Polko et al. 2010, Polko et al. 2013, Polko et al.
2014, Ceccobello et al. 2018). In this sense, a change in the physical conditions at the
base of the jet and/or innermost regions of the accretion flow (which are probed by
X-ray variability), resulting in changed physical properties of the jet-launching region,
would naturally lead to different locations of the MFP. Regardless of origin, this new
empirical trend provides an interesting benchmark for more complicated numerical
studies of dissipation (e.g. Chatterjee et al. 2019).

4.4.2

Pair loading in the jet

As mentioned in section 4.3.4, in every fit we fixed the initial plasma-β parameter
βe,0 = 0.02085, resulting in a roughly constant pair content of ≈ 20 pairs per proton.
We chose this target ratio based on a comparison of the energetics of the jet and disk
emission. We note that this is an ad-hoc assumption we made purely to reduce the
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Figure 4.8: Example jet SEDs for different jet powers and pair contents, demonstrating the model
degeneracy between jet power, pair content and jet base geometry. For the top left SED, Nj =
4 · 10−2 LEdd , r0 = 10 Rg , and 20 pairs per proton are injected in the jet. The top right SED
uses the same jet power and jet base radius, but one pair per proton. The bottom left SED uses
one proton per electron, Nj = 4 · 10−1 LEdd , and r0 = 10 Rg . Finally, the bottom right SED uses
Nj = 4 · 10−1 LEdd , and r0 = 4 Rg . The dashed green and dotted purple lines represent non-thermal
synchrotron or inverse-Compton emission; the dotted cyan and continuous thick blue lines represent
thermal cyclo-synchrotron or inverse-Compton emission from the jet base; the continuous thin red
line the emission from the disk.

model’s degeneracy; however, it has important consequences for the energetic balance
of inflowing vs outflowing material.
In the framework of a leptonic model, assuming one cold proton per radiating electron leads to the highest possible jet power for a given observed jet luminosity. Such
an assumption leads to reasonable energy budgets in canonical blazars; for example,
Ghisellini et al. (2014) found that the jet power is on the order of, but slightly higher
than, the disk luminosity. A large pair content in the jets in Flat Spectrum Radio
Quasars is also disfavoured because of the effect that radiation pressure would have
on the outflow dynamics (Ghisellini & Tavecchio 2010).
In our modelling we found, however, that assuming a low pair content in the
jet (η ≤ 20) leads to uncomfortably high energy requirements in the jet. Since the
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jet emission of this source is not significantly different from other XRBs, a similar
conclusion would also apply to the XRB population as a whole. This discrepancy
in required power is illustrated in Figure 4.8, which shows the jet+disk SEDs for a
constant disk luminosity Ldisk = 2 · 10−2 LEdd , while varying the jet power and matter
content. If the jet carries ≈ 20 pairs per electron, the jet power required to produce
a “typical” SED (in terms of radio and X-ray luminosities) is Nj = 4 · 10−2 LEdd , as
shown in the left panel; this value is comparable to the disk luminosity, as inferred
for blazar jets, and comfortably sub-Eddington as expected for HS XRBs. Instead, if
the jet carries one proton per electron, as shown in the right panel, the required jet
power to produce a typical BHXB SED is Nj ≈ 4 · 10−1 LEdd , 20 times higher than
the disk luminosity.
Jet powers in excess of the accretion power can be achieved through the BlandfordZnajek process (Blandford & Znajek 1977); however, GRMHD simulations find that
the efficiency of such a process is on the order of a few at most (e.g. Tchekhovskoy et al.
2011), far lower than the (conservative) factor ≈ 20 estimated above. Despite the large
uncertainties arising from directly comparing GRMHD simulations to observations, to
date this is the best estimate of the efficiency of the Blandford-Znajek process. These
energetic considerations imply one of two things: either black hole X-ray binaries are
far more efficient at launching jets than blazars are, or the composition of the plasma
of the outflows in the two classes of sources is different, with XRBs carrying more
pairs than AGN.
One possible explanation is that the energy densities near the black hole scale
inversely with black hole mass, similarly to the peak temperature of an accretion disk,
for a fixed Eddington accretion power. Such an increase could lead to an increased
efficiency in pair-production processes near the black hole. This scaling can be shown
by once again inverting equation 4.11 to solve for the energy density:
Utot =

Nj
πγ0 β0 cr02

= 1.4 ∗ 10

17



Nj
1.26 ∗ 1038 erg s−1



1.5 ∗ 105 cm
r0

2
.

(4.19)

Taking Nj = 10−2 LEdd and r0 = 10 Rg , resulting in Utot = 1.4 ∗ 1012 erg cm−3 for a
10 M black hole, and Utot = 1.4 ∗ 104 erg cm−3 for a 109 M black hole. Therefore,
for a given energy budget in dimensionless Eddington units, the energy density near
a stellar-mass black hole is typically ∼ 8 orders of magnitude larger than that near
a large supermassive black hole. Higher energy densities in physical units would
naturally lead to an increase of pair-production processes near the black hole (e.g.
Neronov & Aharonian 2007, Mościbrodzka et al. 2011, Broderick & Tchekhovskoy
2015). This in turn could naturally result in XRB jets being more pair-loaded than
AGN jets.
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4.4.3

Implications of a jet-dominated model

Our proposed scenario for the evolution of the broadband SED of jet-dominated
sources makes three predictions:
1) In the harder states, if the cyclo/synchrotron emission of the jet base is brighter
than both the companion star and accretion flow, the optical and X-ray emission
should be strongly correlated, and both should vary on similar timescales, as both
originate in the same region near the black hole. As the source softens and disk
irradiation dominates over the cyclo-synchrotron emission of the jet base/corona, the
optical should become less variable, and uncorrelated with the hard X-ray power-law.
2) In the intermediate states, the seed photons for inverse Compton scattering
originate in the disk, while in harder states, they originate in the jet base itself. In
the first regime, the jet base/corona should react to changes both in the accretion
luminosity (which affects the seed photons) and accretion rate, which should impact
the mass loading of the jet. In the second case, only mass loading is important, as seed
photons are produced locally. These two scenarios would lead to different pivoting
behaviour of the X-ray powerlaw, leading in turn to a change in the shape of the
reverberation lags (Mastroserio et al. 2018).
3) In states closer to quiescence, as the jet power drops, the optical depth should
also drop. This can be shown by estimating the dependence of the optical depth in
the jet base as a function of jet power and initial jet radius:
τ = ne r0 σt

(4.20)

where ne is the electron number density in the jet base, r0 its radius, and σt is the
Thomson cross section. We can write ne as a function of the jet power starting from
equation 4.11:
Nj = πr02 γ0 β0 c (Ue + Ub + Up )


1
1
2
3
= πr0 γ0 β0 ne me hγic 1 +
+
βe,0
κp,0

(4.21)

where hγi ≈ a few is the average Lorentz factor of the electrons, βe,0 = Ue /Ub and
κp,0 = Up /Ue . By making the simplifying assumption that hγi ≈ 1, βe,0 = Ue /Ub and
κp,0 = Up /Ue do not change by factors of more than a few as the jet power varies, we
find:
ne =

Nj

1+

πr02 γ0 β0 me hγic3

1
βe,0

+

1
κp,0

∝

Nj
r02

(4.22)

and therefore the optical depth scales as:
τ ∝ ne r0 ∝

Nj
.
r0

(4.23)
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The size of the jet base is unlikely to ever become smaller than ≈ 1 Rg , so as the jet
power drops at some point the outflow will become increasingly more optically thin,
leading to softer Comptonisation spectra. While this can be offset by an increase
in temperature, the spectrum of an optically-thin, hot corona is not a power-law,
but carries some intrinsic curvature. If a power-law spectrum is to be maintained
down to quiescence, therefore, an additional component should become the dominant
source of hard X-ray photons - for example, non-thermal synchrotron emission from
downstream in the jets. This will also have an impact on the variability of the X-ray
continuum, as both the radiative mechanism and emitting region will have changed
dramatically from a typical bright hard or hard-intermediate state. Finally, we note
that similar conclusions could be drawn in a scenario in which the X-ray powerlaw
originates in the RIAF, by replacing Nj in equation 4.21 with the accretion rate Ṁ .
To summarise, our jet model predicts that both the characteristics of the X-ray
variability should show distinct patterns at different stages of the outburst, tracing the
radiative mechanism responsible for the emission in different wavelengths. Furthermore, correlated X-ray and optical variability could be used to discriminate between
the latter originating in the accretion flow, companion star or jet base.

4.5

Conclusion

In this paper we have presented an extension of the bljet multi-wavelength, steadystate jet+disk model, and modelled six quasi-simultaneous, multi-wavelength SEDs
of the BHXB MAXI J1836−194. bljet was initially designed to model the SEDs of
blazar jets, starting from the agnjet model (Markoff et al. 2001, 2005) which instead
was limited to low-luminosity AGN and BHXBs. Here, we have shown that the
bljet formalism can be used to fit the broad-band SED of hard and HIMS states in
X-ray binaries. Furthermore, we combined spectral and timing information in order
to provide a more self-consistent picture of the system throughout its outburst.
We found that in a regime in which the electrons are mildly or non-relativistic at
the base of the jet (Te ≈ 100 keV), this region of the system can produce a powerlaw coronal continuum by inverse Compton up-scattering either disk-photons (during
bright hard and intermediate states), or local cyclo-synchrotron photons (during more
faint HSs). We find that the corona/jet launching region is relatively compact, with
radii of ≈ 8 − 25 Rg ; we do not require any additional spectral component to account
for the power-law X-ray continuum emission. In our model, if the outflow carries a
mild pair content (≈ 20 per proton) we find that the jet power is on the order of,
but slightly higher than, the accretion luminosity. A proton-heavy jet carrying no
pairs and one proton per electron can in principle reproduce the data, but in this case
the jet power required is about 20 times higher than the accretion luminosity; these
energetic constraints therefore favour the pair-loaded scenario.
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Our fits indicate that the geometrical properties of the jet are evolving throughout
the outburst and are correlated with the shape of the X-ray power spectrum. We find
that during softer HIMS states the jet base widens, while the location of particle
acceleration in the jet moves downstream, away from the black hole. Vice versa,
harder states require more compact jet launching regions and particle acceleration
occurring closer to the black hole. We propose that this is caused by a change in
the physical conditions at the base of the jet, which cause a variation in both the
X-ray variability and jet structure. Such a change in the jet launching conditions
could arise, for example, in differences in the collimation environment near the black
hole. Recent GRMHD simulations (e.g, Chatterjee et al. 2019; Liska et al. 2019) are
in broad agreement with this picture.
Our work shows that combining physically-motivated models, advanced fitting
techniques and different observables is a powerful tool to better understand the poorly
understood physics of the disk-jet coupling in accreting black holes. In particular, the
correlations between timing and spectral properties we have outlined require a timedependent model to be investigated in depth. This will be the subject of future
works.

