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What you see from this silent rostrum up on my mountain
on a night as splendidly clear as that [...]

is that universe into which error does not obtrude.
You see the inconceivable: the colossal spectacle

of no antagonism. You see with your own eyes
the vast brain of time, a galaxy of fire

set by no human hand.
The stars are indispensable.

Philip Roth, I married a communist
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1
Introduction

1.1 Neutron stars: formation and composition

Neutron stars are fascinating objects. Their densities are the largest in the visible universe
- only surpassed by those in (by definition, invisible) black holes. They include the fastest
spinning stars and the strongest magnets in the universe. The idea that they might be a
possible outcome of stellar evolution (Baade & Zwicky 1934) came about soon after the
discovery of the neutron particle (Chadwick 1932) and predates their actual observational
discovery by then PhD student Jocelyn Bell-Burnell by more than 30 years (Hewish et al.
1968).

When a massive star, with an initial mass between 8 and 30 M⊙ (ranges are still debated
and vary depending on binarity, rotation and metallicity, see e.g., Woosley et al. 2002) ex-
hausts the nuclear fuel that burns in its interiors, it can no longer sustain itself against its own
gravity and its core violently collapses while the outer layers are ejected in a supernova event.
This scenario is common to the formation of neutron stars and black holes alike. However,
if the collapsing core is lighter than a critical mass (the Tolman-Oppenheimer-Volkoff limit,
Oppenheimer & Volkoff 1939; Tolman 1939), degeneracy pressure arrests the collapse and a
stable neutron star is formed. Above this limit (the upper limit to the mass of a neutron star
is still not accurately determined) nothing can stop gravity from shrinking the former stellar
core into a black hole. In an alternative formation scenario, a white dwarf - also a compact ob-
ject supported by degenerate pressure - in a binary system surpasses the critical mass for this
degenerate star (the Chandrasekhar limit, Chandrasekhar 1931) through accretion, yielding a
supernova and a neutron star (Nomoto & Kondo 1991).

The resulting object has roughly a mass of 1.25 to 2 M⊙ (for a list of current mass mea-
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1 Introduction

Figure 1.1: Schematic structure of a neutron star. Courtesy of Y. Cavecchi.

surements, see Watts et al. 2015, and references therein) within a 10 to 20 km radius. This
means that densities equal or exceeding the nuclear matter density of ρ0 ∼ 2× 1014 g cm−3

are reached. At present, the structure of matter under these conditions is impossible to calcu-
late from quantum chromodynamics (QCD, the theory behind the strong nuclear force), and
even if it would be, the theory would stay untested since particle accelerators can reproduce
such densities only at much larger temperatures than those that are present in the interior of
a neutron star. Also, as the stellar core turns into the proto-neutron star, flux conservation
means that the magnetic field strength increases by orders of magnitude, to 1013 − 1013.5 G.
This ‘fossil field’ (Ferrario & Wickramasinghe 2006) can befurther amplified to ∼ 1015 G by
a dynamo effect in the early, highly convective stages (Duncan & Thompson 1992; Thomp-
son & Duncan 1993). Even as the neutron star ages for billions of years and its magnetic field
decays (Viganò et al. 2013; Gourgouliatos & Cumming 2014), the field will play an important
role in the emission of radiation, accretion and burning physics, as we explain below.

From the inside out, an isolated neutron star consists of a inner and outer core, an inner
and outer crust, and an envelope, which is divided between an ocean and an atmosphere
(see Fig. 1.1, from Page & Reddy 2006). The outer layers are thinner than the inner ones.
The envelope is about a hundred meters thick, mostly composed of H and He and heavier
elements the abundances of which depend on the age of the neutron star and the nature of its
progenitor. The outer crust is a solid lattice of nuclei surrounded by degenerate, relativistic
electrons (Chamel & Haensel 2008). Here, pycnonuclear fusion (low-temperature fusion of
neighbouring nuclei in a lattice, Yakovlev et al. 2006) and electron-capture reactions take
place, the latter producing isotopes increasingly richer in neutrons (Sato 1979; Haensel &
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1.2 X-ray binaries: mass transfer and accretion

Zdunik 1990).
At some point it becomes energetically favorable for some neutrons to be outside nu-

clei. This ‘neutron drip’ demarcates the boundary between the outer and inner crust, at
ρ ∼ 4.3 × 1011 g cm−3. These free neutrons are at temperatures below their Fermi tem-
perature (meaning their behaviour is effectively that of zero-temperature particles), which
makes them degenerate (see Lattimer & Prakash 2004).

At about 1 km in depth, when ρ ∼ (0.5−1)ρ0, most nuclei have dissolved. This outer core
region mostly consists of neutrons, and a small percentage of protons, electrons and muons
- all being degenerate. This might well extend all the way to the centre of the neutron star,
depending on its central density (and hence, on its mass and radius). For densities larger than
2ρ0, a separate inner core region must be considered, the conditions of which are the least
well understood. Exotic mixtures of strange and even free quark matter have been proposed
as the ingredients making up the core of a neutron star (for a review, see Lattimer & Prakash
2007).

Depending on the interior composition, different pressure-density-temperature relations
are predicted. Each of these equations of state maps directly to the mass-radius relation
of a neutron star. The study of these compact objects therefore connects astrophysics with
fundamental nuclear physics. Measurements of masses and radii are since long the ‘holy
grail’ of neutron star research.

However, neutron stars are fascinating in many more aspects than the physics of dense
matter alone concerns. We are here interested in studying the accretion flows and nuclear
reactions in strongly magnetized and curved space–time – in other words, the behaviour of
matter when it happens to fall onto these compact objects and subsequently settle and burn.

1.2 X-ray binaries: mass transfer and accretion

Initially, the newly born neutron star is very hot. It will cool down, starting from initial
surface temperatures of ∼ 106 K, emitting a thermal spectrum that peaks in the very soft
X-rays. Despite the high temperature, the small emitting area of a neutron star means that the
luminosity is low in this initial stage: indeed, only seven young thermally-emitting neutron
stars are known (the ‘Magnificent Seven’, for a review, see Turolla 2009).

Due to angular momentum conservation in the collapsed core, the neutron star will be
born rotating fast: the youngest known neutron stars have periods of tens of Hz (e.g. the Crab
Pulsar, at a frequency of 29 Hz). They are also slowing down the fastest: it is often assumed
that the surface electric field strips charges off the surface and accelerates them in a beam
centred at the magnetic poles, carrying away energy and angular momentum. This model
can therefore explain the radio emission as the synchrotron radiation from the accelerated
particles. If the (dipolar) magnetic and spin axes are misaligned, a ‘stellar lighthouse’ is born:
and if the beam crosses our line of sight, one observes pulsed radio emission and speaks of a
pulsar (Gold 1968).
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1 Introduction

Figure 1.2: Artistic impression of the X-ray binary GRO J1665–40. The gas is seen streaming from the
companion star, through the Roche lobe and into an accretion disc, where it loses angular momentum
until reaching the central compact object. Jets can sometimes be launched (Credit: ESA, NASA and
Felix Mirabel).

Continued cooling down and spin-down is the fate of isolated neutron stars. However,
most massive stars are born in multiple systems (Sana et al. 2012), and if the binary survives
the supernova explosion and the resulting kick, a neutron star will be born with a companion
star. In fact, 10% of all neutron stars are observed in a binary system (Liu et al. 2007).
When this companion is a low mass star (≲ 1M⊙), its further, slower evolution can lead it to
overflow its Roche lobe, at which point stable mass transfer from the companion star ensues,
an accretion disc forms and a low-mass X-ray binary is born (Bhattacharya & van den Heuvel
1991, see Fig. 1.2).

The disc has to form because matter leaves the companion star with far larger angular
momentum than it can have at the neutron star surface, and cannot, therefore, directly accrete.
As it slowly loses angular momentum and heats up via viscous processes in the disc (for a
review, see Frank et al. 2002), the infalling gas loses gravitational energy, resulting in a
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1.2 X-ray binaries: mass transfer and accretion

luminosity

L ≃ GM∗Ṁ

R∗
(1.1)

where M∗ and R∗ are the neutron star mass and radius and Ṁ is the accretion rate (due to the
neutron star’s compactness, up to 20% of the rest mass of a particle accreting from infinity is
liberated).

This is emitted in X-rays, at typical luminosities of 1033 − 1038 erg s−1. Under the
assumption of spherically-symmetric emission, the maximum possible luminosity is the Ed-
dington limit, when the outward radiation pressure gradient equals the inward pull of grav-
ity. For a 1.4 M⊙ neutron star, this corresponds to 2.7×1038 erg s−1 for H-poor gas, and
1.6×1038 erg s−1 for H-rich material. Often, the emission shows variability known as quasi-
periodic oscillations (QPOs), probably corresponding to Keplerian or beat frequencies of the
innermost disc regions (van der Klis 2006).

These X-ray bright phases can either be persistent or transient, depending on the binary
parameters and Ṁ . In the latter case, one speaks of an X-ray outburst, followed by a period
of quiescence, with no or low-level accretion taking place. Outbursts in neutron star X-ray
binaries typically last days to months.

The long-lasting effect of this mass transfer is to spin up the neutron star to millisecond
periods: that is, hundreds of rotations per second. The fastest spin observed in a neutron star
to date is that of the radio pulsar PSR J1748-2446ad, at 716 Hz (Hessels et al. 2006). The
system is indeed in a binary, and it must have achieved its fast spin in a previous phase as an
X-ray binary: it is therefore one of the so-called ‘recycled’ pulsars (Alpar et al. 1982).

At the beginning of the X-ray binary phase, the stellar magnetic field might still be strong
enough (∼ 107 − 109 G, Mukherjee et al. 2015) to disrupt the accretion flow, lifting material
off the equatorial plane of the binary orbit and forcing it into corotation with the magneto-
sphere, until eventually landing onto the poles. This creates brighter spots, and if the (dipolar)
magnetic and spin axes are misaligned, an accretion-powered X-ray pulsar is born (Wijnands
& van der Klis 1998). The system is however no longer observable as a radio pulsar: this
is at least initially due to the circumstellar plasma, which short-circuits the pulsar’s electric
field, but it might also have to do with the magnetic ‘burial’ of the field as the accreted mass
pushes the field down (Cumming et al. 2001).

As we will see in this thesis, even as the field decays further and X-ray pulsations disap-
pear, it can still affect the dynamics of both the accretion and surface phenomena that are the
subject of this study, the X-ray bursts.
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1 Introduction

1.3 Unstable thermonuclear burning: the type I X-ray bursts

The fresh H and He that accumulates on the surface of a neutron star in an X-ray binary will
burn into heavier elements. This can happen under different regimes, depending on the rate
at which matter is piling up.

At the largest mass-accretion rates per unit area (ṁ ≳ 2×106 g cm−2 s−1), H and He
burn continuously. The energy per nucleon liberated in this process is smaller by about two
orders of magnitude than the gravitational energy liberated by accretion, so that stable burning
contributes a small fraction to the total observed radiation (Bildsten 1998).

At lower mass-accretion rates, however, an instability develops due to a nuclear energy
generation rate that is more temperature sensitive than radiative cooling and is confined to
a thin shell (Hansen & van Horn 1975). Material is burnt only after a critical layer of fresh
fuel has accumulated (typically just a few meters thick) which is then engulfed by a flame
in a matter of a second, and this quick energy release allows burning to briefly outshine the
persistent emission that is due to accretion (Woosley & Taam 1976; Lamb & Lamb 1978).
While temperatures in the burning layer reach a few billion K, the photosphere above it
thermalizes the radiation and heats up to millions of K and then cools down. The resulting
rise and decay in X-ray luminosity is known as a type I X-ray burst. Its spectrum is that of a
black body of rising and decreasing temperature, while durations vary from seconds to hours,
depending on the type of nuclear fuel and the thickness of the ignited layer (for reviews, see
Lewin et al. 1993; Bildsten 1998; Galloway et al. 2008).

The burning material is primarily H and He. For most of the accumulating envelope T ≳
107 K, so that most of the H burning takes place via the CNO cycle. When T > 8 × 107 K,
H burns in the ‘hot’ CNO cycle, in which burning is stable and the rate is limited by the slow
time scale of the β decays. H burns this way for

ṁ > 9× 102 g cm−2 s−1

(
ZCNO

0.01

)1/2

, (1.2)

while for lower ṁ, H burning is thermally unstable and can trigger a type I burst (Bildsten
1998).

If H burns stably, it is He burning that triggers a burst. He burning takes place through
the triple-alpha process, at T < 5× 108 K has a very large temperature sensitivity (roughly,
ϵ ∝ T 40) and is therefore unstable. Two regimes are then possible: if

ṁ < 2× 103 g cm−2 s−1

(
ZCNO

0.01

)1/2

, (1.3)

the slow hot CNO cycle will have burnt all H away in the layer by the time a burst ignites,
and a pure He flash will commence. At larger mass accretion rates, unburnt H is still present
in the layer at the time of the thermonuclear runaway. The large temperatures reached in the
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1.3 Unstable thermonuclear burning: the type I X-ray bursts

He flash allow ‘breakout’ reactions that take catalysts out of the CNO cycle, which then burn
the surrounding H through rapid proton (rp) captures (Wallace & Woosley 1981): a series of
successive proton captures and β decays. These can produce very heavy elements, with mass
numbers up to about 100 (Schatz et al. 2001).