Appendix: Radiation calculations
We include a truncated Shakura-Sunyaev disk (Shakura & Sunyaev 1973), using the
simplified boundary condition (Kubota et al. 1998) to calculate the normalisation.
The disk is parametrised by an inner truncation radius rin and luminosity Ld ; the
temperature therefore is:

Tin =

Ld
2
2σsb rin

1/4
,

(4.24)

where σsb is the Stefan-Boltzmann constant. We take the disk height at each radius
r to be:
H = max(0.1, Ld /LEdd ) × r,

(4.25)

where LEdd ) is the black hole’s Eddington luminosity. This results in a thin disk with
H/R = 0.1 at sub-Eddington luminosities, and a puffed up thicker disk at higher
luminosity. We note that for the scope of this work, the disk is always in the thin
regime. The only difference in the treatment of the disk is that previous versions of
agnjet and bljet considered a fixed height of the disk, while here we fix H/R.
Cyclo-synchrotron and inverse Compton emission in bljet are computed following
Blumenthal & Gould (1970), with some small changes designed to account for emission in the cyclotron regime. In order to account the cyclo-synchrotron emission of
both mildly and highly relativistic electrons, we use the phenomenological emissivity
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formula of Ghisellini et al. (1998):
jc0 (ν 0 , γ)



2(1 − ν 0 /νl0 )
2
4ρ2 σT cUb
exp
=
3
νl 1 + 3ρ2
1 + 3ρ2

for electrons with γ ≤ 2, and the full synchrotron emissivity
√ 3
Z
3e B sin θ ν 0 ∞
0 0
js (ν , γ) =
K5/3 (y)dy
me c2
νs0 ν 0 /νs0

(4.26)

(4.27)

otherwise. In both equations, % = p/me c2 is the electron momentum in units of me c.
Previous versions of agnjet and bljet only included the emissivity in equation 4.27.
The emissivity integrated over the particle distribution is:
Z γmax
0
j 0 (ν 0 ) =
N (γ)jc,s
(ν 0 , γ)dγ,
(4.28)
γmin
0
where jc,s
(ν 0 , γ) is the pitch-angle average of equations 4.26 and 4.27. The absorption
coefficient is:
Z γmax

N (γ) d
0
0 0
γ 2 jc,s
(ν 0 , γ) dγ
(4.29)
α (ν ) =
2 dγ
γ
γmin

as in Blumenthal & Gould (1970). The co-moving cyclo-synchrotron luminosity per
unit frequency then is:

16πzR(z)ν 02 j 0 (ν 0 ) 
−τ 0 (ν 0 )
L0s (ν 0 ) =
1
−
e
,
(4.30)
c2
α0 (ν 0 )
where R(z) the radius of the jet at a distance z from the black hole and
τs0 (ν 0 ) =

π
2α0 (ν 0 )R(z)δ sin(θ)

(4.31)

is the cyclo-synchrotron optical depth, which includes skin depth and viewing angle
effects. Finally, the luminosity is boosted in the observer frame with the standard
transformations (for a continual jet flow) (Lind & Blandford 1985):
Ls (ν) = δ 2 L0c,s (ν 0 );

ν = δν 0

(4.32)

Similarly to cyclo-synchrotron emission, we follow the treatment of Blumenthal &
Gould (1970) to calculate the inverse-Compton emission along the jet, which includes
the full Klein-Nishina regime. This is unchanged from previous versions of the model,
and is only reported here for completeness. Given an electron with Lorenz factor γ
and a photon differential density (number of photons per unit volume and per unit of
initial photon energy) N (0 ), the scattered photon spectrum in the co-moving frame
of the jet is:
2πre2 me c3 N (0 )d0 0
dN
=
FIC (q, Γe )
dtd1
γ0

(4.33)
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where 1 is the final photon energy, 0 is the initial photon energy, re is the classical
radius of the electron, γ is the electron’s Lorenz factor, and
F (q, Γe ) = 2q ln q + (1 + 2q)(1 − q) +

(Γe q)2 (1 − q)
,
2(1 + Γe q)

(4.34)

where Γe = 40 γ/me c2 regulates whether the scattering happens in the Thomson
or Klein-Nishina regime (Γe  1 and Γe  1 respectively), q = E1 /(Γe (1 − E1 ))
accounts for the photon energy gain from 0 to 1 , and E1 = 1 /γme c2 is the final
photon energy in units of the initial electron energy. The total spectrum is found by
integrating over the particle and seed photon distributions:
Z Z
dNtot
dN
=
N (γ)
dγd0 ,
(4.35)
dtd1
dtd1
which has units of total number of scatterings, per unit of outgoing photon energy,
volume and time. Finally, the co-moving luminosity is obtained by multiplying equation 4.35 by the emitting volume times h1 , where h is the Planck constant, in order to
obtain a specific luminosity (erg s−1 Hz−1 ). The observed spectrum is then calculated
with the same Doppler boost as the cyclo-synchrotron one (eq. 4.32).
For inverse-Compton scattering, both disk and cyclo-synchrotron photons produced within the jet are considered. The seed cyclo-synchrotron photon distribution
is calculated by converting equation 4.30 into units of number of photons per unit
volume and energy:
n(0 ) =

L0s (ν 0 )
.
ch2 ν 0 πR(z)2

(4.36)

The disk seed photon distribution is calculated by integrating the disk temperature
profile along the disk radial profile:
Z αmax
4πν 2 (δ)
 dα,
ndisk (ν, δ) =
(4.37)
3 ehν(δ)/kb T (α,δ) − 1
αmin hc
where the extremes of the integral are αmin = arctan(rin /z), αmax = arctan(Rout /(z −
HRout /2)) if z < HRout /2) and αmax = π/2 arctan(Rout /(z − HRout /2)) otherwise.
In this way, α includes the entire disk viewing angle, from innermost to outermost
regions. rin and Rout are the inner and outer disk radii, H is the disk aspect ratio
defined in equation 4.25, z is the distance of the jet segment from the black hole, ν(δ)
is the seed photon frequency in the co-moving frame of the jet, and T (α, δ) is the
observed disk temperature in the co-moving frame of the jet, assuming a standard
Shakura-Sunyaev disk temperature profile.
To calculate multiple scatterings, the IC/SSC spectrum is then passed as the input
spectrum back in eq.4.35:
XZ Z
Ni
dNtot
=
N (γ)
dγd1
(4.38)
dtd1
dtd
1
i
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to calculate the total spectrum which is made by the sum of i-scatterings. We fix
the maximum number of iterations/scattering to 15 to maintain a short run time per
fit and, at the same time, confidently include all the scattering orders that could be
relevant even in the regime of large optical depths.
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Abstract
We present results from six epochs of quasi-simultaneous radio, (sub-)millimetre, infrared, optical, and X-ray observations of the black hole X-ray binary MAXI J1535−571.
These observations show that as the source transitioned through the hard-intermediate
X-ray state towards the soft intermediate X-ray state, the jet underwent dramatic and
rapid changes. We observed the frequency of the jet spectral break, which corresponds
to the most compact region in the jet where particle acceleration begins (higher frequencies indicate closer to the black hole), evolve from the IR band into the radio band
(decreasing by ≈3 orders of magnitude) in less than a day. During one observational
epoch, we found evidence of the jet spectral break evolving in frequency through the
radio band. Estimating the magnetic field and size of the particle acceleration region
shows that the rapid fading of the high-energy jet emission was not consistent with
radiative cooling; instead the particle acceleration region seems to be moving away
from the black hole on approximately dynamical timescales. This result suggests that
the compact jet quenching is not caused by local changes to the particle acceleration,
rather we are observing the acceleration region of the jet travelling away from the
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black hole with the jet flow. Spectral analysis of the X-ray emission show a gradual
softening in the few days before the dramatic jet changes, followed by a more rapid
softening ∼1–2 days after the onset of the jet quenching.
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5.1

Introduction

Accreting stellar-mass black holes (BHs) in X-ray binaries (XRBs) are able to launch
powerful, collimated outflows, or jets, which dominate the observed emission at radio
to infrared (IR) wavelengths. While there is an observable connection between the
processes of accretion and jet production in BH XRBs (e.g., Corbel et al. 2004; Fender
et al. 2004), at present, precisely how these jets are launched, and the detailed coupling with the accretion flow remain important yet poorly understood astrophysical
questions.
During periods of increased mass accretion onto the BH, XRBs go through phases
of bright outburst where they evolve through their distinct modes of accretion on
timescales of weeks to months (or even years). During such outbursts the observed
properties of the jets change dramatically (e.g. Fender 2006). Therefore, simultaneous
multiwavelength observations of these systems that monitor both the jets and the accretion flow (observed at optical, X-ray and higher frequencies) during their outbursts
provides a unique view of the accretion-jet evolution, probing the structural changes
in the jet, and helping to constrain the underlying jet physics (e.g., Corbel et al. 2000,
2003; Markoff et al. 2005; Chaty et al. 2011; Russell et al. 2014a; Ceccobello et al.
2018).
In an outburst, BH XRBs are initially in a hard X-ray spectral state (see Belloni
2010 for a review of the X-ray accretion states) where the X-ray emission is dominated
by a power-law component from inverse Compton scattering by hot electrons in the
innermost regions (e.g., Narayan & Yi 1995). As the accretion rate increases the source
transitions towards a soft X-ray spectral state, first moving through the hard- and softintermediate states (HIMS and SIMS, respectively). This evolution occurs as the the
X-ray spectrum becomes progressively more dominated by soft X-ray emission from
the accretion disk, while the hard power-law component becomes steeper (softens),
due to either the emission region contracting (Kara & et al. 2019) or a change in the
spectrum as the jet evolves (e.g., Plotkin et al. 2013). After a few weeks to months
(or even years), the mass accretion rate drops and the outburst begins to fade. The
XRB then transitions back through the intermediate states to the hard state as the
disk cools and the power-law component begins to dominate once again.
Over the transition between the different accretion states, the observed jet properties change dramatically. The hard state is characterised by a steady, partially
self-absorbed compact jet (e.g., Dhawan et al. 2000; Corbel et al. 2000; Fender 2001;
Stirling et al. 2001; Fender et al. 2004). Observed from radio to IR wavelengths,
the compact jet exhibits a flat-to-inverted radio to mm spectrum (α & 0, where the
observed flux density, Sν scales with frequency, ν, such that Sν ∝ ν α ; e.g. Fender
2001). The flat spectrum extends up to ∼1013 Hz (e.g., Corbel & Fender 2002; Russell
et al. 2013a), above which the jet becomes optically thin and the spectrum is steep
(α ≈ −0.6; e.g., Russell et al. 2013a). This jet spectral break corresponds to the most
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compact region in the jet where particle acceleration begins (the first acceleration
zone, e.g., Markoff et al. 2001; Corbel & Fender 2002; Markoff et al. 2005; Markoff
2010; Romero et al. 2017). The frequency (νbreak ) and flux density of the jet spectral
break are likely set by internal jet plasma properties, and its frequency scales with
its distance from the BH (with higher frequencies probing regions closer to the BH;
Blandford & Königl 1979). Determining the break’s location and evolution can help
to reveal key properties of the jet outflow (e.g.Heinz & Sunyaev 2003; Chaty et al.
2011; Russell et al. 2014b; Polko et al. 2014; Ceccobello et al. 2018).
In the early phase of a typical outburst, as the source transitions through the
hard and then the intermediate states, the jet break is believed to gradually shift
to lower frequencies, eventually moving through the radio band. One interpretation
of this evolution is that the particle-accelerating region moves away from the BH1
(e.g., Chaty et al. 2011; Russell et al. 2014b), due to changes in the jet internal
properties that in turn dictate where particle acceleration happens (e.g.,Malzac 2014).
However, the detailed behaviour of the jet break during the rise has not yet been well
determined, where the evolution of νbreak during the outburst rise has only been
inferred from observations of the radio spectrum changing from flat to steep as the
jet break moves from above to below the radio band (e.g., Corbel et al. 2013a). van
der Horst et al. (2013) presented radio monitoring of MAXI J1659−152 showing that
a single power law did not well represent the radio data. Their results suggested that
the spectral break was moving from higher frequencies into the radio band and back
to higher frequencies on ∼day timescales as the source transitioned back and forth
between the HIMS, SIMS, and soft states.
At some point during the transition from the hard to soft state, the compact jet
emission switches off (e.g., Fender et al. 2004), being quenched by at least 3.5 orders
of magnitude (Russell et al. 2019). νbreak evolving to lower frequencies signals the
progressive quenching of the higher energy emission from the compact jet (MillerJones et al. 2012; Corbel et al. 2013a; Russell et al. 2014b). However, the complete
evolution has not been directly observed. Around the transition to the soft state, a
bright, transient jet can also be launched (e.g., Mirabel & Rodríguez 1994; Hjellming
& Rupen 1995; Tingay et al. 1995), which is characterised by rapid flaring and an
optically-thin radio spectrum (Hjellming & Rupen 1995; Fender et al. 1999; Fender
2001). While no compact jet is observed in the soft state, residual radio emission
may be observed from ejecta launched from the system around the state transition
(transient jet; e.g., Corbel et al. 2002, 2004; Fender et al. 2004; Russell et al. 2019;
Bright et al. 2020). Additionally, from IR monitoring of the BH XRB 4U 1543−47,
Russell et al. (2020) reported an IR flare as the source briefly returned to the SIMS
from the soft state. This flare suggested that the compact jet switched back on during
this brief (∼5 day) return to the SIMS, before the source transitioned back to the soft
1A

change in the location of the jet spectral break has also been inferred in the neutron star XRB
Aquila X-1 (Díaz Trigo et al. 2018).
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state.
Towards the end of an outburst, the source moves back towards the hard state
and the compact jet gradually re-establishes over a period of several weeks (Kalemci
et al. 2013; Russell et al. 2014b). The jet first brightens at lower-frequencies before
brightening at IR and optical frequencies (Miller-Jones et al. 2012; Corbel et al.
2013b). This progressive brightening is associated with X-ray spectral hardening,
where νbreak has been observed to shift to higher frequencies, first through the radio
band (as shown by the radio spectrum evolving from steep to flat/inverted; e.g.,
Corbel et al. 2013b), and then gradually up to IR frequencies (Russell et al. 2013a,
2014b). The best sampled evolution of νbreak to date was observed during this phase of
an outburst from MAXI J1836−194, where the break was observed to shift gradually
by ∼3 orders of magnitude from low to higher frequencies over ∼6 weeks, possibly
connected to changes in the source hardness (Russell et al. 2014b).
MAXI J1535−571 is a Galactic black hole candidate X-ray binary that was first
discovered in 2017 September, in the early phase of its ∼1-year long outburst (Negoro
et al. 2017; Markwardt et al. 2017). This outburst was extensively monitored at radio
(Russell et al. 2019; Parikh et al. 2019; Chauhan et al. 2019), sub-mm (Tetarenko et al.
2017), IR and optical (Baglio et al. 2018), and X-ray (Tao et al. 2018; Nakahira et al.
2018; Huang et al. 2018; Stevens et al. 2018; Sreehari et al. 2019; Bhargava et al. 2019)
wavelengths. See Tao et al. (2018) and Nakahira et al. (2018) for a full discussion on
the X-ray states during the outburst. MAXI J1535−571 is located 4.1+0.6
−0.5 kpc away
(determined via a H I absorption study; Chauhan et al. 2019).
In this work, we present six epochs of quasi-simultaneous (typically ±0.5 day)2
multi-wavelength radio, mm, IR, optical and X-ray observations of MAXI J1535−571
as it softened through the HIMS and transitioned into the SIMS. To understand the
full evolution of the jet and how it is connected to the accretion flow, we model the
broad-band spectral evolution of this source. For the first time, we have been able to
track the time-evolution of the jet spectral break during the rise of an outburst. Our
results show a sudden decrease in νbreak close to the HIMS to SIMS transition, indicating the onset of rapid compact jet quenching. We discuss the physical implications
that arise from this rapid evolution.

5.2

Observations

5.2.1

Radio observations

MAXI J1535−571 was monitored in the radio band by the Australia Telescope Compact Array (ATCA) throughout its 2017/2018 outburst and re-brightenings (project
2 While

this was adhered to at times of rapid changes, at times where the jet and accretion
properties were not evolving as rapidly, observations were within 1 day
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codes C2604 and C3057, PI: Russell). See Russell et al. (2019) and Parikh et al. (2019)
for the full details of the complete ATCA monitoring of the source during this outburst. In this paper, we use only the radio observations that had quasi-simultaneous
sub-mm, IR, and optical observations to infer the evolution of the jet spectral break
as the source evolved. Therefore, we discuss six ATCA observations taken between
2017 September 12 and 2017 September 21 (MJD 58008–58018), during the outburst
rise. All observations were taken at central frequencies of either 5.5 and 9.0 GHz, 17.0
and 19.0 GHz, or at all four frequencies, where each frequency pair (5.5/9 or 17/19
GHz) were recorded simultaneously. Errors on the radio data include systematic uncertainties of 3% for the 5.5/9 GHz data and 4% for the 16–20 GHz data (Murphy
et al. 2010).
To explore rapid intra-observational source variability during the Sep 17 ATCA
radio observation, we used UVMULTIFIT (Martí-Vidal et al. 2014). Fitting for a point
source in the uv-plane, we explored flux density variations of the source down to 2minute timescales, separating the 5.5 and 9 GHz data into equally spaced 512-MHz
sub-bands, and the 17 and 19 GHz data into 1 GHz sub-bands. All radio data used
in this work have been tabulated in the Appendix, Table 5.3.

5.2.2

Millimetre/Sub-millimetre observations

The Atacama Large Millimetre/Sub-Millimetre Array (ALMA) observed MAXI J1535−571
(PI: Tetarenko, project code: 2016.1.00925.T) on 2017 Sep 11 (MJD 58007.9017–
58007.9711) and Sep 21/22 (MJD 58017.9296–58018.0319 and MJD 58018.9272–58018.9641).
Data were taken sequentially in Bands 3, 4, and 6, at central frequencies of 97.5, 145,
and 236 GHz, respectively. The ALMA correlator was set up to yield 4 × 2 GHz wide
base-bands. During our observations, the 12m array was in its Cycle 4 C8 configuration, with between 39–45 antennas, spending ∼9.8/12.1/18.9 min total on the target
source in Bands 3, 4, and 6. The median precipitable water vapour (PWV) during
the observations was 1.01 mm on Sep 11 and 1.26 mm on Sep 21/22. We reduced
and imaged the data with the Common Astronomy Software Application package
(casa, version 5.1.1; McMullin et al. 2007), using standard procedures outlined in
the casaGuides for ALMA data reduction3 . We used J1617–5848, J1427–4206, and
J2056–4714 as bandpass & flux calibrators, and J1631–5256 as a phase calibrator for
all the observations. To image the continuum emission, we performed multi-frequency
synthesis imaging on the data with the tclean task within casa, with natural weighting to maximize sensitivity. Multiple rounds of phase only self-calibration were implemented, down to solution intervals of 20 seconds. We measured flux densities of
the source by fitting a point source in the image plane (with the imfit task).
All ALMA mm/sub-mm flux densities are tabulated in the Appendix, Table 5.3.
We note that ALMA bands are not observed simultaneously, and on Sep 21 there was
3 https://casaguides.nrao.edu/index.php/ALMAguides
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a gap of ∼1 day between bands due to weather and maintenance issues.

5.2.3

Near-IR and optical monitoring

Baglio et al. (2018) presented and discussed dense optical, near-IR, and mid-IR monitoring of MAXI J1535−571 during the rise phase of its outburst. In this paper, we
take optical and IR observations that were close in time (typically ±0.5 day) to our
radio and sub-mm observations. All IR and optical data were de-reddened with an
NH of (3.84±0.03)×1022 cm−2 (see Baglio et al. 2018 for full details). Data used are
provided in the Appendix, Table 5.3.

5.2.4

X-ray observations

The Neil Gehrels Swift Observatory X-ray telescope (XRT) monitored MAXI J1535−571
every ∼1–2 days during the rise of the 2017 outburst. For full details of the SwiftXRT monitoring, see Tao et al. (2018). In this work, we used only the observations
closest in time to our ATCA monitoring (±0.5 day). Swift-XRT data were prepared,
extracted and analysed with the standard tools in heasoft (version 6.25). We ran
the xrtpipeline to apply the newest calibration. The target source was extracted
with XSELECT (version 2.4) with a box along the WT readout strip with a length of 35
(82.50600 ). The inner 20 pixels (47.14600 ) were excluded in order to eliminate pile-up.
The background was extracted with an annulus region centered on the source, with
radii of 46 pixels (108.43600 ) and 100 pixels (235.73100 ).
We note that there appeared to be some discrepancy between spectral results from
different X-ray telescopes, in particular an offset in the slope of the X-ray photon
index and normalisation between Swift-XRT, NuSTAR (Nuclear Spectroscopic Telescope Array) and XMM-Newton X-ray telescopes (for further discussions see also,
e.g., Kolehmainen et al. 2014; Ludlam et al. 2016; Ingram et al. 2016; Sanna et al.
2017; van den Eijnden et al. 2017). However, the evolution trend of each parameter
were the same regardless of the X-ray telescope. Therefore, as we focus on relative
changes to the accretion flow properties, our key findings remain unchanged regardless
of the X-ray telescope used. Due to its high observing cadence, and more complete
monitoring, in this work we used X-ray observations taken with Swift-XRT.

5.3

Broad-band spectral modelling

For the six epochs with quasi-simultaneous, multi-wavelength coverage, the broadband spectral energy distribution (SED) was modelled with the Interactive Spectral
Interpretation System (isis, version 1.6.2-35; Houck & Denicola 2000). We fit the
radio to IR data with a broken power-law (representing the optically thick and thin
synchrotron emission from the compact jet); we include an artificial exponential cut-
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Table 5.1:
Best fitting parameters from the broad-band radio-to-X-ray modelling of
MAXI J1535−571 (Figure 5.1). The Sep 12 – 17 epochs were taken during the HIMS, while the
source was in the SIMS on Sep 21 (?). αthick is the spectral index of the optically-thick synchrotron
emission, while αthin is the index of the optically-thin synchrotron emission. νbreak is the frequency
of the jet spectral break, kTdisk is the disk temperature, Γ is the photon index of the high energy
X-ray emission, Lc /Ld is the fraction of the luminosity emitted in the corona to the total accretion
flow luminosity. fout , the fraction of disk luminosity reprocessed in the outer disk, was tied across all
−7 . N , the line of sight equivalent hydrogen column
epochs providing a best fit value of (1.6+2.9
H
−0.8 )×10
22 cm−2 . Uncertainties
density, was also tied across all epochs, giving a best fit value of 5.15+0.03
−0.02 ×10
are 1-σ. The fits are shown in Figure 5.1. The best-fit statistic is χ2 /d.o.f. = 2785.075/1490 = 1.87.

αthick
νbreak (Hz)
a
αthin
BPL Norm (103 )
kTdisk (keV)
Γ
Lc /Ld
diskir Norm (106 )

Sep 12
0.17 ± 0.02
+2.6
(8.6−2.2
) × 1012
−0.83 ± 0.09
+1.29
4.29−0.84
0.234 ± 0.004
+0.01
1.74−0.02
+0.5
5.7−0.4
+0.07
1.16−0.06

Sep 14
0.09+0.02
−0.01
13
(1.6+0.5
−0.4 ) × 10
−0.83 ± 0.09
1.31+0.40
−0.27
0.245+0.003
−0.002
1.93+0.01
−0.02
1.45+0.09
−0.07
2.9 ± 0.2

Sep 15
0.17 ± 0.02
12
(7.2+1.9
−1.7 ) × 10
−0.83 ± 0.09
4.66+1.72
−1.04
0.236 ± 0.003
1.96+0.01
−0.02
1.39+0.11
−0.09
3.3 ± 0.3

Sep 16
Sep 17
Sep 21b
+0.01
αthick
−0.010 ± 0.005
0.24−0.02
–
9
(3.4 ± 0.7) × 1013 (7.9+1.0
≤ 4.5 × 109
νbreak (Hz)
−1.4 ) × 10
a
αthin
−0.83 ± 0.09
−0.26+0.06
−0.52 ± 0.02
−0.05
3
BPL Norm (10 )
0.22 ± 0.02
14.1+3.4
37.0+0.4
−3.3
−0.3
+0.003
kTdisk (keV)
0.244−0.002
0.241+0.003
0.09+0.03
−0.002
−0.07
Γ
1.86 ± 0.02
1.95 ± 0.01
2.17 ± 0.01
Lc /Ld
2.7 ± 0.2
1.75+0.10
9.3+0.7
−0.09
−2.5
+0.13
+0.4
diskir Norm (106 )
1.70−0.12
4.0−0.3
55.0+1.5
−2.0
a
Parameter tied across the first 4 epochs due to lack of IR data on Sep 12 and Sep
14.
b
For this final multiwavelength epoch, the radio and sub-mm emission originated
from optically-thin synchrotron emission from the transient jet (Russell et al. 2019).

off so as not to assume that the optically-thin synchrotron emission from the jet
contributes to the X-ray emission. The X-ray data were modelled with an absorbed
irradiated inner and outer disk (Gierliński et al. 2008). The full multi-wavelength
model is tbnew*(highecutoff*bknpower+diskir).
The data were fit with the isis implementation of a Markov chain Monte Carlo
algorithm (MCMC), based on the python package by Foreman-Mackey et al. (2013).
We use 20 walkers per free parameter and evolve the chain for 10000 loops, conser-
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Figure 5.1: broad-band multi-wavelength modelling of MAXI J1535−571 during the rise phase of
its 2017 outburst (as the source transitioned from the HIMS to the SIMS; states identified in the
legend). Solid lines represent the broad-band models for each epoch where different colours depict
different observational epochs. The horizontal bars at the top of the figure show the full ranges of
νbreak for the given dates. Fit residuals are shown in the lower panel. Parameters are provided in
Table 4.3. This plot highlights the rapid change to the jet around Sep 17, after it had remained
relatively steady for the previous ∼5 days. On Sep 17, however, νbreak rapidly decreased by ∼3
orders of magnitude in frequency, residing within the radio band. For plotting purposes only, the
plotted X-ray data have been de-absorbed.