Forty years after the first burst observed by the Astronomical Netherlands Satellite (Grind-
lay et al. 1976), 105 bursting X-ray binaries are known in our galaxy1. Soon after the discov-
ery, one-dimensional models of the bursting layer have successfully explained several burst
properties, including their energetics, durations, recurrence times at low mass-accretion rates
(see below) (Fujimoto et al. 1981) and the lifting of the photosphere that takes place when
the energy release is fast enough to surpass the local Eddington limit (Paczyński 1983). The
black body spectrum of a type I burst, with its rising and decaying temperature that traces the
heating and cooling of the stellar photosphere, also allows to confidently identify the compact
object in an X-ray binary as being a neutron star, as opposed to a surface-less black hole.

Having introduced the bursts, we can start to bring forward some of the problems that
are addressed in this thesis. Among the many questions that remain open, perhaps the most
pressing one is why the changes in burst behaviour as a function of the mass-accretion rate –
the recurrence time of type I bursts and their eventual disappearance once burning becomes
stable – look starkly different between models and observations. From a luminosity of about
one tenth of the Eddington limit and higher, the burst rate decreases, despite the fact that
matter accumulation should be taking place faster (Cornelisse et al. 2003). Stable burning
usually sets in at slightly larger luminosities, while models predict this should only be the
case close to the Eddington limit (Heger et al. 2007; Keek et al. 2014).

Although most bursters are not accreting X-ray pulsars, one might wonder whether the
magnetic field might still be able, if not to channel accretion, at least to affect the physics
of settling and flame spreading by creating surface inhomogeneities. This is an intrinsically
multidimensional problem. Likewise, the millisecond periods to which bursters have usually
been spun-up can generate a strong Coriolis force, which has only recently been accounted
for in burst models (Spitkovsky et al. 2002; Cavecchi et al. 2013, 2015), but not yet in multi-
dimensional simulations of the spreading and settling of the accreting mass during the time
leading up to a burst. Also, the differential rotation between the (faster) newly accreted
matter and the neutron star can generate instabilities resulting in turbulent motion, effectively
mixing the material to deeper, hotter layers and shortening the burst recurrence time (Piro &
Bildsten 2007; Keek et al. 2009). These studies show that sources can differ in their type I
X-ray burst behaviour because of different spin rates and magnetic field strengths, bridging
our understanding of thermonuclear burning with the observed type I X-ray burst zoo.

1An updated list is maintained at https://www.sron.nl/~jeanz/bursterlist.html
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1 Introduction

Figure 1.3: Discovery of type I X-ray bursts from the Rapid Burster. The type I bursts are marked as
‘special’, and occur independently of the relaxation-oscillator behaviour followed by the type II bursts.
This figure is from Hoffman et al. (1978).

1.4 Unstable gravitational accretion: the Rapid Burster type
II X-ray bursts

Almost as soon as type I bursts were discovered, it became clear that the X-ray bursts from
the source MXB 1730−335 (Lewin et al. 1976, see Fig. 1.3) are of a different nature. The
seconds-long recurrence times were clearly too short for a sufficient amount of nuclear fuel
to have been accreted to trigger a thermonuclear runaway, and earned the source the name
by which it is most often referred to: the Rapid Burster. The bursts can only be powered
by gravitational energy in the inner accretion disc during sudden accretion events (as first
pointed out by Hoffman et al. 1978). To avoid confusion, they were therefore called type II
bursts.

For 20 years the Rapid Burster was the only source of these ‘unstable-accretion’ events.
The second source, GRO J1744–28, first went into outburst in 1995 (Kouveliotou et al. 1996).
This source is an accretion-powered X-ray pulsar (unlike the Rapid Burster) and it was hence
nicknamed the Bursting Pulsar. Its strong magnetic field channels accretion onto a small area
around the poles, making the local mass-accretion rate per unit area large enough to stabilize
burning (Bildsten & Brown 1997), so that no type I bursts appear. This means that the Rapid
Burster is the only source emitting both type I and type II bursts.

Much attention was initially devoted to the Rapid Burster. The source is in the core

8



1.4 Unstable gravitational accretion: the Rapid Burster type II X-ray bursts

Figure 1.4: False-color image of Liller 1 obtained by combining GEMINI observations in the near-IR J
and KS bands. The field of view is 95′′ × 95′′ This figure is from (Saracino et al. 2015).

of the Galactic globular cluster Liller 1 (see Fig. 1.4), which is heavily absorbed due to its
proximity to the Galactic centre (the distance is 8.1±1.0 kpc) and has the second-largest rate
of encounters in the Galaxy (Verbunt & Hut 1987; Saracino et al. 2015). It soon became
clear that, at luminosities above about 10% of the Eddington luminosity, the type II bursts
disappear and the Rapid Burster behaves like any other source of type I bursts (Kunieda et al.
1984). Below said threshold, instead, different ‘modes’ of type II burst emission appear
(Guerriero et al. 1999). Generally, the first ones are the hundreds of seconds long, flat-topped
mode 0 type II bursts. Their recurrence times are also the longest. The mode 1 burst pattern
follows, with sequences of frequent short bursts ending with a longer and brighter one that
is similar in appearance to the shortest mode 0 bursts. Finally, the mode 2 pattern appears,
consisting of short bursts like the short ones in mode 1 (but not interrupted by larger bursts
followed by longer recurrence times).

All type II bursts roughly follow a relaxation oscillator relation, meaning that the fluence
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1 Introduction

in a burst determines the waiting time to the next burst (Lewin et al. 1976). This is not ob-
served in the BP (Kouveliotou et al. 1996). The relaxation-oscillator behaviour seems to point
to the presence of a mass storage from which matter can be released and then replenished at
a constant rate, so that the amount of depleted material determines the time to refill the buffer
(Lewin et al. 1993). The accretion disc is the most obvious candidate for this buffer and all
proposed models involve one (e.g., Walker 1992; Spruit & Taam 1993).

Despite the large amount of dedicated observations no universally accepted model for
the type II bursts exists. Interest in the Rapid Burster eventually waned – a single Chandra
observation took place in the 2000s, and no XMM-Newton observation ever – while in the
last 20 years increasingly sophisticated models have become available. These show that
the magnetic field can act as a gate on the accretion flow, resulting in burst-like, instead of
continuous, accretion.

The idea behind these models is an old one: a sufficiently strong dipolar field can force
the plasma in the accretion disc into corotation with the magnetosphere. At this radius the Ke-
plerian disc is effectively truncated. Depending on whether the new angular velocity (equal
to the stellar spin) is larger or smaller than the Keplerian frequency at that radius, accretion
or ejection (the so-called ‘propeller’ regime; Illarionov & Sunyaev 1975) will be the result.
What the more recent results have shown is that, rather than a simple accretion/ejection di-
chotomy, disc states are possible – chiefly depending on the mass-accretion rate, stellar spin
rate and dipolar field strength – in which matter cyclically piles up to a critical pressure after
which it is suddenly released (Spruit & Taam 1993; Kulkarni & Romanova 2008; D’Angelo
& Spruit 2010).

1.5 This thesis and beyond

The first two chapters of this thesis are dedicated to the study of type I bursts. In chapter 2
we investigate the general type I burst behaviour of the Rapid Burster by analysing the en-
tire sample of type I bursts observed with the Rossi X-ray Timing Explorer during the bright
(type II burst-less) portions of its outbursts. The purpose was to study how the type I burst
properties vary with the mass accretion rate. Surprisingly, we find that the type I burst be-
haviour of the Rapid Burster is almost unique: as the mass-accretion rate grows above 10%
of the Eddington limit, the Rapid Burster shows neither an increasing type I burst recurrence
time nor the early transition to stable burning that is common to all (103) other bursters but
one, IGR J17480–2446. We thus establish a unique similarity with this recently discovered
source. It suggests that, like IGR J17480–2446, the Rapid Burster could be a slowly-rotating,
relatively young low-mass X-ray binary. The larger magnetic field of a young, hardly recy-
cled neutron star (as IGR J17091–3624 most likely is) could channel accretion towards the
magnetic poles where matter would land with a smaller tangential velocity, whereas in older
sources (with weaker magnetic fields) landing would take place on the equator, and produce
the maximum amount of shear. This shear could then provoke hydrodynamical instabilities
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1.5 This thesis and beyond

causing turbulent motions in the accreted layer of the fast rotators, where type I bursts would
then ignite earlier (Piro & Bildsten 2007). Perhaps then, as we argue in chapter 2, the larger
magnetic fields of the younger Rapid Burster and IGR J17091–3624 allow them to escape
this quenching mechanism and to show type I bursts at larger luminosities.

In chapter 3 we show that the last type I bursts to appear in an outburst before the type
II bursts begin sometimes present an unusual shape. While the majority of type I bursts have
a ∼ 10 s rise, a peak and a ∼100 s-long decay, six of them show a strong dip during the
decay. The total duration of the burst is the same. Analysing the dip, we have found that
it is due to enhanced absorption of photons, temporarily obscuring the neutron star surface.
The second rise and peak are therefore due to the slow reappearance of the underlying burst
profile. No such dips are observed in the persistent emission around other type I or II bursts
(see chapter 4 for a discussion on alleged ‘dips’ around mode 0 type II bursts) in the Rapid
Burster or in any other bursting source observed with sufficient sensitivity.

The absorbing material must come from the accretion flow, and it can be no coincidence
that this interference only happens when the Rapid Burster is about to start emitting type II
bursts. The changing geometry of the accretion flow (from the configuration it is in when it
emits no type II bursts, to when it does) must therefore somehow be related to the double-
peak phenomenology. As we discuss in chapter 3, it however remains difficult to explain the
duration of the dips, which is in the tens of seconds: the type I bursts are already becoming
fainter while the surface is obscured, and the accretion flow should restore itself on much
quicker dynamical time scales.

We then move back to observations, for a comprehensive study of the Rapid Burster’s type
II bursts. In chapter 4 we analyze the entire sample of over 7600 type II bursts observed by
Rossi X-ray Timing Explorer, which comprises the most extensive catalogue of type II bursts
and perform a statistical study of their properties. We confirm already-known trends, and
discover new ones, such as: the type II bursts are Eddington-limited (unlike in the Bursting
Pulsar), their durations span four orders of magnitude, from tenths to thousands of seconds,
and while short type II bursts leave the underlying persistent emission unaffected, all the long
ones trigger long periods of enhanced persistent luminosity. We compare the properties of
our sample with those predicted by the most recent available models, and show that those
based on the gating role of the magnetosphere can reproduce key properties of the type II
bursts, while at the same time account for the uniqueness of the Rapid Burster by requiring a
fine tuning between the stellar spin, the magnetic field strength, the mass accretion rate and
the alignment between the magnetic field and the spin axis.

Finally, in chapter 5 we report large accretion instabilities serendipitously discovered
in the Rapid Burster and show that, while fundamentally different from the type II bursts,
they are obviously similar to those seen in the black-hole X-ray binaries GRS 1915+105
and IGR J17091–3624, establishing another important connection between the Rapid Burster
and other peculiar compact accretors. What GRS 1915+105 and the Bursting Pulsar have
in common is a long orbital period, which has also been proposed for IGR J17480–2446,
and which in the Rapid Burster would be compatible with the large peak brightness of its
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outbursts, another characteristic common to all four sources. We note, however, that a large
orbit would be disfavoured in the core of a highly collisional cluster such as Liller 1, which
has the second-largest rate of encounters in the Galaxy (Verbunt & Hut 1987; Saracino et al.
2015).

It is hard imagine to attribute to a single property the various observational peculiarities
of the Rapid Burster with respect to the larger neutron star zoo - the persistence of type I
bursts at high luminosities, also seen in IGR J17480–2446, the type II bursts, which it shares
with the Bursting Pulsar, and the GRS 1915+105-like variability. We believe that the most
pressing observational issues are determining the strength of the stellar magnetic field in the
Rapid Burster and the type of its companion star. For the former, a recent study of reflection
components in the spectrum of the Bursting Pulsar (Degenaar et al. 2014) offers a promising
avenue to constrain the stellar magnetic field, even in the absence of pulsations. For the latter,
deeper-field imaging made possible by the next generation of optical and infrared telescopes
like JWST might finally be able to penetrate the highly absorbing environment hosting this
source. Also, theoretical simulations must fully address the asymmetric impact of effective
gravity, Coriolis force, magnetic confinement and local mass accretion rate in a consistent,
multidimensional manner.
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Abstract

We perform time-resolved spectroscopy of all the type I bursts from the Rapid Burster (MXB
1730−335) detected with the Rossi X-ray Timing Explorer. Type I bursts are detected at
high accretion rates, up to ≃ 45% of the Eddington luminosity. We find evidence that bursts
lacking the canonical cooling in their time-resolved spectra are, none the less, thermonuclear
in nature. The type I bursting rate keeps increasing with the persistent luminosity, well above
the threshold at which it is known to abruptly drop in other bursting low-mass X-ray binaries.
The only other known source in which the bursting rate keeps increasing over such a large
range of mass accretion rates is the 11 Hz pulsar IGR J17480−2446. This may indicate a
similarly slow spin for the neutron star in the Rapid Burster.