vatively taking the first 9000 to be the “burn-in” period to ensure convergence of
the algorithm. We found that this was roughly the time required for the chain to
converge, which we define as the point past which the posterior distribution of the
parameters stops evolving, and the acceptance rate of the chain stabilises. We define
the best fitting values as the median of the one-dimensional posterior distribution,
and the 1-σ uncertainties as the intervals of the posterior distribution in which 68%
of the walkers are found. Fits are shown in Figure 5.1, with best-fit parameters given
in Table 4.3.
The broad-band data from each epoch were fit independently, with the exception
of the optically-thin jet spectral index, αthin , which was tied across the epochs from
September 12 to 16, and the fraction of disk luminosity reprocessed in the outer disk,
fout , which was tied across all epochs. Leaving it free did not improve the quality
of the fit, nor change the best-fitting parameter values significantly. We chose to
tie these parameters in order to reduce the model’s inherent degeneracy, as both
of these parameters set the ratio of emission from the jet or accretion flow to the
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optical/IR emission on Sep12 – 16. We left the absorbing column density free among
epochs; the best fit NH for these data was similar to previously determined values
from more comprehensive X-ray studies of this source (e.g., Tao et al. 2018). The
temperature of the corona was fixed at Te = 100 keV. The remaining parameters
of diskir were frozen to Rirr = 1.2, fin = 0.1, log(Rout ) = 4.54 . In principle, the
Compton component from diskir can be made up of thermal electrons, non-thermal
electrons, or synchrotron self-Compton (due to the presence of a magnetic field). In
this work, we do not attempt to distinguish or identify the contribution from different
Compton components. Additionally, due to the high line of sight absorption, the
companion was not detected. Therefore, the IR and optical excess, which exceeded
the jet contribution, is due to irradiation of the inner and outer accretion disk.

5.4
5.4.1

Results
Source evolution

During the first epoch of multi-wavelength monitoring (on 2017 Sep 12), MAXI J1535−571
was in the HIMS with a relatively hard X-ray spectrum (Γ = 1.79 ± 0.01) and a flat to
slightly inverted radio spectrum (Table 4.3). The radio, mm, and IR broad-band data
indicated that during this epoch, the optically-thick synchrotron emission extended
beyond the mm band, such that νbreak ∼ 1013 Hz.
Our next four multi-wavelength epochs were taken on consecutive days, running
from 2017 Sep 14 to 2017 Sep 17. For all of these, the source remained within
the HIMS. While the X-ray spectrum had softened from the first multi-wavelength
epoch, during these four consecutive observations the X-ray photon index remained
relatively steady (Γ ≈ 1.8 − 1.9), and, aside from the first epoch, the disk temperature
was also stable (where kTdisk ≈0.25 keV). Between Sep 14 and Sep 16 the compact
jet appeared steady, with αthick remaining flat to slightly inverted and νbreak around
∼1013 Hz. However, for the Sep 17 epoch, we observed a sudden and dramatic change
9
in the jet emission, as νbreak had decreased to (12.0+2.4
−4.3 ) × 10 Hz, lying within the
radio band with evidence that it was decreasing throughout the radio observation (see
Section 5.4.2).
For our final multi-wavelength epoch on 2017 Sep 21, MAXI J1535−571 had transitioned into the SIMS (Tao et al. 2018). The X-ray spectrum had softened (Γ ≈ 2.15).
During this epoch, we detect only steep spectrum radio emission originating from a
discrete ejection associated with the transient jet (see Russell et al. 2019 for further
details).
4R
irr is the radius of the illuminated disk in terms of the inner disk radius. fin is the fraction
of the Compton luminosity thermalised in the inner disk, and log(Rout ) is the log of the outer disk
radius in terms of the inner disk radius. The set values are typical values for these parameters.
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Figure 5.2: Intra-observation variability of MAXI J1535−571 on 2017 Sep 17, where each frequency
band was separated into finer frequency sub-bands. To show that the observed changes (both in
time and frequency) were intrinsic to the source and not instrumental, we show the emission from
a comparison/check source. (Top panel:) shows the target flux densities recorded in the 5.5 GHz
band, which was separated into 500 MHz sub-bands. (Second panel:) provides the 5.5 GHz-band flux
densities of a nearby field source, which was broken into 1 GHz sub-bands (due to the lower source
brightness than the target). (Third and Fourth panels:) same as the first two panels but for the
9 GHz observations, respectively. (Fifth panel:) presents the 17 and 19 GHz radio observing bands
separated into 1 GHz sub-bands. (Sixth panel:) provides the flux densities of two scans of the phase
calibrator when treated as the target, where the symbols and colours are the same as the fifth panel.
(Seventh and Eighth panel:) show the spectral index for the 4.5–6.5 GHz and >8 GHz radio data,
respectively. The intra-band spectral and time variability implies that νbreak was between 6.5 and
8 GHz at the time of this observation, decreasing in frequency during the observation.

5.4.2

νbreak within the radio band on 2017 Sep 17

The radio spectrum on 2017 Sep 17 was not well represented by a single power law. To
investigate this further we performed a more detailed timing and frequency analysis
of these radio data, where we determined the flux densities of the target on 2-minute
time-intervals, and on finer frequency scales (512 MHz sub-bands for the 5.5 and 9 GHz
data, and 1 GHz sub-bands for the 17 and 19 GHz radio data; see Appendix 5.6 for
the full table of results from the short-time interval study). This analysis shows that
during our Sep 17 radio observation the 4.5-6.5 GHz radio emission was inverted, such
6.5 GHz
that α4.5
GHz ≈ 0.2 (Figure 5.2). While the 4.5-6.5 GHz emission was time-variable,
the variability did not show any clear trends in time or across different frequency
bands. At the same time, the 8–10 GHz emission exhibited a steep radio spectrum
(α ≈ −0.27) and the emission was fading at all frequencies towards the end of the
15 min observation (from ≈143 mJy to ≈130 mJy). The steep spectrum 16–20 GHz
emission had also faded by the end of the observation, but was not sampled at the
same time as the 4.5–10 GHz data. To check that the variability and observed radio
spectrum were intrinsic to the source, for the 5.5 and 9 GHz observations we compared
our results to a nearby comparison source that is within the field5 and did not detect
similar behaviour. For the 16–20 GHz observations there was no such check source
in the field, so we treated two scans of the phase calibrator as target scans during
calibration, which remained steady. The shape of the radio spectrum and behaviour of
the radio emission during our Sep 17 ATCA observation implies that the jet spectral
break was between the 4.5-6.5 and 8–10 GHz observing bands and decreasing during
the Sep 17 radio observation (Figure 5.3 and Table 5.2).
There was a mid-IR VISIR (J8.9-band, 3.44×1013 Hz) observation taken ≈12 hours
before our radio observation on 2017 Sep 17 (observed between 00:52 and 01:27 UT;
5 The

nearby field source is located at Right Ascension: 15h 35m 11.462s and Declination: (≈16000 to the North North West of MAXI J1535−571).

57d 10m 46.37s
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see Baglio et al. 2018). This bright mid-IR detection had a de-reddened integrated
flux density of 141±12 mJy, which indicated that the jet was still bright at mid-IR
frequencies (∼ 4 × 1013 Hz) at this time. However, this mid-IR emission faded from
∼180 mJy to ∼110 mJy over the 35 minute observation (see figure 3 in Baglio et al.
2018), implying that the IR and optical jet emission was rapidly fading. As a check,
assuming that this mid-IR emission was decaying exponentially, fitting and extrapolating the VISIR flux densities to the time of our radio observation suggests that we
would expect no jet contribution at mid-IR frequencies by the time of our radio observation. Therefore, we do not include this mid-IR data point in our multiwavelength
fit for the Sep 17 data, instead we chose to include it in our Sep 16 data, when the
compact jet was still on. Baglio et al. (2018) reported a 45±5 mJy de-reddened Mband (6.19×1013 Hz) detection of the source ∼11 hours after our Sep 17 radio epoch.
While the detected IR emission at this epoch had faded considerably, there may be
some contribution from a jet. However, the authors suggest that the observed IR
variations detected appear to be associated with an intermittent jet or flaring from
the jet base, and not the steady compact jet detected in the days before (see Baglio
et al. 2018 for further discussion). These two mid-IR observations taken ∼11–12 hours
before and after our radio observation show the jet had faded at IR frequencies over
this time, in agreement with our radio results, although the jet base may have been
flaring.
We note that the rapid radio variability during our 2017 Sep 17 epoch will have
had some affect on our SED modelling results. However, the key finding of the break
residing in the radio band remains, and for all following tests, we use the mean of
+0.7
νbreak = (7.9−1.2
) × 109 Hz for the Sep 17 epoch, where the extent of the errors cover
the full range of results from the intra-observational variability study.

5.5

Discussion

With our multi-wavelength observations of MAXI J1535−571 we detected the rapid
evolution of the compact jet during the HIMS as the source transitioned to the SIMS.
In particular, our observations show νbreak decreased suddenly as the source transitioned from the hard to soft states. In this section, we discuss the implications of this
finding for how the compact jet emission is believed to quench.

5.5.1

Time-evolution of νbreak

Previously, the time-evolution of νbreak during the rise-phase of an outburst has only
been implied by the change from an optically-thick to optically-thin radio spectrum,
or the rate at which the IR emission fades as the source transits from the hard state to
the soft state (through the intermediate states). IR rates of decay have suggested an
evolution of ∼1–2 weeks (see Jain et al. 2001; Saikia et al. 2019). With our radio-to-IR
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Table 5.2: Best fitting parameters from the broken power-law fits of the 2-minute interval data
from the 2017 Sep 17 ATCA radio data (shown in Figure 5.3). Here we report the spectral indices
and νbreak for each time segment.
Epoch
MJD
Time
(±0.0007)
(UT)
58013.5494
13:11:09
58013.5508
13:13:09
58013.5522
13:15:09
58013.5536
13:17:09
58013.5550
13:19:09
58013.5564
13:21:09
58013.5575
13:22:50

αthick

νbreak

αthin

0.17±0.01
0.18±0.01
0.19±0.02
0.24±0.01
0.24±0.02
0.27±0.01
0.13±0.01

(GHz)
8.59±0.07
8.53±0.05
8.41+0.09
−0.08
7.94+0.10
−0.06
7.69+0.05
−0.06
7.54±0.05
6.86+0.09
−0.11

-0.24±0.01
-0.26±0.01
-0.27±0.01
-0.28±0.01
-0.27±0.01
-0.26±0.01
-0.18±0.01

coverage, we have been able to accurately track the evolution of νbreak as the source
moved from the HIMS to the SIMS. Our observations show that νbreak decreased
in frequency by ∼3 orders of magnitude (evolving from ∼1013 Hz to ∼1010 Hz) in
<24 hours (Table 4.3 and Figure 5.1). In fact, the bright, jet dominated mid-IR
detection ∼12 hours before our Sep 17 radio observation suggest that the jet break
evolved from the IR to radio band in ∼12 hours or less, implying a minimum rate
of ∼1-order of magnitude in frequency in <4 hours. However, detailed time and
frequency analysis of our Sep 17 radio observation shows νbreak within the radio
band, where we were able to place more stringent constraints, estimating νbreak to be
decreasing at a rate of ∼1.75 GHz over the ∼15 min observation (which approximates
to one order of magnitude in 1.45 hours assuming it was decreasing linearly with time).
To estimate the rate at which νbreak was evolving within the radio, within ISIS,
we fit a broken power-law to each 2-min time segment of the strictly simultaneous
4.5–10 GHz data (Figure 5.3 and Table 5.2). The changes in the radio data suggests
+0.18
that νbreak decreased by 1.73−0.16
GHz over 14 mins (Figure 5.3 and Table 5.2).
Recent studies had inferred rapid changes of νbreak in two other BH candidates,
MAXI J1659−152 (van der Horst et al. 2013) and GX 339−4 (Gandhi et al. 2011).
In the 2010 outburst of MAXI J1659−152, the jet spectral break was found to be
intermittently in the observed radio bands and at (unobserved) higher frequencies, as
the source switched back and forth between the SIMS and HIMS, before settling into
the soft state. In one such oscillation, it was possible to infer that νbreak decreased
by at least one order of magnitude in less than 3 days (van der Horst et al. 2013).
However, νbreak could not be more precisely constrained at all the epochs in which
it fell above the radio bands, because of the lack of mm and IR observations. For
GX 339−4 the IR spectrum in the 1013 –1014 GHz band changed from optically thick to
optically thin between two Wide-Field Infrared Survey Explorer (WISE) observations
taken 1.58 hours apart, in 2010 (Gandhi et al. 2011). This spectral change implies
that νbreak decreased by more than one order of magnitude in <1.58 hours, but in
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Figure 5.3: Broken power-law fits of the ATCA radio emission from MAXI J1535−571 on 2017
Sep 17. Here we show a time-series of each successive 2-minute radio snapshot, where the top panel
indicates the earliest epoch and the lower panels show its progressive evolution. The mid-point time
(in UT) of each snapshot is provided in the lower right of each panel. The grey shaded region on each
panel represents the best fit νbreak and its uncertainties. These results imply that the jet spectral
break was within the radio band during our Sep 17 ATCA observation, and they suggest that the
frequency of the jet break was decreasing during the ∼15 minute radio observation.

that case, too, it was not possible to constrain the rate more precisely because there
were no observations above and below the WISE band.
With our multi-band study of MAXI J1535−571, we have been able to confirm
an extremely rapid rate of change of νbreak , equivalent to one order of magnitude in
∼1.45 hours, and a total of three orders of magnitude in <1 day), and, most importantly, we are able to, for the first time, pinpoint its location before and after the
rapid transition.

5.5.2

Radius and magnetic field of the particle acceleration
zone

As outlined by Chaty et al. (2011), following Rybicki & Lightman (1979) and Longair
(2011), with the frequency and flux density of the jet spectral break we can estimate
the radius (RF ) and magnetic field strength (BF ) of the first acceleration zone, which
is where particle acceleration begins (Figure 5.4). Assuming equipartition between the
the particle energy and magnetic field energy density, BF and RF can be approximated
using the frequency and flux density of the spectral break, such that:
−2/(2p+13)

BF ∝ Sν,b

νb

(5.1)

and
(p+6)/(2p+13) −1
νb ,

RF ∝ Sν,b

(5.2)

where νb is the break frequency, Sν,b is the flux density at the break frequency, and p is
the slope of the electron energy spectrum, such that p = 1 − 2αthin . See Appendix 5.6
for the full equations.
From Equations 5.1 and 5.2, our broad-band modelling implies that during the
HIMS when the compact jet appeared to be relatively steady, RF ∼103 –104 rg and
BF ∼104 G (Figure 5.4). Then, as the compact jet began to rapidly fade during the
early stages of the jet being quenched, RF and BF changed significantly in the space
of ≈1 day. Between Sep 16 and 17, we estimate that RF increased from ∼ 104 rg to
∼ 107 rg (assuming a 10 M BH). Over the same time, BF decreased from ∼ 104 G
to ∼ 101 G.
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MAXI J1836−194 is the only other case where the time evolution of RF and BF
has been determined (Russell et al. 2014b), in that case during the outburst decay.
In that system, the compact jet was observed to re-establish after the peak of the
outburst; hence, while the values of RF and BF are comparable, their evolution was
reversed. However, in MAXI J1836−194 that evolution occurred over a period of
∼6 weeks, as opposed to the .1 day we determine for MAXI J1535−571.
Adiabatic and radiative cooling timescales
From the magnetic field and radius estimates (Figure 5.4), we can estimate the cooling
(adiabatic and radiative) timescales of the particles in the jet. Assuming a conical jet
with a constant jet opening angle and expansion speed (of the ejected material) βexp ,
we define the adiabatic timescale as:




RF
0.1
RF
MBH
tad =
= 0.48
s,
(5.3)
βexp c
βexp
104 Rg
10 M
where RF is the radius of the emitting region, c is the speed of light, and MBH /10M
is the mass of the black hole in units of 10 M . For a conical jet with a constant
opening angle, the emission height above the BH zem = RF /βexp (this can also be
thought of as the light-travel time from the black hole to the emitting region including
a beaming factor). For a given magnetic field BF the synchrotron radiative timescale
is:
 4 2  
10 G
6πme c
1
3me c2
=
= 7.8
s,
(5.4)
tsyn =
2
4σt cUb γ
σt BF γ
BF
γ
where me is the mass of the electron, σt is the Thomson cross section, Ub = BF2 /8π
is the magnetic energy density, and γ the electron Lorentz factor. We neglect inverse
Compton cooling for simplicity and due to lack of observational constraints, although
we expect them to be small (Miller-Jones et al. 2004). Figure 5.5 shows the evolution
over all multi-wavelength epochs. On September 12 to 16, both adiabatic and radiative timescales are very short, as the optically-thin emitting region is very close to the
black hole. However, this changes dramatically on Sep 17 as the break frequency shifts
into the radio band. On this epoch, the time over which the compact jet was fading
at higher frequencies was consistent with our estimates for the dynamical/adiabatic
timescales, while the radiative timescales are longer by 2−3 orders of magnitude (even
for modest electron Lorentz factors, γ = 100, where the Lorentz factors suggested by
our calculated values of BF are ∼0.56–566 ). This result implies that the evolution
of νbreak , and hence, the high-energy quenching of the compact jet was not driven
by some local phenomena, like the details of particle acceleration. Instead, a more
likely explanation is some major change in the internal properties of the jet, such
6 Emitting

at 9 GHz.
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Figure 5.4: Evolution of νbreak and the subsequent changes to RF and BF during the rise-phase of
MAXI J1535−571’s 2017 outburst. Top panel: The frequency of the jet spectral break. Middle panel:
Radius of the first acceleration zone, RF , in gravitational radii (assuming a 10 M black hole). Lower
panel: The magnetic field at the jet base, BF . The grey region marks the HIMS→SIMS transition,
where the expanse is the uncertainty in the time that it occurred (Tao et al. 2018). The vertical
dashed lines show the full range estimated for the ejection of the transient jet knot detected from
the system (see Russell et al. 2019). νbreak shifted by ∼3 orders of magnitude in ≤1 day, resulting
in rapid changes to the radius and magnetic field of the acceleration region.
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Figure 5.5: Adiabatic and radiative cooling timescales of the compact jet emission from our Sep
12 – 17 epochs. Orange pentagons indicate the adiabatic timescale during each epoch, cyan stars
the radiative timescale for electrons with Lorentz factors 100, 20, and 1. Larger stars indicate larger
electron Lorentz factors. The grey band represents the compact jet νbreak variability timescales; the
bottom dashed line corresponds the inter-observation variability timescale of a few minutes, the top
dashed line corresponds to the time between the Sep 16 and 17 observations. The dot-dashed line
corresponds to the time between the Sep 17 and 21 observations, which is the most conservative
estimate for the rate at which the compact jet was quenched. The variation of νbreak inferred from
our observations implies that the acceleration region of the jet is moving away from the BH system
on adiabatic/dynamical timescales.

that the particle acceleration region suddenly shifted away with the jet flow, possibly
disconnected from the accretion flow.
Radio observations of the BH XRB GRS 1915+105 have previously implied a
similarly rapid shutting off of the compact jet emission. Punsly & Rodriguez (2016)
analysed two radio observations from the Ryle Telescope during two of its high plateau
states, which are associated with the steady, compact jet. The two ∼4-hour long
15 GHz radio observations were separated into 32 s time intervals showing the rapid
decay of the compact jet, where the emission faded from ∼100 mJy to a few mJy over
the observation. That rapid decay was attributed to the turning off or reduction in
strength in the jet emission, creating a discontinuity that propagated along the jet
(Punsly & Rodriguez 2016).
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The optically-thin synchrotron spectrum
The spectral indices we measured for the optically-thin synchrotron emission (Table 4.3) are also suggestive of shorter synchrotron cooling timescales during the first
four epochs (Sep 12 – Sep 16), and longer for the Sep 17 epoch. For the first four
epochs, αthin ≈ −0.9, while on Sep 17 αthin ≈ −0.5. The steeper indices on Sep 12
– Sep 16 may indicate the presence of a second spectral break arising from the rapid
radiative cooling of the synchrotron emitting electrons in the jet spectrum at ∼IR
frequencies (close to - or even below - the jet spectral break). This would result in
the optically-thin spectrum appearing steeper by α ∼ 1/2. Then, as the jet emission
began to switch off (on Sep 17) and the cooling timescales became much longer the
frequency of the synchrotron cooling break, νcool would be above the observed radio
and sub-mm bands, such that αthin would appear shallower (consistent with un-cooled
optically-thin synchrotron emission). The location and evolution of νcool is not well
constrained. Studies have suggested that it may lie in the UV-band during quiescence
(e.g., Plotkin et al. 2013), at optical/IR frequencies in the hard state (Russell et al.
2014b), before evolving into the X-ray band as the source transitions from the hard
state to the soft state (e.g., Pe’er & Markoff 2012; Russell et al. 2013b; Shahbaz et al.
2013). Therefore, it would not be unexpected for the synchrotron cooling break to lie
at IR frequencies during the Sep 12 – Sep 16 observations, evolving to higher energies
as the source transitioned towards the HIMS (on Sep 17 and beyond). Although we
are not able to place any constraints on its frequency during the final two epochs
presented here.

5.5.3

Connection to the X-ray emission

Interestingly, at the time that the jet dissipation region moved away, we did not detect
any sudden and remarkable changes to the soft X-ray count rate, disk temperature,
and X-ray photon index (Table 4.3), although the radio event was rapid so we may
have missed any clear but brief changes in the X-ray emission that occurred outside
of the daily Swift X-ray observations. The closest in-time Swift-XRT observation
(which was used for our multi-wavelength SED fitting) was taken ∼10 hours before
we detected the jet spectral break within the radio band. If directly connected, we
may expect that those X-ray observations may already have shown a change as the
IR observations around the same time as this X-ray observation indicate that the
high energy jet emission was already fading (see IR discussion in Section 5.4.2, and
discussions in Baglio et al. 2018). We also compared our result to the Swift-XRT
observation taken on Sep 18 (Tao et al. 2018), finding that while the disk temperature
remained similar, the X-ray photon index did soften from Γ=1.87+0.02
−0.01 on Sep 17 to
Γ=2.17+0.06
on
Sep
18
(results
from
Tao
et
al.
2018,
to
remain
consistent)
and the soft
−0.07
X-ray flux increased. The X-ray spectrum then continued to softened considerably in
the few days after we detected the changes in the jet spectrum, transitioning from the
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HIMS to the SIMS between Sep 18 04:20 UT and Sep 19 08:52 UT (Tao et al. 2018).
High-cadence X-ray monitoring with the Neutron Star Interior Composition Explorer (NICER) at the same time as the onset of the compact jet quenching (Stevens
et al. 2018) showed similar results. The (1–10 keV) source hardness continued to
decrease steadily and the (3–10 keV) X-ray variability remained approximately stable (with an rms between 15–12%) until ∼1 day after our Sep 17 radio observation
(∼1.5–2 days after the IR appeared to initially fade). Again, the soft X-ray variability
and hardness also changed rapidly between Sep 18 and Sep 20 (Stevens et al. 2018).
Furthermore, a detailed analysis of the higher energy X-ray observations from AstroSAT (Bhargava et al. 2019) showed a short-lived (half a day long) decrease in the
30–80 keV count rate on Sep 16 (although the change in count could be related to spectral shape evolution). Over the same time, there was an increase and then decrease
in the X-ray quasi-periodic oscillation (QPO) frequency, from 2.1 to 3 Hz (measured
in the 3–80 keV band). However, these hard X-ray features occurred ∼12 hours before the IR emission began to fade and ∼1 day before we detected νbreak within the
radio band. While these events may be related, the expected time delay between the
X-ray–IR (∼0.1 seconds; see Gandhi et al. 2017; Russell et al. 2020) and X-ray–radio
(∼30 minutes; see Tetarenko et al. 2019) changes should be much shorter.
Therefore, from the X-ray monitoring available, the clearest change to the emission
from the accretion flow seems to be related to the X-ray hardness: the X-ray spectrum
softened gradually leading up to the jet changes before it softened considerably in the
few days after, entering the SIMS ∼1–2 days after our Sep 17 epoch. These changes
suggest that whatever was driving the changes to the hardness may also play a role
in the launching of the compact jet. Speculatively, the increase of soft X-ray photons
leading up to and triggering the state change could play a role in the quenching of the
compact jet emission, possibly by cooling/depleting the corona such that it was no
longer able to sustain the jet. Russell et al. (2014b) suggested a potential correlation
between the location of νbreak and the source hardness. While we did not observe
a correlation during the jet quenching, it is plausible that the onset of these two
events are connected but occur on different timescales during the jet quenching and
re-ignition phases, i.e., during the quenching phase the change occurs rapidly once
the source reaches some critical X-ray hardness (or softness), while during the decay
the change is more gradual as the corona builds up. A change in νbreak was observed
in the neutron star XRB Aquila X-17 , which may have also been connected to the
X-ray spectral hardness of the source (Díaz Trigo et al. 2018). If such a connection
is present, it would imply a similar process may be responsible for jet key changes in
the jet acceleration in both neutron star and BH systems.
An empirical correlation between νbreak and the X-ray photon index, Γ, has
been proposed for both accreting stellar-mass and supermassive BHs (Koljonen et al.
7 To

date, Aquila X-1 is the only neutron star system with constraints on the evolution of the jet
spectral break.
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BHXRB
MAXI J1535-571
MAXI J1659-152
AGN

log Jet break frequency [Hz]