2 Bursts from the RB: indications for a slow rotator

2.1 Introduction

First discovered by Lewin et al. (1976), the Rapid Burster (MXB 1730−335, hereafter RB)
is a neutron star (NS) low-mass X-ray binary (LMXB) located in the globular cluster Liller
1, with a recent distance measurement of 7.9± 0.9 kpc (Valenti, Ferraro, & Origlia 2010). It
is a recurrent transient, which had very regular outbursts every ∼ 210 d for most of the time
up to MJD ∼ 51500, after which the outburst recurrence time abruptly dropped to ∼ 100 d
(Masetti 2002).

The RB is unique, in that it features both type I and type II bursts. While the former are
due to the heating and cooling of the surface after a thermonuclear flash in the underlying
layers (for a recent review see Galloway et al. 2008, henceforth G08), type II bursts are most
likely due to the release of gravitational energy from the inner accretion disc during sudden
accretion events (as first pointed out by Hoffman, Marshall, & Lewin 1978), probably linked
to magnetic gating of the accretion flow (Lamb et al. 1977; Spruit & Taam 1993; D’Angelo
& Spruit 2010). Consequently, these two categories of bursts can differ greatly in duration,
recurrence time, energy and spectral properties (for a review, see Lewin, van Paradijs, &
Taam 1993; hereafter LPT93).

Typically, type I burst recurrence times trec are of the order of hours. Although some
type I bursts have been reported to recur within ∼ 200 s (e.g. Keek et al. 2010) only one
source - IGR J17480−2446, hereafter T5X2 - exhibited that behavior for prolonged series of
bursts lasting for hours, instead of multiple events consisting just of two, three or four bursts.
Linares et al. (2012) (henceforth L12) reported T5X2 to constantly increase in burst rate as
its persistent luminosity rose from 0.1 to 0.5 of the Eddington luminosity LEdd, with bursts
transitioning to a mHz quasi-periodic oscillation (QPO), with a period as short as 240 s.

This behaviour is well in agreement with models for thermonuclear bursts. Theory pre-
dicts the bursting rate to keep increasing with the persistent luminosity almost up to the
Eddington limit, when stable burning sets in (Fujimoto, Hanawa, & Miyaji 1981; Heger,
Cumming, & Woosley 2007); still, the burst rate for the majority of burst sources is observed
to decrease dramatically above a few per cent of the Eddington luminosity (e.g. Cornelisse
et al. 2003; Fig. 16 in G08). Although the basic physics of type I bursts is well understood,
this discrepancy between the expected and observed trec remains an unsolved issue in our
understanding of the phenomenon.

The unusual properties of T5X2 probably set it apart from the other bursting sources,
and could possibly explain its extremely regular bursting behavior (L12). T5X2 is an 11 Hz
pulsar with a reported magnetic field between 108 and 1010 G (Papitto et al. 2011; Miller et al.
2011), making it the slowest rotating burster known, and possibly one of the high magnetic
field bursters as well. Slow rotation could prevent turbulent mixing from stabilizing burning
at low mass-accretion rates (Keek et al. 2009) and reduces the influence of the Coriolis force
on flame spread and confinement (Spitkovsky et al. 2002). Magnetic confinement, which
probably accounts for the presence of burst oscillations in T5X2 (Cavecchi et al. 2011), could
limit burning to a constant portion of the stellar surface, while the burning area may vary with
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mass-accretion rate in other sources (Bildsten 2000).
As already mentioned, the presence of type II bursts is probably indicative of a prominent

dynamic role of the magnetic field B in the RB. We therefore seek to investigate whether
its type I burst behaviour shows analogies to T5X2 that could be explained in terms of a
slow spin or of surface magnetic field effects, related to a magnetic gating mechanism in the
accretion flow.

We perform a systematic study of all the type I bursts from the Rapid Burster detected
with the Proportional counter array (PCA) onboard the Rossi X-ray Timing Explorer (RXTE),
increasing the number of bursts over that already known by a factor of two. We observe
bursts over one of the largest ranges in persistent flux, and interestingly find that the burst
rate increases to high values with the mass accretion rate. We discuss the implications of this
behaviour in our understanding of the peculiar RB.

Section 2.2 describes the data selection, with particular care devoted to how we excluded
spurious bursts (type II, or type I from a different source). Section 2.3 explains the analyses,
spectral and morphological, performed on the bursts and the persistent emission. In Sec-
tion 2.4 we report our results on the burst behaviour as a function of the persistent luminosity
of the RB. Finally, we discuss the implications of our findings for the burst regimes and the
source spin in Section 2.5.

2.2 Observations

2.2.1 Dataset

The PCA (Jahoda et al. 2006) consists of five co-aligned proportional counter units (PCUs)
that combine to a total effective area of 6000 cm2 at 6 keV, in a 2 to 60 keV bandpass. The
photon energy resolution is 18% full width at half maximum at 6 keV and the time resolution
is programmable down to 1 µs. The field of view (FOV) is circular, with radius ≈ 1° (full
width to zero response).

The RB has been extensively monitored with the PCA, from the beginning of the mission
in early 1996 until its shutdown in January 2012. We collected all PCA data that we could
find when the RB was in the FOV of an active PCU, for a total exposure time of 2.83 Msec
(this is the sum of all so-called good-time intervals, excluding times when RXTE is slewing,
near to an SAA passage, or experiences a large particle rate).

A major issue of the PCA data is that the RB has an angular separation of only 0.56°
to the persistently active burster 4U 1728-34. In fact, most observations (67%) were aimed
at 4U 1728-34. The RB was the aimpoint for 14% of the time, so that both sources are in
the FOV for 82% of the time (including as well 1% when neither source was at the centre
of the FOV). During the remaining 18%, the PCA aimpoint was offset so that only the RB
is inside the FOV, decreasing the collimator response by a factor ≃ 0.4, but allowing for
spectroscopic measurements unaffected by contributions from other sources. We note that,
due to the transient nature of the source, only 32% of the data (or 0.91 Msec) was taken whilst
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the source was actually active.

2.2.2 Identification of RB type I bursts

We employed the STANDARD 1 data product, consisting of 0.125-s resolved photon count
rates per PCU without any photon energy resolution, to search for bursts. Our method con-
sists primarily of a computer algorithm to search for statistically significant upward fluctu-
ations above a steady background on time-scales of 1 to 300 s. We verified the result of
this search by a careful visual inspection of the light curves and the identified bursts. We
additionally applied the criterion that the Rapid Burster should be active, as may be verified
with independent RXTE-ASM or ISS-MAXI measurements, to exhibit bursts. The computer
algorithm was set to accept fluctuations above the background if they have a significance ac-
cumulated over the burst that is at least 10 σ and if they are accompanied by a stable pointing
of the PCA. The algorithm is efficient as long as there are time intervals before or after a
burst within 300 s where the background can be measured confidently. As a result some long
type II bursts may be missed that have no flat background between them and bursts that occur
during slews with the RB in the field of view. Through a visual inspection, however, we made
sure that type I bursts with the typical fast-rise exponential-decay profile were included even
if they occurred during a slew. We find a total of 7261 bursts, including 121 type I bursts and
7140 type II bursts. The latter number is a lower limit.

Type I bursts from 4U 1728−34 are easily recognizable by their short durations (≲ 10 s,
typical of H-poor nuclear fuel) and by their brighter (often Eddington limited) peak fluxes,
bimodally distributed about a mean of 9.2×10−8 erg cm−2 s−1 for the bursts showing pho-
tospheric radius expansion (PRE) and 4.5×10−8 erg cm−2 s−1 for normal bursts (Fox et al.
2001; Galloway et al. 2003; G08), a factor of 6 brighter than most bursts from the Rapid
Burster. For an angular separation of 0.56o, this ratio decreases by 40% when the Rapid
Burster is at the centre of the FOV and there are some type II bursts from the Rapid Burster
which come close to half the peak flux of bursts from 4U 1728-34. Still, these are rare and
the bursts can be distinguished by their time profile.

It is also straightforward to exclude most type II bursts. Long-lasting, flat-topped bursts,
preceded and followed by dips in the persistent emission are clearly recognizable as type II,
as are the intermediate-duration bursts showing multi-peaked decays (Tan et al. 1991). The
shortest type II bursts, the only ones featuring single, short peaks and a fast rise, are poten-
tially ambiguous. They however have very short (< 10 s) decays and recur very fast in series
of 8-40 bursts, making their cumulative energy release incompatible with a thermonuclear
origin (LPT93, see Sec.2.5 for further discussion). When a type I burst hides in a sequence
of such bursts it is easily recognized by its much slower decay.

We nevertheless acknowledge that we could have erroneously misidentified a few type I
bursts as type II. We intend to publish a comprehensive overview of all type I and II bursting
behavior of the Rapid Burster elsewhere, with a detailed description of the burst identifica-
tions. Here we concentrate on the 121 type I X-ray bursts that we identified from the Rapid
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Burster in the PCA data. 65 have already been reported (Fox et al. 2001; G08). Of these
bursts, some have only been partially observed, due to their proximity to the beginning or
end of a pointing, and some are surrounded or even covered by trains of fast-recurring type
II bursts. These bursts are not suitable for analysis, especially when the persistent emission
is very low, because part of the accretion is then taking place through the type II bursts,
implying that in this case the persistent flux does not even qualitatively reflect the actual
mass-accretion rate on the surface, and a relation between burst properties and the persistent
emission should therefore no longer be expected. Consequently, we only focus on type I
bursts from observations in which no type II bursts were observed.

2.3 Analysis

We set out to determine a number of key parameters for all bursts.

2.3.1 Burst durations and recurrence times

Using the 1-s resolution light curve, we modelled the tail of the burst light curve, when
the intensity is less than 90% of the peak intensity minus the pre-burst level, with one or -
when necessary - two exponential decay functions. We used these fits to determine the burst
duration tdur, defined as the time difference between the burst start time (see G08) and the
time when the intensity drops below 10% of the peak intensity minus the pre-burst level,
when the burst count rates are still significantly above the noise, so that variations in the
persistent count rate do not affect our estimate of the burst duration. Generally speaking,
single exponentials provide sufficiently good fits to shorter bursts (tdur ∼ 50 s), while two
exponentials are necessary for longer bursts (tdur ∼ 100 s). Although such a definition
of the burst duration is not affected by the varying noise level at different persistent count
rates, the burst emission is still not over at tdur. Spectra were therefore extracted up to the
time tend when the intensity decreases to within 2σ of the pre-burst level. We then used the
exponential fits to estimate how much fluence of the burst may have been contained in the far
tail of the light curve (i.e., after tend). This factor, below 5% for most bursts, was added to
the burst fluence and to its uncertainty (see Sec.2.3.2), to avoid a systematic effect towards
less energetic bursts at higher persistent count rates.

The burst recurrence time trec is defined as the time elapsed between the start time of the
previous burst and that of a given burst. When data gaps occurred, the recurrence time was
labelled an upper limit. In five cases, however, the observed trec was very close to being an
integer multiple (∼2 or 3 times longer) of the recurrence time observed in the adjacent bursts,
which was seen to be stable over series of up to five bursts, and a burst occurring with the
average value of trec would have fallen in a data gap (see Fig. 2.1). Therefore, we assumed
these bursts to be recurring on a regular time-scale and divided their observed trec by the
integer amount of times that gave a nearly constant burst rate.
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Figure 2.1: Cooling type I bursts. Notice the slightly different x and y-axis ranges. The bursts are very
regular, with separations varying by just 10% in the upper sequence (as the average Fpers decreases
by roughly the same amount) and 5% for the lower sequence. The burst separations covering the data
gaps are close to twice the mean separation of the other bursts, suggesting another burst occurred in
the gap (see Sec. 2.3.1). In the lower panel, the last burst took place in a configuration that excluded
4U 1728-34 from the FOV and reduced the RB intensity by a factor ∼ 0.4. We rescaled the count rate
accordingly. The remaining difference in the persistent emission level is therefore due to the lack of
contribution of 4U 1728-34.
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2.3.2 Burst energetics

Throughout our analysis, the particle and cosmic background, as determined with ftool

pcabackest, were subtracted from all spectra. Response matrices were generated with
pcarsp (v 11.7.1). All active PCUs were employed, and a correction was applied for
deadtime (although it is always small for the RB). Low-energy absorption by the interstellar
medium was taken into account using the model of Morrison & McCammon (1983), with an
equivalent hydrogen column density of NH = 1.6× 1022 cm−2 (Frogel, Kuchinski, & Tiede
1995; Masetti et al. 2000; Falanga et al. 2004). Following the RXTE Cookbook prescription1,
the analysis was limited to the 3 − 30 keV range, and a systematic error of 0.5% was added
to the results.