16
15
14
13
12

99.9%

11

99%
95%

10

log ν b = − 4Γ + 20.1
0.6

1.0

1.4

1.8

2.2

2.6

Γ
Figure 5.6: Jet break frequency versus X-ray power law photon index (adapted from Koljonen et al.
2015). Measurements from this work are shown as magenta squares, MAXI J1659−152 results are
plotted as blue diamonds, the entire sample of jet break frequency measurements from BH XRBs
are plotted as black circles, and AGN are shown as black triangles. The red line shows the median
of the Monte-Carlo fit, where the relation is provided in the lower left corner. The increasingly dark
shaded regions show the 95%, 99% and 99.9% confidence intervals of the linear regression fits (see
Koljonen et al. 2015 for full details on the fitting). XRB data with only limits on νbreak are shown
as vertical bars. For these points, the horizontal marker caps show the 1-σ error on Γ. Results from
our multiwavelength monitoring of MAXI J1535−571 show that our first four νbreak measurements
broadly agree with the general population. However, as νbreak decreased, we observed lower values of
Γ than for most systems, occupying a similar parameter space as MAXI J1659−152 (blue diamonds)
when νbreak was detected within the radio band as the compact jet was beginning to fade.
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2015). This relation implies that the internal properties of the jet are connected to
the conditions of the plasma close to the black hole. Exploring this connection for
MAXI J1535−571 shows that Γ and νbreak from the first four multiwavelength epochs
of MAXI J1535−571 (Sep 12–Sep 16) agree well with the broader population of BH
XRBs and AGN (at lower values of Γ; Figure 5.6). However, as the source softened
(on Sep 17) and the radio jet began to rapidly evolve, νbreak appeared lower than
expected for that value of Γ, which continued for our observation on Sep 21, when the
break was below the radio band8 . Interestingly, our result for this epoch lies in the
same region as the results determined for MAXI J1659−152 (van der Horst et al. 2013)
during a similar phase of the outburst (Figure 5.6, as opposed to the majority of the
other measurements which have been taken during the outburst decay phase when the
jet is re-igniting. The similarities in the evolution of νbreak for both MAXI J1535−571
and MAXI J1659−152 suggests that the process driving the changes may be the same
between these two sources. However, we note that the relation proposed by Koljonen
et al. (2015) used only observations with broad X-ray coverage (much greater than
10 keV) to ensure a well constrained X-ray photon index. Our X-ray data were only
taken between 0.5–10 keV and we find discrepancies in γ with some X-ray telescopes
(but not others; Section 5.2.4). Therefore, a caveat to this comparison is the short
X-ray energy coverage in the Swift data used.

5.5.4

Connection to the transient jet

Close in time to the onset of the compact jet quenching, MAXI J1535−571 launched
a transient jet (Russell et al. 2019), which produced bright optically-thin radio flares
a few days after our Sep 17 radio observations (Chauhan et al. 2019; Russell et al.
2019). Due to optical depth effects, the timing of the radio flares are not indicative
of the flow of material down the jet (e.g., Fender et al. 2009; Miller-Jones et al.
2012). However, spatially tracking the jet knot as it propagated outwards from the
system and extrapolating its motion back in time allowed the launching time to be
constrained to between Sep 12 and Sep 17 (where the extent is shown as the vertical
dashed lines in Figure 5.4). As such, the timing of the rapid compact jet quenching
falls within the range determined for the launching of the transient jet indicating a
possible connection between the two events.
Vadawale et al. (2003) suggested that the transient jet may arise from the ejection
of the corona (see also discussions in Rodriguez et al. 2003). Naively, in this scenario
the transient jet and quenching of the compact jet would be directly connected, such
that the compact jet emission switches off when the corona disappears and a transient
jet is launched. However, during the 2011 outburst of MAXI J1836−194, νbreak was
8 As mentioned previously, the Sep 17 X-ray observation was taken ∼10 hours before our radio
observation, so we also compared νbreak to the X-ray photon index measured on Sep 18, and find a
similar result, where νbreak falls below the expected correlation.
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observed to shift to lower frequencies as the compact jet faded despite the system
remaining in the hard/hard-intermediate X-ray spectral states with no ejection events
(Russell et al. 2013a, 2014b, 2015). Similarly, despite showing similar νbreak behaviour,
no ejecta were launched from the BH XRB MAXI J1659−152 (Paragi et al. 2013).
Radio monitoring also showed νbreak moved down into the radio band before shifting
back to higher frequencies (van der Horst et al. 2013), highlighting its non-linear
evolution. IR observations of GX 339−4 (Gandhi et al. 2011) also implied that νbreak
had shifted below and above the IR observing band rapidly. These results suggest
that while the transient jet may well arise from the ejection of the corona, which may
in-turn quench the compact jet, the quenching of the compact jet does not strictly
require the launching of the transient jet.
Alternatively, as discussed in Section 5.5.2, it may be that the compact jet emission switched off as the jet acceleration region disconnected from the system. If that
was occurring, we might speculate that the transient jet ejection may be the nowdisconnected dissipation region propagating away from the system on the dynamical
timescales of the flow. In such a scenario, for cases where the νbreak was observed to
evolve to lower and then back to higher frequencies (the acceleration regions moving
away from and then back towards the BH; e.g., Gandhi et al. 2011; van der Horst
et al. 2013), the acceleration region may not have completely disconnected from the
flow, and variations in the flow of material into the jet base re-ignites the jet. As a
source moves back out of a typical soft state (lasting a few weeks to months) where
the jet emission was not detected, the particle acceleration region may have moved
sufficiently far away from the system that it may recover in a different way, resulting
in the gradual re-launching of the compact jet (e.g., Kalemci et al. 2013; Russell et al.
2014b). However, this scenario may be difficult to reconcile with multiple jet ejections
that may be observed from BH XRBs (e.g., Mirabel & Rodríguez 1994; Fender et al.
1999; Tetarenko et al. 2017; Miller-Jones et al. 2019). However, speculatively, multiple ejections could result from rapid re-launching and switching off of the compact jet
which could produce short IR flaring events that have been observed. High resolution
Very Long Baseline Interferometry (VLBI) tracking ejecta as they are launched, or
detailed radio monitoring (preferably sensitive to the low surface brightness temperatures of the expanding jet knots) tracking the ejecta as they propagate out (Russell
et al. 2019; Bright et al. 2020) will be crucial to understanding if these events are
connected.

5.5.5

Comparison between the compact jet quenching and relaunching timescales

At the end of its outburst MAXI J1535−571 transitioned from the soft to hard state
at an unusually low X-ray luminosity (Chauhan et al. 2019; Russell et al. 2019) and
no radio emission was detected. Therefore, we were unable to compare the processes
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of jet quenching and re-launching in this source during its major outburst.
However, MAXI J1535−571 underwent a number of radio and X-ray re-brightenings
following the end of its major outburst (Parikh et al. 2019). During these re-brightenings
the source transitioned between the hard and soft states, and during the latter the
compact jet was quenched. While lack of multiwavelength monitoring precludes constraints on the frequency of the jet spectral break, dense radio monitoring of the
source as it completed a soft to hard transition showed the radio spectrum gradually
had evolved from steep to flat/inverted over ∼1 week (see Parikh et al. 2019 for full
details). While νbreak was not constrained, this slow change to the radio spectrum
indicated a more gradual evolution for the re-launching.
The only other system where the time-evolution of νbreak has been measured as
it moved through different observing bands was during the hard state decay of the
2011 outburst of the BH XRB MAXI J1836−194. Multi-wavelength monitoring of
that source indicated that νbreak evolved from ∼1011 Hz to ∼1014 Hz (∼3 orders of
magnitude) over a period of ∼6 weeks as the source hardened during the outburst
decayed (Russell et al. 2013a, 2014b).
The contrast between the timescales of the compact jet quenching and re-launching
in this outburst is suggestive of a different mechanism driving these two processes.
Such a difference may result in the observed difference in the radio/X-ray coupling during the hard-state rise and decay phases of an outburst (Islam & Zdziarski 2018; Koljonen & Russell 2019). We highlight that with reasonable constraints from only two
sources, one quenching and the other re-launching, this observed behaviour may not
represent the BH XRB population. In particular, the outburst of MAXI J1836−194
did not enter the soft state and the compact jet did not quench (Russell et al. 2015).
Therefore, the slow evolution of νbreak may have been related to jet recovery, as opposed to the complete relaunching of the compact jet. However, while we did not have
good multiwavelength constraints, the slow ∼1-week evolution of the radio spectrum
during soft-state re-brightenings from MAXI J1535−571 (after the major outburst)
does suggest similar behaviour (Parikh et al. 2019). During these re-brightenings,
MAXI J1535−571 did enter the soft state and the radio jet was not detected. As the
re-flare faded and the source returned to a hard state the radio emission brightened,
and slowly evolved from a steep to inverted radio spectrum over a ∼1-week timescale.
A slow evolution of νbreak was also implied by dense radio monitoring during the
soft-to-hard state transition of the 2011 outburst from GX 339−4, where the radio
spectrum showed a smooth and gradual evolution (α ≈ −0.6–+0.3) over a ∼2 week
period, with the IR peaking at least a few days later (Corbel et al. 2013b). This
more gradual evolution is also supported by the ∼2-week IR rise-time following the
soft→hard state transitions in 4U 1543−47 and XTE J1550−564 (see discussions in
Kalemci et al. 2013). In contradiction, recent monitoring of the BH XRB 4U 1543−47
showed a sudden increase in IR emission during a short (∼5 day) return back to
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the SIMS from a soft state9 . Such flaring may indicate that the compact jet had
switched back quickly and the jet spectral break shifted rapidly back up to the IR
band. However, these campaigns generally lacked comprehensive and simultaneous
multiwavelength support. As such, further observations that include simultaneous (or
as close to simultaneous as possible) radio, mm, and IR observations of the jet as it
is switching off and re-igniting (preferably after deep quenching in a soft state) are
necessary to understand how jets are launched and quenched by the accretion flow,
and how/if these two processes differ.

5.6

Conclusions

With almost daily multi-frequency monitoring of MAXI J1535−571 over its HIMS→SIMS
transition, we detected the onset of rapid compact jet quenching, as the higher energy jet emission faded in less than 1 day. The jet quenching occurred a few days
before the transition to the SIMS. Over this time the jet spectral break decreased in
frequency by ∼3 orders of magnitude, from the IR band into the radio band. While
we are unable to identify any direct causal changes in the X-ray variability, the X-ray
photon index and X-ray spectrum gradually softened leading up to this event, before
a more rapid change in the days afterwards. Therefore, it is possible that the increase
in the soft X-ray photons and decrease in the hard X-ray emission may be connected
to the observed changes in the jet. We find that the rapid jet quenching began at a
similar time to the launching of a transient jet ejection, possibly connecting the two
events.
From a time and frequency analysis of our radio observations, we show that on
2017 Sep 17, νbreak was within the radio band and decreased by ∼1.75 GHz over
≈15 mins. We argue that the time-evolution of νbreak was 2–3 orders of magnitude
faster than expected from synchrotron cooling, but is similar to dynamical timescales
of material flowing down the jet. Therefore, our results suggest that the onset of
compact jet quenching in MAXI J1535−571 was not driven by details of local particle
acceleration; instead it appears as if internal jet properties changed dramatically and
the particle acceleration region suddenly moved away from the BH with the jet flow.
Our results suggests that the mechanism resulting in the quenching and re-launching
of compact jets from accreting BHs may arise from different processes. Although a
more-rapid jet re-ignition may be possible, but this scenario has not yet been inferred.
This work highlights the need for high-cadence radio, mm, IR, and X-ray monitoring
of these objects during both the outburst rise and decay to understand how jets are
launched and quenched from accretion flows, and whether that process is universal
between different sources or at different times within the same source.
9 Over

a soft state → SIMS → soft state transition.
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Appendix A: quasi-simultaneous data
All quasi-simultaneous radio, sub-mm, IR and optical data used in this work are
provided in Table 5.3.
Table 5.3: Radio, sub-mm, IR and optical data of the 2017 outburst of MAXI J1535−571. All
radio data are from Russell et al. (2019), sub-mm data are new to this work, and the de-reddened
IR/optical are from Baglio et al. (2018). The epoch relates to the 2017 date of the radio data (and
is the same as Table 4.3). For precise date, use MJD. Errors on the radio data include systematic
uncertainties of 2% for the 5.5 and 9 GHz data, and 4% for the 17 and 19 GHz data (see Section 4.3.3).