To determine the energetics of the bursts and of the persistent emission, we performed a
time-resolved spectroscopic analysis according to the following procedure.

The persistent emission

First, the spectrum of the non-burst X-ray emission was extracted from 496 s long STANDARD

2 data stretches preceding the burst, to constrain the background signal underlying the burst.
We modelled this spectrum with a generic LMXB model consisting of a disc black body
(Mitsuda et al. 1984), a power law and a Gaussian centred at 6.4 keV (G08), that yielded
a χ2

red very close to one for all the pre-burst spectra. In the many cases that the FOV also
included 4U 1728−34, the measured flux also included a contribution from that source and
the resulting fit parameters are not a truthful representation of the persistent emission of the
RB, but for assessing the burst energetics this is not crucial as long as the model is a good
description of the non-burst emission.

For those cases where 4U 1728-34 was outside the FOV, this model also provides a good
measurement of the persistent flux Fpers. Furthermore, even when the FOV contamination
was an issue, a dedicated offset observation (see Sec. 2.2.1) taken no longer than one hour
before or after the burst was often available. We used these uncontaminated spectra to esti-
mate the persistent flux Fpers in the range 3-25 keV, resorting to the same three-component
model mentioned earlier. All but six such measurements were taken within 1500 s from the
burst onset. In all cases, we took care to verify the stability of the average count rate over
the interval between the measurement and the burst. The count rate variation in the RB over
the course of an hour was always below 5%. All fits were satisfactory, giving χ2

red ≲ 1.5 for
40-50 degrees of freedom. Note that in the case of short recurrence time bursts, a single Fpers

measurement may apply to multiple bursts.
For each of these uncontaminated observations, a bolometric correction cbol was calcu-

lated from the portion of the observation excluding 4U 1728−34. We fitted an absorbed
Comptonisation model (compTT in XSPEC) to the spectrum extracted for each PCU in the
energy range 3–25 keV, and integrated the best fit model to give the flux over this range. We

1See http://heasarc.nasa.gov/docs/xte/recipes/cook_book.html
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then created (in XSPEC) a ‘dummy’ (ideal) response covering the broader energy range of
0.1–200 keV, and calculated the integrated, unabsorbed flux over that range. The bolomet-
ric correction for a given PCU was estimated as the ratio of these two fluxes, and the value
adopted for each observation was the mean of the values for the active PCUs, with the stan-
dard deviation of the values over all PCUs adopted as the uncertainty. The Comptonisation
model was chosen over the phenomenological (disk black body plus power law) because the
Comptonisation model has a finite integral for any choice of the input parameters. In fact,
because the persistent spectrum was generally soft, the electron scattering temperature kTe

was typically a few keV, and could be well constrained by the spectrum up to 25 keV. For
a few of the observations, the spectrum was harder, and in some cases the kTe could not be
constrained by the fit. For most of those observations, the addition of a Gaussian component
improved the fit sufficiently that the kTe could be constrained; for a few examples it was
possible to constrain the plasma temperature for all but PCU #3, and for those observations
that spectrum was excluded.

We adopt Fpers = cbolF3−25 keV as the bolometric intensity for the source in each obser-
vation. We also often refer to its ratio to the Eddington flux FEdd. To derive the latter, we
apply the distance estimate to the Eddington luminosity

LEdd = 3.5× 1038
(

M

1.4M⊙

)(
1

1 +X

)
ergs s−1 (2.1)

with M the stellar mass and X the hydrogen fraction (e.g. G08). This corresponds to an
Eddington flux from the disc FEdd = 2.8×10−8 erg cm−2 s−1 for a ‘canonical’ NS with
mass M = 1.4M⊙ and radius R = 10 km, accreting solar-composition material (X = 0.7).

The bursts

The burst data were divided into a number of time bins, varying in duration to keep the photon
count, and hence the relative error on the derived quantities, approximately constant. The bin
duration was constrained to be at most 1 s during the burst rise, to be able to track the initially
rapidly-varying temperature. The minimum bin duration possible was constrained by the
time resolution of STANDARD 1 data, at 0.125 s.

Spectra were extracted for each time bin from event files, the time resolution of which
varied between 1 and 125 µs. The non-burst emission was not subtracted. Spectra during the
bursts were modelled by the combination of black body radiation (leaving free temperature
and emission area, to account for the varying burst emission, and multiplied by a model for
interstellar absorption with NH = 1.6×1022 cm−2) and the model as found for the non-burst
spectrum discussed above, keeping the parameters of the latter fixed to the pre-burst values.

The assumption underlying this ‘standard’ procedure is that Fpers is constant during the
burst. The well-known caveat (van Paradijs & Lewin 1986) is the possibility that the persis-
tent emission actually varies during the burst, giving rise, for instance, to systematic errors
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for the radii that can get very large in the burst tails. Variations could arise because of radi-
ation effects on the inner accretion disc, or because of the NS becoming sufficiently hot to
contribute to the persistent spectrum. Worpel et al. (2013) noted a rise in persistent emission
during radius-expansion bursts which they attribute to radiation drag effects. We performed a
similar analysis, adding a multiplicative factor fa by which the persistent emission is multi-
plied, as a variable parameter in our spectral fits. However, even for the most luminous burst,
the effect appeared negligible, with fa = 1.06 ± 0.29 at the burst peak. It therefore seems
unlikely that this is a major factor for RB bursts, which are all significantly sub-Eddington.

The black body description of our burst spectra is always satisfactory. This simple, physi-
cally founded model provides a fairly accurate means to obtain bolometric fluxes and fluences
as follows. The black body fit to each measured spectrum results in the measurement of two
parameters: the temperature, expressed in kT , and normalization N , expressed in terms of
the square of the radius in km of a sphere assumed to emit the black body radiation at a
distance of 10 kpc. The values of both these parameters come with a 1-sigma uncertainty
which defines a 68% confidence margin for a one parameter fit. The burst bolometric flux is
calculated from Stefan-Boltzmann law:

Fbb = 1.07× 10−11 N

(
kT

1 keV

)4

erg cm−2s−1. (2.2)

To determine the uncertainty in Fbb, we sample 10,000 values of kT and N from Gaus-
sian distributions centered at the fitted values and with standard deviations equal to the re-
spective 1-sigma uncertainties, calculate for each sample Fbb and from the 10,000 samples
calculate the mean and standard deviation. The fluence is calculated from the sum of all
bolometric fluxes times the integration times of the related spectra and the uncertainty in
the fluence from the root of the quadratic sum of the uncertainty in all terms. Since the er-
rors in kT and N were treated as if these parameters are independent, the error in the burst
bolometric flux can be considered as conservative.

Some uncertainty remains for the fluence, for the burst radiation in the possibly long tail
where it drowns in the noise. We estimated this tail contribution from the exponential fits
discussed in Sec. 2.3.1.

Determination of α and β

The ratio of the integrated bolometric persistent flux to the burst fluence α ≡ Fperstrec/Eb

could be precisely determined only for sixteen bursts. The other bursts suffered from source
confusion (see Sec. 2.2.1) or data gaps making trec only an upper limit. For five additional
bursts, however, we could establish the recurrence time fairly confidently even in the presence
of data gaps (see Sec. 2.3.1), bringing the total number of bursts with a known value for α to
21, including four bursts lacking spectral evidence for cooling in their decays (see Sec. 2.4.1).
Errors on Fpers and Eb are nearly always below 10%, and the resulting errors on α are
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generally below 20%.
We also looked at the ratio of the burst peak to persistent flux β ≡ Fpeak/Fpers, which

we could derive for 57 bursts. The errors on the peak flux were somewhat large, which
propagated to errors on β getting large especially at the lower end of the Fpers range.

2.4 Results

2.4.1 Lack of cooling

We fail to find evidence for cooling in six bursts, meaning the temperature difference ∆T =

Tpeak−Tdur is consistent with zero within error bars, with the black body temperature Tpeak

measured at the flux peak and Tdur at the time tdur. They occurred at the beginning of the
June-July 1997 outburst, at the highest level of Fpers we observed in all data (see Fig. 2.2).
The highest value for which cooling is not observed is β = 0.37 ± 0.09, while the lowest
value among bursts with a cooling tail is β = 0.50 ± 0.10. On average β = 0.30 ± 0.13

for the non-cooling bursts. Their α values range from 87 ± 13 to 153 ± 26, consistent with
a thermonuclear origin, and they have time profiles typical for type I bursts (see Sec.2.2.2).
This convinces us that they are not type II bursts, for which reported values of α range from
0.15 to 4.29 (Tan et al. 1991; Masetti et al. 2000).

2.4.2 Burst behaviour as a function of accretion rate

In Fig. 2.3 all burst parameters are plotted against the bolometric accretion flux Fpers and its
ratio to the Eddington flux FEdd. The RB produces regular type-I bursts over a much wider
range of persistent flux than seen in other systems, from (2.7± 0.2)×10−9 erg cm−2 s−1 to
(12.5± 0.3)×10−9 erg cm−2 s−1, or between 10% and 45% of FEdd.

Some trends in burst parameters versus persistent flux are clearly visible in Fig. 2.3. The
ratio β clearly decreases with increasing Fpers, until it falls below the threshold β = 0.7

which Linares, Chakrabarty, & van der Klis (2011) suggest determines whether cooling can
be detected in PCA data (Linares, Chakrabarty, & van der Klis 2011). This is not only
trivially due to the increase in Fpers. The peak fluxes show a decreasing trend with increasing
Fpers, down from a maximum of Fpeak = (13.6 ± 2.6)×10−9 erg cm−2 s−1. On the other
hand, the non-cooling bursts at the highest Fpers show much lower peak fluxes, averaging
Fpeak ≃ 3.7×10−9 erg cm−2 s−1.

Most importantly, the recurrence time trec falls steadily with increasing Fpers, down to a
minimum of 467 s. Regardless of Fpers, the bursts appear to be very regularly clocked (see
Figs. 2.1 and 2.2). A fit to the recurrence times yields a power law with index −1.81± 0.04.
The fit however is unacceptably poor, with χ2

red = 22.1 for 22 degrees of freedom. Excluding
the non-cooling bursts, this becomes a flatter −0.95± 0.03, with χ2

red = 3.46 for 17 degrees
of freedom. The impossibility of fitting a single relation is due to the steepening of the
relation in the non-cooling regime, as is clear from Fig. 2.3. However, too few non-cooling
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bursts are available and they span too narrow an Fpers range for a fit to this latter regime to
be meaningful.

Despite the large spread in values, both Eb and tdur seem to stay relatively constant
until the highest persistent fluxes. A drop then occurs, coincidently with the disappearance
of cooling from the burst spectra. One might suspect this to be due to the poorer statistics
in the burst tail at large Fpers - a sizeable fraction of the burst fluence might be lost in the
noise. However we defined tdur and Eb exactly to avoid such an effect (see Sec. 2.3.1). We
therefore believe this drop to be genuine. The average rise time shows no correlation with the
persistent flux (trise ≃ 7.1 s, with standard deviation σ ≃ 2.1 s), although its average value is
different for the cooling and non-cooling bursts (6.8 and 9.6 s respectively), perhaps hinting
at a late change in bursting regime. Together with the change in burst duration tdur, which
on the other hand seems to get shorter at the largest accretion rates, this makes for bursts
becoming somewhat more symmetric in shape.

Excluding the bursts at the highest accretion rates, nearly constant α values are observed
for the cooling bursts, although at lower Fpers the longer trec means that often only upper
limits on α can be measured. For the cooling bursts for which α is well constrained, on
average α ≃ 46 with a standard deviation of ≃ 10. Including the bursts for which we divided
trec by an integer value estimated by comparison with the surrounding bursts (see Sec. 2.3.1
and Fig. 2.1) yields an average α ≃ 44 with a standard deviation of ≃ 9, reinforcing our
inference that our assumption of stable recurrence time is correct. Only at the high-end of the
distribution is an upturn in α visible, peaking to α = 153± 26. On average, the non-cooling
bursts have α ≃ 98 with a standard deviation of ≃ 26. It is important to stress that for all the
bursts for which α is well constrained, the value points to a thermonuclear origin.

No obvious explanation is available for the outlier, the very low Fpeak burst at Fpers =

3.6± 0.3×10−9 erg cm−2 s−1.