Epoch

MJD

2017 Sep 12

58008.57
58008.57
58007.91
58007.98
58007.94
58008.09
58008.09
58008.09
58008.42
58010.56
58010.56
58010.56
58010.56
58010.09
58010.09
58010.09
58010.80
58010.09
58010.09
58011.56
58011.56
58011.56
58011.56
58010.97
58011.10
58011.10
58011.09

2017 Sep 14

2017 Sep 15

Telescope

Central frequency
(Hz)
ATCA
17×109
ATCA
19×109
ALMA
97.5×109
ALMA
145.0×109
ALMA
236.0×109
REM
1.39×1014
REM
1.81×1014
REM
2.43×1014
LCO
3.93×1014
ATCA
5.5×109
ATCA
9.0×109
ATCA
17.0×109
ATCA
19.0×109
REM
1.39×1014
REM
1.81×1014
REM
2.43×1014
LCO
2.99×1014
REM
3.28×1014
REM
3.93×1014
ATCA
5.5×109
ATCA
9.0×109
ATCA
17.0×109
ATCA
19.0×109
VISIR
6.19×1013
REM
1.39×1014
REM
1.81×1014
REM
2.43×1014
Continued on next page

Sν
(mJy)
172±2
171±2
232±10
227±15
220±20
54±5
45±6
45±9
64±27
185±1.2
184.7±0.2
179.48±0.25
166±1
127±13
93±16
54±10
57±19
49±18
100±45
166±1
181.7±0.4
178.47±0.25
175.4±0.3
96±8
65±7
53±7
59±11
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Table 5.3 – Continued from previous page. Flux densities of MAXI J1535−571.
Epoch
MJD
Telescope Central frequency
Sν
(Hz)
(mJy)
2017 Sep 16 58012.55
ATCA
5.5×109
164.0±1.5
9
58012.55
ATCA
9.0×10
178±2
58012.53
ATCA
17.0×109
184.1±0.3
58012.53
ATCA
19.0×109
184.1±0.4
.
58011.97
VISIR
2.47×1013
157±5
13
58013.03
VISIR
3.44×10
141±12
58012.10
REM
1.39×1014
56±6
58012.10
REM
1.81×1014
52±7
14
58012.11
REM
2.43×10
54±10
2017 Sep 17 58013.55
ATCA
5.5×109
135.4±1.1
58013.55
ATCA
9.0×109
141.8±0.6
9
58013.55
ATCA
17.0×10
122.5±0.3
58013.55
ATCA
19.0×109
118.6±0.2
58013.9
VISIR
6.19×1013
45±5
2017 Sep 21 58017.46
ATCA
5.5×109
150.47±0.08
58017.46
ATCA
9.0×109
121±2
58017.46
ATCA
17.0×109
91.81±0.08
58017.46
ATCA
19.0×109
85.83±0.07
9
58017.98
ALMA
97.5×10
52±10
58018.05
ALMA
145.0×109
30±3
58018.99
VISIR
3.44×1013
20±4
14
58017.03
REM
1.39×10
46±7
58017.44
LCO
3.12×1014
30±9
58017.41
LCO
3.93×1014
52±24
58017.44
LCO
3.93×1014
48±21

Appendix B: intra-observational radio variability for
2017 Sep 17
Radio intra-observational variability of MAXI J1535−571 from our ATCA observation
on 2017 Sep 17, from Section 5.4.2.
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Table 5.4: Two-minute time-interval radio data from MAXI J1535−571 on 2017 Sep 17 (as
. shown
in Figure 5.2). The MJD denotes the mid-point of each two minute interval. Bandwidths of the
higher frequency (>15 GHz) radio data are 1 GHz, centered around the tabulated frequency, while
the lower frequency (<15 GHz) radio data have a bandwidths of 512 MHz. Errors on the relative
flux densities were determined to be 0.5% (see Section 4.3.3)

MJD
58013.53900

58013.54038

58013.54177

58013.54316

58013.54941

58013.55080

Central frequency
Sν
(GHz)
(mJy)
16.5
125.35 ± 0.16
17.5
123.83 ± 0.16
18.5
121.68 ± 0.17
19.5
118.54 ± 0.19
16.5
125.67 ± 0.16
17.5
123.70 ± 0.16
18.5
122.24 ± 0.17
19.5
119.52 ± 0.19
16.5
125.07 ± 0.16
17.5
123.32± 0.16
18.5
122.02 ± 0.17
19.5
119.38 ± 0.19
16.5
124.15 ± 0.16
17.5
123.37 ± 0.17
18.5
121.84 ± 0.17
19.5
119.02 ± 0.19
4.75
130.08 ± 0.35
5.25
132.31 ± 0.33
5.75
134.19 ± 0.31
6.25
136.17 ± 0.40
8.25
143.40 ± 0.22
8.75
143.39 ± 0.23
9.25
142.09 ± 0.25
9.75
139.58 ± 0.20
4.75
130.01 ± 0.35
5.25
133.13 ± 0.31
5.75
134.91 ± 0.27
6.25
136.87 ± 0.28
8.25
144.60 ± 0.25
8.75
144.34 ± 0.22
9.25
142.42 ± 0.33
9.75
140.40 ± 0.37
Continued on next page
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Table 5.4 – Intra-observational radio flux densities taken on Sep 17.
MJD
Central frequency
Sν
(GHz)
(mJy)
58013.55219
4.75
131.00 ± 0.62
5.25
133.39 ± 0.32
5.75
135.87 ± 0.27
6.25
138.03 ± 0.33
8.25
144.89 ± 0.38
8.75
143.44 ± 0.23
9.25
142.60 ± 0.36
9.75
140.38 ± 0.34
58013.55358
4.75
129.91 ± 0.35
5.25
134.55 ± 0.31
5.75
136.77 ± 0.28
6.25
139.12 ± 0.31
8.25
146.32 ± 0.24
8.75
143.42 ± 0.22
9.25
140.89 ± 0.42
9.75
140.04 ± 0.36
58013.55497
4.75
130.72 ± 0.39
5.25
134.77 ± 0.32
5.75
137.17 ± 0.28
6.25
139.87 ± 0.40
8.25
144.11 ± 0.29
8.75
142.28 ± 0.29
9.25
139.73 ± 0.21
9.75
138.83 ± 0.22
58013.55635
4.75
129.32 ± 0.37
5.25
133.11 ± 0.32
5.75
136.89 ± 0.28
6.25
139.16 ± 0.30
8.25
142.33 ± 0.28
8.75
140.07 ± 0.23
9.25
138.92 ± 0.22
9.75
136.49 ± 0.29
58013.55751
4.75
131.10 ± 0.35
5.25
133.96 ± 0.31
5.75
135.00 ± 0.30
6.25
136.10 ± 0.29
8.25
133.36 ± 0.23
Continued on next page
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Table 5.4 – Intra-observational radio flux densities taken on Sep 17.
MJD
Central frequency
Sν
(GHz)
(mJy)
8.75
132.09 ± 0.39
9.25
131.11 ± 0.31
9.75
129.58 ± 0.25
58013.56399
16.5
117.24 ±0.20
17.5
115.24 ± 0.20
18.5
112.99 ± 0.21
19.5
109.40 ± 0.23
58013.56539
16.5
116.90 ± 0.19
17.5
115.09 ± 0.20
18.5
112.45 ± 0.21
19.5
108.84 ± 0.23
58013.56643
16.5
116.04 ±0.20
17.5
113.99 ± 0.20
18.5
111.53 ± 0.21
19.5
108.67 ± 0.23

Appendix C: radius and magnetic field of the first acceleration region
Derivation of the magnetic field and radius of the first acceleration region as outlined
by Chaty et al. (2011). From Rybicki & Lightman (1979) and Longair (2011), for a
synchrotron-emitting source with a power law distribution of electrons with an energy
spectrum N (E) dE = κE −p dE, where p is the spectral index of the particle energies,
the magnetic field of the first acceleration region, BF , is related to the frequency and
flux density of the jet spectral break (νbreak and Sν,b , respectively), such that:

BF =

2µ20 c4 AhY 2
T3

2/(2p+13)

−2/(2p+13)

(Dξ)−4/(2p+13) Sν,b

sin a−(2p+5)/(2p+13) νb ,
(5.5)

where
A=

√

3e3
2
8π 0 cme (p + 1)



m3e c4
3e

−(p−1)/2


Γf

p 19
+
4 12




Γf

p
1
−
4 12


,

(5.6)
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(2−p)

Y =

(2−p)

γmax − γmin
,
(2 − p)

(5.7)

and
T =

√

3e3 c
32π 2 0 me



3e
2πm3e c4

p/2


Γf

3p + 22
12




Γf

3p + 2
12


.

(5.8)

Here, µ0 is the permeability of free space, c is the speed of light, if we assume that
the synchrotron emitting accelerating region is a homogeneous cylinder of radius RF
and height HF , factor h relates the two such that HF = hRF where we assume h=1,
D is the distance to the source. ξ = 1 assumes that the energy of the non-thermal
electrons equals the magnetic energy density, and a is the pitch angle of the electrons
where we average over an isotropic distribution of pitch angles. e and me are the
charge and mass of an electron, respectively. B is the magnetic field strength, 0 is
the permittivity of free space, Γf is the gamma function, and finally, γmin and γmax
are the minimum and maximum Lorentz factors of the electrons, respectively, such
that γmax  γmin = 1.
The cross-sectional area of the first acceleration region, RF , is described as:
−(p+6)/(2p+13) (p+5)/(2p+13)
RF =2µ0 c2 2µ20 c4 m2e Ah
T
(ξY )−1/(2p+13)
(p+6)/(2p+13) −1
νb .

sin a2/(2p+13) D(2p+12)/(2p+13) Sν,b

(5.9)
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Accretie op zwarte gaten is een fundamenteel aspect van de astrofysica, vanwege
de efficiëntie waarmee rustmassa energy omgezet wordt in helderheid of uitstromen.
Deze efficiëntie is het directe gevolg van de (algemene) relativiteits-natuur van zwarte
gaten, waardoor een beter begrip van de stralingsprocessen in accretie noodzakelijk
is als men zwarte gaten wilt gebruiken om de algemene relativiteitstheorie te testen.
Vele empirische en theoretische werken laten zien dat accretie op zwarte gaten schaalinvariant is: beide klassen van systemen worden, op zijn minst tot op zekere hoogte,
door dezelfde natuurkunde gereguleerd. Daarom kan de gecombineerde studie van
Actieve Sterrenstelsels (zogenoemde Active Galactic Nuclei, oftewel AGN) en zwart
gat röntgendubbelsystemen (ook wel black hole X-ray binaries of BHXBs genoemd)
ons voorzien van onafhankelijke inzichten over accretie in sterke zwaartekrachtsvelden.
De meerderheid van dit proefschrift beschrijft het modelleren van de emissie van
accreterende zwarte gaten, zowel in AGN en BHXBs. Specifiek focust dit werk zich
op het begrijpen van de emissie uitgezonden door de relativistische stralen gelanceerd
door deze systemen, door hun breedband spectrale energiedistributie (SED) te modelleren. Om dit te doen, ontwikkelde ik een nieuw model voor stralen van zwarte
gaten, genaamd bljet, ontworpen om het dynamische gedrag na te bootsen dat wordt
waargenomen in numerieke simulaties van deze objecten, voor een fractie van de computationele kosten. Naast de ontwikkeling van bljet behandelt een groot deel van dit
proefschrift het zoveel mogelijk verminderen van modeldegeneraties, door statistische
hulpmiddelen te ontwikkelen om de beschikbare parameterruimte te verkleinen en
rekening te houden met informatie uit afbeeldingen en variabiliteit.
Hoofdstukken 2 en 3 behandelen het modelleren van goed-bestudeerde AGN. Voor
deze bronnen is excellente breedband, multi-tijdperk en/of afbeeldende data beschikbaar, waardoor ze excellente ijkpunten vormen voor elk nieuw model. Bovendien
zorgen de lange dynamische tijdsschalen van superzware zwarte gaten ervoor dat
de algemene eigenschappen van deze system niet verwacht worden te veranderen over
menselijke tijdsschalen, waardoor het makkelijker is de algemenere eigenschappen van
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de stralen te isoleren.
In Hoofdstuk 2 wordt de basisbehandeling van de straaldynamica in bljet gepresenteerd. Om het model te ijken, fitten we zes breedband SEDs van het BL Lac
object PKS 2155−304, een van de meest standaard bronnen binnen deze klasse. We
laten zien dat, hoewel individuele waarnemingen los gefit kunnen worden, deze aanpak zoveel modeldegeneraties met zich meebrengt dat veel dynamische eigenschappen
van de jet niet voldoende bevredigend kunnen worden bepaald. Om dit probleem te
vermijden, adopteren we een gecombineerde fitaanpak, waarin we aannemen dat de
algemene eigenschappen van de jet gelijk blijven over een periode van enkele jaren.
Door de parameterruimte met een Markov Chain Monte Carlo algoritme te verkennen,
vinden we dat deze aanpak de modelparameters sterker beperkt, terwijl de data net
zo goed beschreven wordt als in de individuele fit. Onze gecombineerde fit brengt twee
centrale resultaten onder de aandacht. Ten eerste kunnen de lange-termijn veranderingen in de emissie, die worden waargenomen buiten opvlammingen, gereproduceerd
worden door simpelweg de details van het deeltjesversnellingsmechanisme in de straal
te variëren. Ten tweede blijkt het noodzakelijk dat de straal de meerderheid van het
oorspronkelijke magneetveld in bewegingsenergie omzet, om de γ-ray waarnemingen
te reproduceren. De efficiëntie van deze conversie moet hoger zijn dat wat voorspelt
wordt door simulaties, als men de hoge-energie emissie wilt modelleren met een synchrotron zelf-Compton mechanisme.
In Hoofdstuk 3 gebruiken we bljet om zowel de parsec-schaal SED en het collimatieprofiel van de straal in het dichtbijgelegen radiosterrenstelsel M 87 te modelleren.
Door beide datasets te combineren, vinden we dat het model haast geen inherente degeneratie bevat. Onze best fits van SED laten zien dat de röntgenstraling van de bron
afkomstig is van honderden zwaartekrachtsstralen van het zwarte gat en gedomineerd
wordt door non-thermische synchrotronstraling. Synchrotron zelf-Comptonstraling
uit de regio waar de straal gelanceerd wordt is daarentegen sterk afgekeurd. We vinden ook dat de straal waarschijnlijk magnetisch gedomineerd is tot parsec schalen,
waardoor omgekeerde Comptonstraling van de uitstroom onderdrukt wordt en niet
overeenkomt met de onopgeloste γ-ray data. Ten slotte vinden we dat de bolometrische helderheid van M 87 ≈ 1 – 4 ordes van grootte kleiner is dan dichtbijgelegen
blazars, wat de suggestie wekt dat de accretiesnelheid veel lager is dat in veel BL Lac
objecten.
Hoofdstukken 4 en 5 behandelen BHXBs, die, door hun kleinere afmetingen, op
veel kortere tijdsschalen dan AGN veranderen. Hierdoor kan men de evolutie van de
straal als functie van accretiesnelheid onderzoeken, op een manier die niet mogelijk is
voor AGN.
In Hoofdstuk 4 beschrijven we meerdere verbeteringen aan bljet, ontworpen om de
stralende elektronen in grotere mate zelf-consistent te behandelen en om de flexibiliteit van het model te vergroten. We modelleren de uitbarsting van de BHXB MAX
J1836−194, waarmee we laten zien dat zowel de tijds- als spectrale informatie de voor-
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keur geeft aan omgekeerde Comptonverstrooiing door een elektronpopulatie dicht bij
het zwarte gat als verklaring van de röntgenstraling, in plaats van non-thermische synchrotronstraling. We laten ook zien dat de gecombineerde fitaanpak uit Hoofdstuk
2 toegepast kan worden op BHXBs, ondanks hun snellere evolutie, zolang men röntgenvariabiliteit gebruikt om staten met vergelijkbare eigenschappen te identificeren.
Door dit te doen, laten we zien dat de dynamische eigenschappen van de straal gecorreleerd zijn met die van de röntgenvariabiliteit. Onze gecombineerde fits laten zien
dat, wanneer de bron zachter wordt, de regio die röntgenstraling uitzendt, verbreedt,
mogelijk doordat de straal minder gecollimeerd raakt terwijl de schijf dunner wordt.
Mocht dit waar zijn, dan komt het goed overeen met recente GRMHD-simulatie van
zulke dunne schijven. Ten slotte vinden we dat de stralen in BHXBs mogelijk minder
protonen per lepton bevatten dan de stralen van AGN, wat een mogelijke deviatie
van de schaal-invariantie in accretie op zwarte gaten suggereert.
In Hoofstuk 5 presenteren we de resultaten van een breedband waarneemcampagne
tijdens de stijging van de uitbarsting van de net-ontdekte BHXB MAXI J1535-571.
We focussen vooral op de koppeling tussen de uitstromende straal en het instromende
materiaal, terwijl de bron een transitie van een harde naar zachte toestand doorloopt.
We vinden dat een aantal dagen voor deze röntgen-staattransitie, de emissie van de
radiostraal spectrale variabiliteit laten zien op tijdsschalen van slechts enkele minuten.
We fitten de SEDs van de bron gedurende de stijging van de uitbarsting, inclusief de
staattransitie, met behulp van fenomenologische modellen. Op basis van deze modellen schatten we de dynamische tijdsschaal in de regio die de radiostraling uitzendt,
waarbij we vinden dat deze consistent is met de tijdsschaal waarover de variabiliteit
in het radiospectrum plaatsvindt. We interpreteren dit gedrag als de deeltjesversnellingslocatie die plotseling weg beweegt van het zwarte gat. Interessant is het dat
tijdens deze uitdoving van de jet, de röntgenstraling, afkomstig uit de accretiestroom,
relatief onveranderd blijft; de röntgenstraling laat in plaats daarvan pas enkele dagen
nadat de straal uitgaat een significante verzachting zien.
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Summary

Black hole accretion is a fundamental aspect for astrophysics, due to its efficiency
in turning rest-mass energy into luminosity or outflows. This efficiency is a direct
consequence of the (general) relativistic nature of black holes, and therefore a better
understanding of the emission processes in accretion is necessary if one is to use black
holes as laboratories to test General Relativity. Many empirical and theoretical works
show that black hole accretion is scale invariant: both classes of systems are regulated
by the same physics, at least to some degree. Therefore, combining the study of both
Active Galactic Nuclei (AGN) and Black Hole X-ray Binaries (BHXBs) can provide
independent probes of accretion in strong gravity.
The bulk of this thesis deals with modelling the emission from accreting black
holes, both in AGN and BHXBs. In particular, this work focuses on understanding
the emission of the relativistic jets launched by these systems by modelling their multiwavelength spectral energy distribution (SEDs). In order to do so, I developed a new
model called bljet for a black hole jet designed to mimic the dynamical behaviour
observed in numerical simulations of these objects, at a fraction of the computational
cost. Beyond the development of bljet, much of the thesis deals reducing modelling
degeneracies as much as possible, by developing statistical tools to reduce the available
parameter space and accounting for imaging and variability information.
Chapters 2 and 3 deal with modelling canonical, well studied AGN. In these sources
excellent multi-epoch, multi-wavelength and/or imaging data are available, making
them excellent benchmarks for any new model. Furthermore, the long dynamical
timescales associated with supermassive black holes mean that the bulk properties of
these systems should not change over human timescales, making it easier to isolate
the bulk properties of the jet.
In Chapter 2, the basic treatment of the jet dynamics in bljet are presented.
In order to benchmark the model, we fit six multi-wavelength SEDs of the BL Lac
object PKS 2155−304, which is one of the most standard source of its class. We
show that while it is possible to fit individual epochs separately, doing so carries

171

i

i
i

i

i

i

i

i
Summary

model degeneracies so severe that many dynamical properties of the jet can not be
constrained satisfactorily. In order to avoid this we adopt a joint fitting approach, in
which the bulk properties of the jet are assumed to stay the same over a period of
a few years. By exploring the parameter space with a Markov Chain Monte Carlo
algorithm, we find that this approach can provide much stronger constraints on the
model parameters, while fitting the data as well as an individual fit. Our joint fit
highlights two key results. First, the long term changes in the emission observed
outside of flaring states can be reproduced simply by varying the details of the particle
acceleration mechanisms operating within the jet. Second, in order to reproduce the
γ-ray data it is necessary for the jet to convert most of its initial magnetic field into
bulk kinetic energy. The efficiency of this conversion needs to be far higher than
what is predicted by simulations, if one is to model the high energy emission with a
synchrotron self-Compton component.
In Chapter 3 we use bljet to model both the parsec-scale SED and jet collimation
profile in the nearby radio galaxy M 87. By combining the two data-sets together we
find that the model has almost no inherent degeneracy. Our best fit of the SED
indicates that the X-ray emission of the source originates hundreds of gravitational
radii away from the black hole, and that it is dominated by non-thermal synchrotron
emission; on the other hand, synchrotron self-Compton emission originating in the
jet launching region is strongly disfavoured. We also find that the jet is likely to
be magnetically-dominated up to parsec scales, and as a result, the inverse-Compton
emission from the outflow is suppressed and can not match the unresolved γ-ray data.
Finally, we find that compared to nearby blazars, the bolometric luminosity M 87 is
lower by ≈ 1 − 4 orders of magnitude, suggesting that its accretion rate is far lower
than many BL Lac objects.
Chapters 4 and 5 deal with BHXBs, which, due to their small size, evolve on much
faster timescales than AGN. This allows one to probe the evolution of the jet as a
function of accretion rate, in a way that is not accessible with AGN.
In Chapter 4 we detail several improvements to bljet, designed to treat the radiating electrons more self-consistently and to increase the model’s flexibility. We
model the outburst of the BHXB MAXI J1836−194, and show that both timing and
spectral information favour inverse-Compton scattering by a population of electrons
near the black hole as the origin of the X-ray emission, rather than non-thermal synchrotron emission. We also show that the joint fitting method developed in Chapter
2 is applicable to BHXBs, despite their faster evolution, provided that one uses X-ray
variability to identify states with similar properties. By doing this, we show that the
dynamical properties of the jet are correlated with those of the X-ray variability. Our
joint fits show that as the the source softens, the X-ray emitting region becomes wider,
possibly due to the jet being less collimated by the disk as it becomes thinner. If true,
this is in good agreement recent GRMHD simulations of thin disks. Finally, we find
that jets in BHXBs are likely to carry fewer protons per lepton that those in AGN,
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possibly suggesting some deviation from the common assumption of scale-invariance
in black hole accretion.
In Chapter 5 we present the results from a multi-wavelength campaign taken
during the rise of the outburst of the newly discovered BHXB MAXI J1535−571. In
particular, we focus on the coupling between the outflowing jet and inflowing material
as the source transitions from the hard to the soft state. We find that a few days before
the X-ray state transition, the emission of the radio jet shows spectral variability on
timescales of only a few minutes. We fit the SEDs of the source during the rise of
the outburst, including the state transition, using phenomenological models. From
these models, we estimate the dynamical timescale in the radio emitting region, and
find that it is consistent with the timescale over which the radio spectral variability
occurs. We interpret this behaviour as the particle acceleration region in the jet
suddenly moving away from the black hole. Interestingly, during the jet quenching
event the X-ray emission probing the accretion flow is relatively unchanged; instead,
the X-ray data only softens significantly a few days after the jet shuts down.
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