2.5 Discussion and conclusions

2.5.1 Cooling and burst type identification

The identification of a burst from the RB as type I or II can be difficult. Several attempts have
been made using broad-band spectroscopy, but the results are inconclusive at best (Kunieda
et al. 1984; Stella et al. 1988; Tan et al. 1991; Lubin et al. 1992a; Guerriero et al. 1999). None
the less, the presence of cooling in time-resolved spectroscopy of type I bursts has long been
accepted as a hallmark of thermonuclear burning (LPT93), for type II bursts generally exhibit
very little spectral evolution. This has been used to argue for the occurrence of type II bursts
in other sources (e.g. T5X2; Galloway & in ’t Zand 2010). However several authors (Motta
et al. 2011; Chakraborty & Bhattacharyya 2011) soon pointed out that the α values for T5X2
bursts that did not show a cooling trend were consistent with a thermonuclear origin. Linares
et al. (2011) found the occasional lack of cooling in some bursts from T5X2, Cir X-1, GX
17+2 and Cyg X-2 to coincide with a low value for β near the outburst peak. They proved
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Figure 2.2: Fast recurring, non-cooling type I bursts. Concerning the offset in count rate around the last
burst, see Fig. 2.1.

the α values of these bursts to be consistent with a thermonuclear origin, and found cooling to
disappear from bursts below a ratio β of 0.7. They attributed the lack of measurable changes
in Tbb to two factors: a loss of sensitivity due to the increased luminosity of the persistent
emission (resulting in lower signal to noise); and a reduction in the column depth required
for ignition as the layer temperature rises (resulting in less mass being burned and the bursts
reaching lower peak temperatures). Values of β for non-cooling PCA bursts from Cir X-1,
GX 17+2 and Cyg X-2 are also below β ≃ 0.7, ruling out these sources as type II burst
emitters.

Ultimately, α remains the most reliable observable to distinguish type I from type II
bursts. Depending on the fuel composition, thermonuclear burning can release between 1.6
and 4.4 MeV/nucleon (Wallace & Woosley 1981; Fujimoto et al. 1987), while the energy
release from accretion on to a ‘canonical’ neutron star is about 180 MeV/nucleon, yielding
expected α values between ∼ 40 and ∼ 110 for thermonuclear bursts, about one to two
orders of magnitude above what is observed for type II bursts (Tan et al. 1991; Masetti et al.
2000). We found compelling evidence that RB bursts at the highest persistent fluxes have a
thermonuclear origin with precise measurements of their α values, and showed that cooling
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2 Bursts from the RB: indications for a slow rotator

disappears below a β threshold that is roughly consistent with that inferred by Linares et al.
(2011). Although the transition seems to lie at a somewhat lower value of β in the RB,
it should be noted that the energy band they used to calculate Fpers is narrower than ours
(2− 50 keV versus 1− 200 keV). Also, Guerriero et al. (1999) already noted that in the RB
type II bursts only appear late in the outburst decay, usually after the persistent luminosity
has decreased to Fpers ∼ 3×10−9 erg cm−2 s−1. For all but one burst we analysed, Fpers

lies above this value and we confirm that no type II bursts are observable in the lightcurves. It
is therefore unlikely that type II bursting activity resumes at the highest Fpers levels, with α

values two orders of magnitude larger than usual and smooth exponential decays rather than
the multi-peaked decays type II bursts of similar duration are reported to show (Tan et al.
1991).

The paucity of identified non-cooling bursts is due not only to the relatively short time the
source spends at the highest accretion rates during an outburst, but also to the drop in outburst
peak flux after MJD 51500. Masetti (2002) reported a drop in both the outburst peak flux and
recurrence time by roughly by a factor of two after that date.

2.5.2 Bursting regimes

We showed that the RB keeps emitting type I bursts at an ever increasing rate, over a range of
Fpers from (2.7± 0.2)×10−9 erg cm−2 s−1 to (12.5± 0.3)×10−9 erg cm−2 s−1. Assuming
a distance of 7.9 kpc, this corresponds to (2.6−9.3)×1037 erg s−1, or (10−45)% LEdd. The
X-ray flux is however known to be a poor proxy of the real mass accretion rate (van der Klis
2001), so that the real range in Ṁ that the source is spanning remains uncertain. Accounting
for the uncertainty in the distance, the maximum luminosity at the time of a burst ranges
between 35% and 53% of LEdd.

That the bursting rate keeps increasing over such a large range in Fpers is a striking
similarity between the RB and T5X2, and it sets these two sources apart from all other known
bursters (e.g. Cornelisse et al. 2003; Fig. 16 in G08). The trend in Fpeak is also similar.
As mentioned, we do not observe a continuous decrease in Eb and tdur. These trends are,
however, rather dubious in T5X2 when looking at the individual bursts, and only become
clear switching to the daily averages of these burst properties (see Fig. 7 and 9 in L12).
A larger number of available bursts in T5X2 is due to a bursting rate that initially grows
faster: trec ∝ F−3

pers up to Fpers/FEdd ≃ 0.3, after which it settles on a flatter trec ∝ F−1
pers.

The latter relation seems closer to the one followed by the RB for all but the highest Fpers

levels: excluding non-cooling bursts, we fit trec ∝ F
(−0.95±0.03)
pers . This is consistent with the

empirical relations trec ∝ F−1.05
pers found in GS 1826-24 (Galloway et al. 2004) and trec ∝

F−1.1
pers in the accreting millisecond pulsar IGR J17511-3057 (Falanga et al. 2011), and it is

indicative of a fuel with a significant H fraction, where the proportionality expected is roughly
trec ∝ ṁ−1, while the steeper index initially observed in T5X2 agrees with models for pure
He burning (Cumming & Bildsten 2000). In the RB there seems instead to be a transition
from a flatter to a steeper regime, but the data is too limited to measure the slope of the latter.
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All bursts have α values between 35 ± 5 and 153 ± 26, with a weighted average α =

44 ± 14. Values of α for the cooling bursts are indicative of a fuel composition that is
compatible with the solar H abundance, in line with the observed long burst durations typical
of the H burning rp-processes. The higher α values that are measured at the highest levels of
Fpers are unlikely to be due to a smaller H fraction in the burst fuel, as this is the opposite
of what would be expected for the burst with the shortest trec. Instead, the sudden rise in α

might be due to the onset of semi-stable He burning in between the bursts. If some fraction
of the fuel is burning in between bursts, this will make overall less material available to burn
in a burst, therefore reducing the fluence and making α grow larger.

This explanation seems to be backed up by theoretical modelling of the burst time-scales
and energetics in this transitional regime. Keek et al. (2012) studied models of the NS enve-
lope after a superburst. Bursting is initially quenched because of the hot envelope; the first
bursts reappearing after the superburst are less energetic, feature a slower rise and a faster
decay than the bursts before it. As the envelope cools down further, trec become longer, trise
shortens, tdur lengthens and the bursts become again as energetic as they were before. We
suggest that the same transition could be taking place in the RB as the mass accretion rate
decreases during the outburst decay. Unfortunately, no observations are available for the time
prior to the appearance of the non-cooling bursts to look for stable burning or the mHz QPOs
expected from marginally stable burning at higher mass accretion rates.

It is also worth pointing out that we are not looking at the so-called short-waiting-time
bursts described by Keek et al. (2010), which are thought to be due to incomplete burning of
the fuel in the preceding burst, leading to rapidly following, smaller bursts, in sequences of
up to four events. Within such sequences, the bursts following the first one are on average less
bright, cooler, and less energetic than the initial burst, and their decay profiles lack the longer
decay component from the rp-process, suggesting they take place in a hydrogen-depleted
layer. These short-waiting-time bursts show α ≃ 5 (Boirin et al. 2007), a value so low that
the fuel must be left over from the preceding burst. We therefore exclude this incomplete-
burning scenario to explain the very short trec we report in the RB, given the stability of
the burst properties across multiple events, the long burst tails indicating the presence of H-
burning processes and the aforementioned α values typical of ordinary type I bursts and the
largest in the sample.

2.5.3 Bursts at the highest Ṁ : indications for a slow spin?

That the bursting rate keeps increasing over such a large range in Fpers is a striking similarity
between the RB and T5X2. Such behaviour, although predicted by theory (Fujimoto et al.
1981; Heger et al. 2007) has so far been reported in no other source.

When analysing a sample of BeppoSAX Wide Field Camera (WFC) data on nine X-ray
bursters, both transient and persistent sources in the Galactic centre, Cornelisse et al. (2003)
found the burst rate to peak at L ≃ (1.4− 2.1)×1037 erg s−1 before dropping by a factor of
five. Above this threshold, all sources also showed significantly shorter bursts, recurring less
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2 Bursts from the RB: indications for a slow rotator

regularly. It is difficult to interpret this change in behaviour. Cornelisse et al. (2003) suggested
that it might be due to the transition from unstable to stable H burning, so that bursts above the
critical luminosity are in a pure He regime (the so called case 2, Fujimoto et al. 1981), where
they take a longer time to build up and have much shorter (≲ 10 s) tails due to the absence
of prolonged H burning via the rp-processes (LPT93). He burning has a much stronger T
dependence, meaning local conditions set by perturbations in the layer steadily burning H
have a larger importance in setting ignition conditions, leading to variations in trec. This
seems however an unlikely explanation. Firstly, α values should increase significantly while
switching to the less efficient burning of He, contrary to the result of G08, who reported α

values above the threshold to stay constant or decrease slightly. Secondly, after an initial drop,
the bursting rate should start again increasing through the transition from case 2 to case 1 (the
He triggered, mixed H/He bursts), again contrary to what is observed. Thirdly, case 1 bursts
have been observed at lower mass accretion rates (e.g. in GS 1826−24, Galloway et al. 2004),
suggesting the transition from case 3 to case 2 takes place at lower Ṁ . Another possibility is
that this threshold corresponds to the onset of semi-stable He burning (e.g. in ’t Zand et al.
2003), which starts depleting the layer of nuclear fuel. The theory of thermonuclear burning
however places such a transition at near- or above Eddington luminosities, inconsistent with
the low luminosity (around 10% of LEdd) at which it is observed (Cornelisse et al. 2003;
G08). A final possibility involves variation in burning area. As pointed out by Bildsten
(2000), the observed flux only reflects the overall mass accretion rate Ṁ , while the burning
regime depends on the mass accretion rate per unit area ṁ ≡ Ṁ/Aeff , with Aeff the surface
area of the igniting region. If this area increases with a stronger than linear dependence on
Ṁ , ṁ might actually decrease with increasing persistent flux.

T5X2, by contrast, is very different and behaves more in line with theoretical expec-
tations. L12 reported that T5X2 showed a constant increase in burst rate as its persistent
luminosity rose from 0.1 to 0.5 LEdd, with bursts gradually evolving into a mHz QPO (with
a period as short as 240 s) until the onset of stable burning. They posited that this (up to then)
unique match between theory and observations was due to the very slow spin of T5X2. Spin-
ning at only 11 Hz, T5X2 rotates an order of magnitude more slowly than all other bursters
whose rotation rate has been measured via burst oscillations. At 11 Hz, rotation is only mini-
mally dynamically relevant, whereas at 100 Hz and above its effects are much stronger (Watts
2012). Rotation should, for example, affect the burning process (and its stability) by trigger-
ing turbulent mixing (Keek et al. 2009). This would stabilize He burning at lower accretion
rates per unit area than for a non-rotating source, skewing the theoretical prediction.

Given the relatively strong B field in T5X2, one might wonder whether it is the magnetic
field rather than the rotation rate that determines the unusual bursting behaviour in this source.
Although the field is weak enough that fuel confinement is unlikely to be effective (Brown
& Bildsten 1998), Cavecchi et al. (2011) argued that dynamical magnetic effects may act to
confine the spreading flame front after ignition, leading to stalling and explaining the presence
of burst oscillations in this source. Magnetic channelling should also lead to a reduction
in shearing instabilities and rotational mixing in the surface layers independent of the slow
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rotation (L12). Without further study, it has been hard to distinguish these two possibilities
for T5X2. However the RB may provide a clue, since in this source there is no evidence for
magnetic channelling (in the form of persistent accretion-powered pulsations).

If rotation rate is the main factor determining the bursting behaviour in T5X2, then the
similarity exhibited by the RB implies that it too may rotate slowly. Patruno et al. (2012)
argued that T5X2 has entered its spin-up phase in an exceptionally recent time (a few 107 yr),
and that also the total age of the binary is extremely low (≲ 108 yr). It therefore has not only
a slow spin, but also a relatively high magnetic field (between 108 and 1010 G, Papitto et al.
2011; Miller et al. 2011). If the RB also rotates slowly, one may speculate that it too is at
a similar evolutionary point, a young LMXB with a strong magnetic field. Where it differs
from T5X2, however, is that it also exhibits type II bursts. Interestingly, the only other source
known to exhibit type II bursts is the slow pulsar GRO J1744−28, which spins at just 2.14 Hz
(Finger et al. 1996). It has a reported magnetic field in the range (2−20)×1010 G (Sturner &
Dermer 1996; Cui 1997), intermediate between the weak fields (B ≃ 108 − 109 G) thought
to reside in LMXBs and the strong fields (B ≃ 1012 − 1013 G) found in X-ray pulsars. The
B value for GRO J1744-28 is probably large enough to confine burning to a stably burning
portion of the surface, explaining the lack of type I bursts.

Confirming the spin rate of the RB is unfortunately difficult, since to date there have been
no observations of either accretion-powered pulsations or burst oscillations from this source.
A low-significance claim of a 306 Hz modulation in a set of stacked burst spectra was reported
by Fox et al. (2001). However results from stacked burst spectra have in the past proved
misleading, see for example the case of EXO 0748-676: stacked burst spectra suggested a
spin of 45 Hz (Villarreal & Strohmayer 2004) whereas the true burst oscillation frequency
is now known to be 552 Hz (Galloway et al. 2010a). G08 have also already searched for
burst oscillations, but only for frequencies above 10 Hz. We are planning a more thorough
and dedicated investigation, to look into the overall timing behaviour of the source, with
particular regard to low-frequency phenomena. (Bagnoli et al. 2014).

The lack of persistent pulsations or magnetically-confined burst oscillations could be ex-
plained by scattering in an optically thick Comptonizing cloud, which might degrade the
signal and hide the modulation (Titarchuk, Cui, & Wood 2002), although this seems to be
an unlikely explanation for at least three other LMXBs (Göğüş, Alpar, & Gilfanov 2007).
Alternatively, no pulsations would be observed if the dipole moment of the magnetic field
were very closely aligned with the rotation axis of the NS (Chen & Ruderman 1993). Indeed
this would be supported by models for type II bursts (e.g. Spruit & Taam 1993) that involve
unstable disc-magnetosphere interactions in which matter builds up at the magnetospheric
radius until a critical gas pressure is reached. This would not be possible in a highly inclined
dipole model, where matter can always stream directly to the star along a field line. More
stringent constraints come by D’Angelo & Spruit (2011, 2012), who argue episodic accretion
occurs because of an inner disc radius hovering around the corotation radius rc (the radius at
which the Keplerian frequency equals the NS spin). They notice that the kind of instability
they model would not be possible in case of a strongly misaligned dipole, where at different
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2 Bursts from the RB: indications for a slow rotator

longitudes the disc would be truncated inside and outside rc, thereby always allowing for
some accretion to occur (Perna, Bozzo, & Stella 2006) and preventing the buildup of a mass
reservoir to release later in a type II burst. Although such a strongly aligned configuration
might seem unlikely, especially for relatively young systems, this is in agreement with the
fact that we only know two type II burst sources, compared to over a hundred type I bursters.
T5X2 could perhaps not show type II bursts because it is a more strongly misaligned rotator
than the RB and the Bursting Pulsar.
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Abstract

Long suspected to be due to unstable accretion events, the type II bursts exhibited by
the Rapid Burster (RB, or MXB 1730–335) still lack an exhaustive explanation. Apart from
type II bursts, the transient RB also shows the better-understood thermonuclear shell flashes
known as type I bursts. In search of links between these two phenomena, we carried out a
comprehensive analysis of all Rossi X-ray Timing Explorer observations of the RB and found
six atypical type I bursts, featuring a double-peaked profile that is not due to photospheric
radius expansion. The bursts appear in a phase of the outburst decay close to the onset of the
type II bursts, when the source also switches from the high/soft to the low/hard state. We also
report the discovery of a simultaneous low-frequency quasi-periodic oscillation present in the
persistent emission as well as in the burst decaying emission. We discuss several scenarios to
understand the nature of the peculiar bursts and of the accompanying oscillation, as well as
their possible relation with each other and with the type II burst phenomenon. We favour a
model consisting of two accretion channels, one polar and one equatorial, in a source viewed
at low inclination. We also, for the first time, clearly identify the atoll nature of the RB.



3 Double-peaked type I bursts in the RB

3.1 Introduction

The Rapid Burster (RB; e.g. Lewin, van Paradijs, & Taam 1993) is a transiently accreting
neutron star (NS) low-mass X-ray binary (LMXB), with outbursts recurring in less than one
year (Masetti 2002) and peak luminosities up to nearly half the Eddington limit (Bagnoli
et al. 2013, hereafter B13). It is located in the globular cluster Liller 1, at a distance of
7.9 ± 0.9 kpc (Valenti, Ferraro, & Origlia 2010). It is unique, in that it shows both type
I bursts, which are X-ray eruptions due to the heating and cooling of the NS photosphere
after a thermonuclear shell flash of accreted material (see e.g. reviews by Strohmayer &
Bildsten 2006 and Galloway et al. 2008), and type II bursts, most likely due to the release of
gravitational energy during sudden accretion episodes (Hoffman, Marshall, & Lewin 1978).
While the former are relatively well understood and observed in over a hundred sources, it
remains unclear why the latter have been unambiguously detected in only two NS LMXBs,
the other one being the slowly rotating (2 Hz) Bursting Pulsar (Kouveliotou et al. 1996).

The Proportional Counter Array (PCA) onboard the Rossi X-ray Timing Explorer (RXTE)
observed 125 type I and about 7050 type II bursts from the RB. A complete analysis (B13)
of the type I burst sample shows that type I bursts appear in the RB over a remarkably large
range of mass accretion rates, recurring faster as its bolometric luminosity increases to a large
fraction of the Eddington limit, a behaviour only shared with the 11 Hz pulsar IGR J17480–
2446 (Linares et al. 2012) among over a hundred bursting LMXBs (see e.g. Cornelisse et al.
2003). The known NS spin frequencies in these systems range between 245 and 620 Hz
(Watts 2012), and the exceptional bursting behaviour of IGR J17480–2446 can be explained
only thanks to its slow NS spin (Linares et al. 2012). This indicates the RB should be a slow
rotator too (B13).

Type II bursts instead appear only after the outburst has significantly decayed, usually
below a bolometric persistent flux of Fpers ≈ 3×10−9 erg cm−2 s−1 (Guerriero et al.
1999). They often show a relaxation-oscillator behaviour, meaning that the fluence in a type
II burst is proportional to the waiting time to the next one. These properties hint at disc-
magnetosphere interactions that are largely thought to control the type II burst phenomenon
(Baan 1977, 1979; Lamb et al. 1977; Spruit & Taam 1993). Type II bursts in the RB are often
accompanied by low-frequency quasi periodic oscillations (LF QPOs) in the persistent emis-
sion, both at frequencies ν0 between 2 and 4 Hz, and at much slower values centred about an
average of 42 mHz. They both cease right before the onset of a type II burst, so it is likely
that they originate in the same mass reservoir whose spasmodic accretion is responsible for
the type II burst (Stella et al. 1988; Lubin et al. 1992b).

Much theoretical work (e.g. Kulkarni & Romanova 2008; D’Angelo & Spruit 2010; Ro-
manova et al. 2012; D’Angelo & Spruit 2012) has focused on the dynamical role of the
magnetic field, which can act as a ‘gating’ mechanism to the accretion flow once the mass
accretion rate drops below a certain threshold. These models could explain the episodic
accretion that is responsible for the type II burst phenomenon, but also LF QPOs at low
mass-accretion rates, as those observed in the light curves of the accreting millisecond X-ray
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pulsars (AMXPs) SAX J1808.4—3658 (Patruno et al. 2009) and NGC 6440 X-2 (Patruno &
D’Angelo 2013).

We report here on six peculiar type I bursts that stand out among the RB PCA sample
because of a unique double-peaked structure first noticed by Fox et al. (2001). We show
that four of these bursts appear at the transition from the high/soft to the low/hard state (van
der Klis 2006), and that this takes place at the time of the first appearance of type II bursts.
We exclude the possibility that their double peaks are due to photospheric radius expansion
(PRE; see e.g. Lewin et al. 1993). We also find a previously unreported QPO at a frequency
of about 0.25 Hz. The QPO becomes visible in the persistent emission a few days before
the double-peaked bursts, peaks in amplitude at the time the bursts appear, even becoming
directly visible in the lightcurve, and fades out over the next few days.

We describe the spectral and timing properties of the double-peaked type I bursts and
the LF QPO accompanying them, and investigate whether they can shed further light on the
nature of the interaction between accretion and magnetic-field effects in the enigmatic RB.
Section 3.2 describes the data set and discusses the data analysis. Section 3.3 presents the
results of our analysis, and finally Section 3.4 discusses the interpretation of these results in
the context of models and observations of other sources.

3.2 Observations

Most measurements described here were obtained through observations with the PCA. The
PCA (Jahoda et al. 2006) is a non-imaging system consisting of five co-aligned proportional
counter units (PCUs) that combine to a total effective area of 6500 cm2 at 6 keV, in a 2 to
60 keV bandpass. The photon energy resolution is 18 per cent full width at half-maximum
(FWHM) at 6 keV and the time resolution is programmable down to about 1 µs. The field
of view (FOV) is approximately circular, with radius 1° (full width to zero response). The
RXTE observations of the RB include a mix of data. There are observations directly pointed
at the source that are contaminated by the presence of 4U 1728–34 at an angular distance of
0°.56 (Galloway et al. 2008), and offset pointings that do not suffer from such contamination,
albeit at the price of a smaller effective area. The total exposure time obtained on the RB
while it was active is 0.91 Msec. For further details on source confusion in the FOV, burst
identification, and discrimination between type I and type II bursts, we refer the reader to
B13.

Six type I bursts have a peculiar double-peaked time profile. They are numbered 35,
36, 37, 58, 118 and 119, following their chronological position among the 125 type I burst
in the PCA sample (B13). Three of the six double-peaked type I bursts subject of this paper
occurred during one outburst which is shown in Fig. 3.1. The burst lightcurves (Fig. 3.2) were
constructed employing 0.125-s resolution STANDARD 1 data. Typically, type I X-ray bursts
of the RB show a two-component decay profile, with a steeper 10-s long initial decay and a
shallower 100-s long tail, whose relative amplitude varies (B13). We constructed an average
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type I burst profile employing 22 bursts which we chose because they show the longest and
brightest decays. This average burst profile is plotted against each burst in Fig. 3.2.

We define a few variables to help us quantify the morphology of the dip between the
peaks. First, we applied an exponential fit to the first 200 s of the slow-decay portion of the
burst after the second peak. We extrapolated this fit backwards to determine the time tdip,start
when it intercepts the first peak of the burst. The dip duration ∆tdip is the time between
tdip,start and the time of the second peak. The dip depth D is the ratio of the number of
photons lacking under the extrapolated curve during the interval ∆tdip over the total number
of observed photons between the burst start- and end times (defined as in B13).

Time-resolved spectroscopy of the burst data was performed following the same pro-
cedure and tools as in B13. The particle and cosmic background were determined with
FTOOL PCABACKEST and subtracted from all spectra. Response matrices were generated
with PCARSP (v. 11.7.1). All active PCUs were employed, and a correction was applied for
deadtime (although it is always small for the RB). Following the RXTE Cookbook prescrip-
tion1, the analysis was limited to the 3 − 25 keV range, and a systematic error of 0.5% was
added in quadrature to the statistical error of the flux in each channel. The burst data were
divided into a number of time bins, varying in duration to keep the photon count, and hence
the relative error on the derived quantities, approximately constant.

3.3 Results

3.3.1 The outbursts

Typical RB outbursts observed by RXTE prior to 1999 November tend to have a fast rise of 1
to 3 d, followed by an exponential decay with an e-folding decay time of about 8 d. Initially
only type I bursts are observed. Type II bursts activity starts about 18 d into the outburst,
when typically the bolometric flux decreased to a level of Fpers ≈ 3×10−9 erg cm−2 s−1.
The first type II bursts to appear (the so-called mode-0 type II bursts) are long (200–300 s),
bright (up to 3000 c s−1 PCU−1), flat-topped and short-lived, usually being visible for only
a couple of days. We inspected all the light curves visually and only found 18 mode-0 type
II bursts. Their rarity is due both to the short outburst fraction in which they are produced
and to their long recurrence time, which for RB type II bursts is proportional to the fluence
in a burst (the so-called relaxation-oscillator behaviour, Lewin et al. 1993). Shorter, more
frequent (the so-called mode I and mode II) type II bursts then follow for another couple of
weeks until the end of the outburst (Guerriero et al. 1999).

The 1998 August–September outburst during which bursts 35 through 37 appeared has an
atypical light curve shape (see Fig.3.1), featuring a much faster decay, as well as much earlier
mode-0 type II bursts, which could have started already during the outburst rise (Fox et al.
1998). Although no PCA coverage is available for more than three days before, the timing

1See http://heasarc.nasa.gov/docs/xte/recipes/cook_book.html
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Figure 3.1: Daily average 3-12 keV flux of the RB measured with the All-Sky Monitor (ASM, Levine
et al. 1996) on board the RXTE during the 1998 August–September outburst. The three double-peaked
type I bursts 35 through 37 occur within ≲2 h (thick black line). The 0.25 Hz QPO (see Sec.3.3.3) is
visible in the power spectra for about three days, from the beginning of the PCA observations until the
double-peaked bursts (grey-shaded area). Long, flat-topped and very energetic type II bursts appear at
the same time (see Sec. 3.3.1).

of the three double-peaked bursts seems also quite interesting. As can be seen in Fig.3.1,
these double-peaked bursts occur during the initial phase of type II bursts, at a time when
the source is experiencing rapid and large variations in flux (‘reflares’). These considerations
make us confident that the peculiar sequence of double-peaked type I bursts occurs close to
the onset of the type II bursting activity.

Burst 58 was observed 8 d after the start time of the PCA observations of the 1999 October
outburst. In the time leading to it, 12 type I bursts are observed, and no type II bursts. No
observation is available in the 3 d prior to burst 58, and not again until 4 d later. Short (mode-
I) type II bursts are first observed 10 d after burst 58. It seems plausible that this could be a
more typical outburst, and that the short-lived phase of strong, long and flat-topped (mode-0)
type II bursts was missed because of the rather limited coverage around the time it could have
occurred.

Bursts 118 and 119 took place during the last RB outburst observed by RXTE, in 2010
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Figure 3.2: The six bursts studied here. The time axis has been shifted so that at the burst start time
t = 0. The subtracted background level is measured from a 500 s time interval prior to the burst. The
curves are normalized to their individual peak rate. The zero level is indicated by a dashed line. Each
burst is plotted against the average profile of the 22 single-peaked type I bursts featuring the longest
and brightest decays (see Sec. 3.3.2). The shaded region indicates the standard deviation of the sample.
The large oscillations in the decays of bursts 35 through 37 are not due to random (white) noise, but to
the 0.25 Hz QPO. They are clearly still visible in the shallower dip of burst 37, but absent in the deeper
dip of burst 35. Burst 58 reaches a much larger count rate in its first peak, which makes the second peak
and the QPO harder to see in this scaling.

January. Less than 12 ks of PCA data are available for this outburst, in five observations
spanning only 3 d. It is therefore difficult to assess to what extent the outburst has already
decayed when these bursts occur. However, starting in 2000 all outbursts recurred within
a shorter time and peaked at significantly lower intensities (Masetti 2002). Therefore, the
initial type-I-only phase of the outburst can be significantly shorter. Judging from the All-
Sky Monitor light curve, bursts 118 and 119 occurred no longer than 2 d after the beginning
of the outburst. None the less, the presence of six more type I bursts, the burst recurrence
time (see Sec. 3.3.2), the count rate in the persistent emission and the lack of type II bursts are
all consistent with what is observed in the other four double-peaked bursts, which indicates a
similar accretion state.

3.3.2 The double-peaked bursts

Light curves

Fig. 3.2 shows the six double-peaked type I bursts under analysis and Table 3.1 lists their
characteristics. Bursts 35 through 37 occurred with a recurrence time of about 2.2 ks, which
is in the middle of the range of observed values of all RB type I bursts (B13). In bursts 35
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and 36, the dip clearly lasts longer (∆tdip = 46 s) and the flux even drops to about 5 per cent
below the pre-burst emission level. The dip in burst 37 is instead shorter, at 25 s, and the flux
only drops to about 20 per cent of the net burst peak count rate. While the QPO is not visible
during the dips of bursts 35 and 36, it is still present in that of burst 37.

The second peak is about 40 to 50 per cent as large as the first one. It is higher in burst 37,
where it occurs earlier. The QPO modulation is clearly visible again in the second portion of
the decays.

Looking at Fig. 3.2, it is clear that the post-dip portion of the decay is significantly brighter
than in the rest of the type I bursts sample. As a result, the bursts are also longer. If however
one only looks at the minima of the QPO, the decays might have durations comparable to
those observed in the rest of the sample.

Burst 58 has a much dimmer second peak with respect to the other bursts, only about 15
per cent above the net burst count rate, which is however still significantly above the persistent
emission. It features the longest dip, at ∆tdip = 72 s, going down to just about 4 per cent
above the persistent emission, but still significantly above the noise fluctuations.

The recurrence time for bursts 118 and 119 is 1.8 ks, similar to what is observed for bursts
35–37. Their dips are about 30 s long, and briefly drop to count rates within 1 per cent of
those observed right before the bursts. Like in burst 37, the QPO remains visible during the
dip. Their second peaks are about 30 per cent as large as the first ones.

Spectral properties of the pre-burst emission

Burst 35 and 36 were observed during a direct pointing, while burst 37 took place in an offset
configuration (see Sec.3.2). The pre-burst spectrum of the RB was derived from the available
182 s-long segment of the lightcurve prior to burst 37. We fitted this with a model that is a
good description of all RB non-burst data (B13) and consists of a disc blackbody (Mitsuda
et al. 1984), a power law and a Gaussian line at 6.4 keV. Low-energy absorption by the inter-
stellar medium was taken into account using the model of Morrison & McCammon (1983),
with an equivalent hydrogen column density of NH = 1.6× 1022 cm−2 (Frogel, Kuchinski,
& Tiede 1995; Masetti et al. 2000; Falanga et al. 2004). The resulting blackbody tempera-
ture is (2.48 ± 0.06) keV, the apparent disc radius (1.77 ± 0.06) km × (D/10 kpc)/

√
cos i

(with D the source distance and i the disc inclination; for the relation between the apparent
and realistic inner disc radius, see Kubota et al. 1998) and the power-law photon index is
2.35 ± 0.23. The goodness of the fit is χ2

red = 1.25 for 46 degrees of freedom (d.o.f.). We
call this the ‘RB spectrum’.

For the persistent emission prior to bursts 35 and 36, whose observations are contaminated
by the nearby source 4U 1728–34, which dominates above 20 keV, simply renormalizing
the RB spectrum according to the collimator responses (1.0 and 0.42 for the on- and offset
pointings, respectively) while leaving the other parameters frozen (under the assumption that
the spectrum does not change significantly over the short time separating the observations)
yields unacceptable fits [for burst 35, χ2

red(d.o.f.) = 53.2(51)]. We therefore also added an
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absorbed Comptonization model (NH = 2.4×1022 cm−2; Egron et al. 2011), which we refer
to as the ‘4U 1728–34 spectrum’. This fit gave χ2

red(d.o.f.) = 1.10(46) and 1.04(46) for the
persistent-emission spectrum before bursts 35 and 36, respectively.

Analogously, a persistent emission spectrum was extracted from an offset pointing 1200 s
after burst 58, corrected for the collimator response, and added to a component describing 4U
1728–34, for an overall good fit with χ2

red(d.o.f.) = 0.85(42). Finally, no offset observations
were available near bursts 118 and 119. Therefore, we simply fit a model similar to the one
described above (an ‘RB’ plus a ‘4U 1728–34’ component) to each of their pre-burst spectra,
which gave χ2

red(d.o.f.) = 0.63(49) and 0.88(49), respectively.

Spectral properties of the bursts

Spectra during the bursts were modelled by the combination of blackbody radiation (leaving
free temperature and emission area, to account for the varying burst emission, and multiplied
by a model for interstellar absorption with NH = 1.6 × 1022 cm−2) and the model as found
for the non-burst spectrum discussed above, keeping the parameters of the latter fixed. The
spectral properties of the bursts are listed in Table 3.1.

Bursts 35 to 37 reach remarkably similar bolometric peak fluxes Fpeak (in units of 10−9

erg cm−2 s−1), from 5.7±0.4 to 6.0±0.5 in the first peak, while ranging from 1.8±0.4 to
2.7±0.6 in the second one. Burst 58 has instead a 50 per cent brighter first peak, at Fpeak =

9.5±0.5, and a dimmer second peak, at 1.1±0.3. Finally, bursts 118 and 119 have bright
first peaks, comparable to those of bursts 35–37, and dim second peaks like that of burst 58.
Such fluxes are all significantly sub-Eddington: for the quoted distance, the Eddington flux
is FEdd = 2.1×10−8 erg cm−2 s−1 for a ‘canonical’ NS with mass M = 1.4M⊙ accreting
solar-composition material (hydrogen fraction X = 0.7).

The total burst fluence Eb spans from (17.1±1.9) to (29.9±1.5)×10−8 erg cm−2. Despite
its brighter first peak, burst 58 is not more energetic than burst 37. This is again because there
are differences in how the energy is distributed before and after the second peak: in bursts
35–37, 118 and 119, 27 to 35 per cent of the fluence is emitted before the dip, and 65 to 73 per
cent after it. In burst 58 instead, 73 per cent of the fluence is emitted up to the dip minimum
and only 27 per cent after it.

The results of the time-resolved spectroscopic analysis for burst 35 are plotted in Fig. 3.3.
Two main conclusions can be drawn. First, a decreasing temperature accompanied by an
increasing radius while the flux drops out of the instrumental bandpass, the hallmarks of pho-
tospheric expansion (see e.g. Galloway et al. 2008), are not visible in the spectral evolution.
This is also true during the other dips. Therefore, we conclude that they are not due to PRE.

Secondly, the goodness of fits worsens during the decay into the dips of bursts 35 and 36,
until χ2

red(d.o.f.) becomes as large as 8.5(27) and 4.2(26), respectively, when the count rate
is roughly at the pre-burst level. We therefore examined whether the spectrum in these dips
is different from that in the persistent emission prior to the burst.

We attempted to fit the dip spectrum of burst 35 with three different models. The spectrum
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3 Double-peaked type I bursts in the RB

Figure 3.3: Time-resolved spectroscopy of burst number 35. The top panel shows the measured full-
bandpass photon count rates for the PCA Xenon layers. Following downward, the bolometric flux, the
blackbody temperature and radius (assuming a distance of 7.9 kpc) and the χ2

red of the fit are plotted. It
is clear that no PRE takes place, and that during the dip the pre-burst spectrum yields an unacceptable
fit (see Sec. 3.3).
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was extracted between 32 and 40 s after the burst start, when the flux is stable at about 5 per
cent below the count rate of the persistent emission prior to the burst (see Fig. 3.2). The model
that fitted the pre-burst emission (see Sec.3.3.2) was unacceptable for the burst dip, with
χ2
red(d.o.f.) = 6.68(29). Letting the two additive components that make up the persistent

emission (the RB and 4U 1728–34 spectra) free to vary in normalization also yielded an
unacceptable fit, with χ2

red(d.o.f.) = 4.18(27). This means that the fit cannot be improved by
simply allowing the normalization of the subtracted pre-burst spectrum vary, as successfully
done by Worpel, Galloway, & Price (2013) for PRE bursts. The energy dependence of the
ratio of the model to the data rather suggests that the discrepancy results from an intrinsically
different spectral shape.

We therefore fitted the dip by keeping the 4U 1728–34 spectrum frozen and leaving free
to vary different components of the RB spectrum. The only solution with an acceptable
fit required a column density NH = (6.86±0.96)×1022 cm−2, more than four times larger
than the quoted value, which we normally employ for the pre-burst emission. The required
blackbody temperature and radius were (2.03±0.06) keV and (2.55±1.04) km. This choice
gave the best-fitting model, with χ2

red(d.o.f.) = 1.28(26). Conversely, it was not applicable
to the pre-burst emission, where it yielded χ2

red(d.o.f.) = 96.4(52).
As a final test, we extracted the spectrum of the persistent emission 1000 s after the burst

start. In this stretch of data, the count rate is on average 2.5 per cent below the pre-burst
emission. We tried to fit the spectrum of this post-burst emission with both the model for the
pre-burst emission and for the dip, letting the ‘RB spectrum’ free to vary in normalization
while freezing all the other components. The pre-burst model gave χ2

red(d.o.f.) = 1.32(51)
with a normalization 4.2 per cent lower, while the model that best fit the dip resulted in a
χ2
red(d.o.f.) = 79.07(51), with a 2.5 per cent higher normalization.

Therefore, the dip has a truly different spectral shape than both the pre- and post-burst
emission, even though they are roughly at the same count rate.

3.3.3 Timing analysis

A timing analysis of a data set which included the double-peaked bursts 35 through 37 was
already performed by Fox et al. (2001). However, their main focus was the search of high-
frequency burst oscillations, and they calculated Fourier transforms of 1 s long data stretches,
thereby ignoring the entire sub-Hz portion of the power spectrum.

For the timing analysis, we used all Good Xenon and Event data, with a time resolution
of 2−20 and 2−13 s, respectively. The Good Xenon data were rebinned to the same resolution
as the Event data. No background subtraction or dead-time correction was applied to the data
before calculating the power spectra, but type I and II bursts were removed. Following a well-
established procedure (see e.g. Klein-Wolt, Homan, & van der Klis 2004), we determined the
Poisson noise using the formula by Zhang et al. (1995) and then shifted it to the featureless
level between 3072 and 4096 Hz, a region in the power spectra dominated by photon counting
noise. This mean value was then subtracted from the power spectra. The background was
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calculated for each observation (Obs ID) with the FTOOL PCABACKEST over the entire energy
range. We used 128-s long segments to calculate power spectra with no energy selection.
The frequency boundaries for the power spectra are therefore 1/128 Hz and 4096 Hz. The
power spectra were normalized to the relative rms (van der Klis 1995) which yields the power
density in units of (rms/mean)2 Hz−1.

We scanned all the PCA power spectra. Each power spectrum was inspected by eye to
look for the presence of the LF QPO. When it is present, we fit the logarithmically sampled
low-frequency (ν < 30 Hz) portion of the spectrum with a sum of Lorentzian components,
following Belloni, Psaltis, & van der Klis (2002). Each Lorentzian peaks at a frequency

νmax = ν0

√
1 +

1

4Q2
, (3.1)

with centroid frequency ν0 and coherence factor Q corresponding to the ratio of ν0 to the
FWHM. An example of these fits can be seen in Fig. 3.4. We then integrated the fractional
rms of each Lorentzian over the whole frequency range, and over smaller energy bands, to
quantify the energy dependence of the rms (see Fig. 3.5). Table 3.2 lists all observations in
which the 0.25 Hz QPO was found, and the QPO properties.

We detect the QPO in five distinct Obs IDs, across five different outbursts. They all
feature either double-peaked type I bursts or the kind of type II bursts (long, bright, flat-
topped) which are the first to appear and are only present in a short phase of an outburst
decay (see Sec. 3.3.1). The count rates vary by a factor of 2 across these observations. The fits
yielded acceptable χ2

red(d.o.f.), varying between 0.92(118) and 1.19(108), across the different
observations. The significance of the detection, defined as the ratio of the integrated power
over its negative error varies between 5.33 and 16.64σ.

The power spectrum of the observation which includes bursts 35 through 37 is shown in
Fig. 3.4. This is the most significant detection of the 0.25 Hz QPO. Besides the main feature
an accompanying QPO is visible at 0.1 Hz. Also present are QPOs that peak at 0.5 and 3 Hz,
which are known to appear in the run-up to a large type II burst (Stella et al. 1988). The
former is probably in a harmonic relation to the 0.25 Hz QPO.

Our newly discovered QPO, relatively well fit by a Lorentzian, covers a relatively narrow
frequency range in the different observations, between 0.18 and 0.26 Hz. Its rms amplitude
varies between (1.91±0.83) to (5.03±1.47) per cent. At its peak, it is also clearly observed
in the time domain (see Fig. 3.2). As can be seen in Fig. 3.5, the amplitude seems to grow
monotonically over the 2–17 keV (channels 5-64 of the PCA) energy range. The error bars
are however quite large, and a constant value could also fit the rms-E relation. We performed
an F-test to compare the fits for a constant value and a linear dependence on energy. The
linear function yields a better fit, and the probability of the improvement being due to random
chance is p = 0.04. We therefore consider the growing trend real. The coherence factor Q
is rather low, between 0.43 and 2.29. However, we must stress that the feature is sometimes
observed to increase in frequency during the intensity decrease that precedes the longest type
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3 Double-peaked type I bursts in the RB

Figure 3.4: Logarithmically rebinned, power spectrum distribution of all the non-burst data in Obs ID
30079-01-03, which features bursts 35 to 37. Note the QPOs at 0.1 and 0.25 Hz. This is the only
detection of the former feature and the most significant detection of the latter. The first harmonic of the
0.25 Hz QPO is also visible at 0.5 Hz.

II burst. This degrades its coherence in our fit, which is averaged over an entire observation.
The weaker 0.1 Hz QPO feature was only detected on the same date as the double-peaked

bursts 35–37, while it is not present in the other power spectra, and it is poorly fit by a
Lorentzian. Therefore, we cannot establish whether it might be in a harmonic relation with
the 0.25 Hz oscillation, nor can we exactly quantify its amplitude or coherence. It is however
quite a narrow feature, and it seems weaker than the 0.25 Hz QPO.

We did not fit the power spectra of the remainder of the observations, but a visual inspec-
tion of the power spectra indicated that the QPO disappears as the rare, 300 s long, flat-topped
type II bursts (which are the first to appear in an outburst, Guerriero et al. 1999) evolve into
shorter, more frequent ones at lower count rates.

3.3.4 The colour–colour diagram

There are ≃335 ks of non-contaminated exposures with 4U 1728–34 outside the FOV and the
active RB inside. We employed 16 s time resolution STANDARD 2 data for these observations
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Figure 3.5: The energy dependence of the ∼ 0.25 Hz QPO, over the same data stretch as covered by
Fig. 3.4. The rms increases with energy. The plot show rms amplitudes up to 17 keV, where counts
yield acceptable fits to the feature. Error bars correspond to 1σ levels, the dashed line shows the average
rms over all energies.

to calculate X-ray colours.
Following Homan et al. (2010), soft and hard colours are defined as the ratio of counts

in the ≃4.1-7.3 keV to that in the ≃2.5-4.1 keV band, and in the ≃9.8-18.1 keV and ≃7.3-
9.8 keV bands, respectively. Type I and II bursts were removed, background was subtracted,
and dead-time corrections were made. The energy-channel conversion was determined from
the pca_e2c_e05v01 table provided by the RXTE team. In order to correct for gain changes
as well as for differences in effective area between the PCUs, we normalized our colours to
the corresponding Crab source colour values (van Straaten, van der Klis, & Méndez 2003)
that are closest in time and in the same RXTE gain epoch, to make sure the same high-voltage
settings of the PCUs apply. Continuous stretches of data points were combined until the
relative error of each colour was below 5 per cent. Finally, we flagged the colours closest in
time to the double-peaked bursts 37 and 58. The former measurement is also very close to
bursts 35 and 36. Bursts 118 and 119 have no close-by non-contaminated exposure.

Fig. 3.6 shows the resulting colour–colour diagram (CCD). Two clearly distinct branches
are present which indicate that the RB is an atoll source, with the so-called banana and island
states (Hasinger & van der Klis 1989). Type I bursts take place in a wide range of mass
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The red data points refer to the data where the QPO is observed. While ordinary type-I bursts take
place in all source states, the double-peaked bursts and the 0.25 Hz QPO are only visible at the vertex
between the island and banana branches. Offset observations were chosen, for a total of 335 ks, so that
4U 1728–34 is not contaminating the FOV of the PCA, and type I and II bursts were removed from
the data. Each data point represents 16 s of data. Where needed, the data were binned in time, to keep
errors on each colour below 5 per cent.

accretion rates, as already shown by B13. Interestingly, the double-peaked bursts and the
accompanying 0.25 Hz QPO concentrate at the vertex where the RB transits from the lower
banana to the island state.

3.4 Discussion

3.4.1 Observational summary

In a comprehensive analysis of all RXTE data on the RB we found six type I X-ray bursts
during three outbursts that feature a dip that is not due to photospheric radius expansion,
resulting in the appearance of two peaks in the light curves. The dips are relatively long with
durations between 25 and 72 s and ingresses and egresses that have a typical timescale of 10
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s. In two bursts, the dips drop for about 10 s below the pre-burst flux level, by up to 5%.
The dip is therefore also in the persistent emission, although never outside a burst. When that
happens, the spectral shape is different from the pre-burst spectrum with an increase of the
absorption column density by a factor of 4. After the burst, the persistent emission recovers
its pre-burst spectral shape. Such a peculiar and repetitive morphology of type I burst light
curves has, to the best of our knowledge, never been observed before (see Sec. 3.4.2).

With respect to the other type I bursts from the RB, the duration of the double-peaked
bursts seems longer and the decays after the second peak brighter, but that may be due to the
addition of the QPO on the tail and not on the first peak. The fluence of the bursts ranges
between 17.12 and 28.80×10−8 erg cm−2. This compares with 17.6 to 51.5×10−8 erg cm−2

for the other 121 bursts (B13). If the dips hide part of the actual fluence, the total fluence
would be between 10 and 50% larger, varying between about 20 and 37×10−8 erg cm−2.
Instead, the pre-dip fluence alone is between 4.80 and 9.01×10−8 erg cm−2 which is signifi-
cantly below the lowest value for all other bursts. These ranges are a strong indication that the
second peaks are thermonuclear in nature and not, for instance, completely due to accretion.
The other burst properties, like peak flux, rise and recurrence times are quite unremarkable
compared to the rest of the sample. However, it must be noted that the recurrence time of the
bursts spans a rather limited range, between 1.7 and 2.2 ks, and that they appear at similar
persistent count rates. B13 showed that the RB produces bursts over a very large range of
persistent fluxes, and that the recurrence timescales varies accordingly. It seems therefore
likely that the double-peaked bursts are peculiar to a limited range of mass accretion rates.

RXTE data of the RB suffer from contamination of another bright LMXB in the same
FOV: 4U 1728–34. This does not affect the analysis of X-ray bursts since those of the RB
are easily discerned from those of 4U 1728–34, but the analysis of the non-burst radiation
is seriously affected, which precluded thus far the identification of the RB as an atoll or Z-
source (Rutledge et al. 1995). However, a portion of the observations were pointed such that
4U 1728–34 is outside the FOV, while the RB remains inside, though at a less favourable
off-axis angle. Thanks to the large size of the data set collected by RXTE during its mission,
we generated a CCD from these data and are able, for the first time, to identify the RB as
an atoll source with unambiguous ‘island’ and ‘banana’ branches (Hasinger & van der Klis
1989).

The double-peaked bursts seem to occur at a phase in the decay of the transient outburst
when type II bursts commence, as signalled by the presence of very energetic, flat-topped
and long type II bursts (Guerriero et al. 1999). Furthermore, the double-peaked bursts are
coincident with a special location in the CCD – the vertex where the source transits between
the banana and the island state, indicating a change in the accretion-flow geometry (van der
Klis 2006).

The non-burst light curve also shows a peculiar feature, around the double-peaked bursts:
a QPO with a typical frequency of about 0.25 Hz. This QPO is present before and after
the bursts, and during the second peak of the bursts. The amplitude peaks at 5.03±1.47%
fractional rms. Notably, it is absent during the first burst peak and the deep dips. It remains
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visible during shallow dips with a smaller amplitude. When compared to other type I bursts
from the RB and considering the depth of the deepest dips, this strongly suggests that the
QPO represents an additional radiation component to the burst and the persistent emission.

We searched all RXTE data on the RB and found a total of five statistically significant
detections (see Sec. 3.3.3). The feature is present in all the consecutive power spectra that
make up each observation and it also always lies in the same portion of the CCD across five
different outbursts, at the transition between the island and banana states. Furthermore, all
the observations featuring the 0.25 Hz QPO coincide with either double-peaked bursts or the
kind of type II bursts (long, bright, flat-topped) which only appear in a short-lived phase of
an outburst decay (Guerriero et al. 1999).

The observations of mid-burst dips during type-I X-ray bursts and the simultaneous be-
haviour of the 0.25 Hz QPO at a state transition are unique. How do they come about and
how are they related to each other? Why do they take place during a state transition? Are
they related to the unique type II bursting behaviour of the RB and, if so, can they provide us
further constraints on the origin of that behaviour?

3.4.2 Nature of the dips

Other LMXBs exhibit double-peaked bursts that are not due to PRE. For example 4U 1636-
53 shows bursts with two (Sztajno et al. 1985; Bhattacharyya & Strohmayer 2006a,b) and
even three peaks (van Paradijs et al. 1986; Zhang et al. 2009). However, the timescales for
this source are different than for the RB (the peaks are separated by at most 5 s) and the
flux never drops below the pre-burst emission. The similarities are that the peak flux is also
a factor of 2 to 3 below the Eddington limit, the inferred mass accretion rate is relatively
large and the bursts concentrate around the vertex of the island/banana branch of the CCD.
Non-PRE double-peaked type I bursts have also been observed from 4U 1608–52 (Penninx
et al. 1989), GX 17+2 (Kuulkers et al. 2002) and 4U 1709–267 (Jonker et al. 2004), all with
durations shorter than 20 s.

There is great diversity in the observations of other sources, precluding a single explana-
tion for all irregularities. The double-peaked bursts in the RB are no exception: they too are
unique, particularly because of relatively long time scales for the dip ingress and egress and
the simultaneous QPO behaviour. We will now discuss several explanations for the double-
peaks phenomenon in the other sources.

Two-stage energy release on the surface?

One possibility is that the multiple peaks are the result of a variation in either the rate at which
the energy is transported to the surface of the NS, or in the rate at which energy is released in
the flash. A shear instability could mix layers which have undergone a thermonuclear flash
with unburnt material lying above them (Fujimoto et al. 1988), or there could be a waiting
point in the rp-processes (Fisker, Thielemann, & Wiescher 2004). However, it is difficult
to keep unburnt fuel above burnt material without the two mixing (Spitkovsky, Levin, &
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3 Double-peaked type I bursts in the RB

Ushomirsky 2002), or to have the burning reaction chain stalling as long as the dips are
sometimes observed to last (Bhattacharyya & Strohmayer 2006a).

Other explanations discussed in literature involve stalling of the burning front. For a weak
burst with high-latitude ignition, the spreading of the flame could stall at the equator if that is
where most of the disc material is accreted (Bhattacharyya & Strohmayer 2006a). Otherwise,
a temporary boosting of the magnetic field B, due to the motion of the fluid upon ignition,
could temporarily confine the burning region (Cavecchi et al. 2011). Obviously B is not
expected to be different for the double-peaked bursts and the rest of the RB bursts, nor is the
fuel composition, given their similar timescales and energetics. The ignition location and the
mass-accretion rate are therefore the remaining possible triggers for a confining mechanism
that could give rise to the double peaks. Perhaps high-latitude ignition could be rare enough
to only happen in 6 bursts out of 125, although these are not among the weakest in the sample
as observed for double-peaked bursts in 4U 1636–53 (Bhattacharyya & Strohmayer 2006a).
On the other hand, the possibility of magnetic confinement is at odds with the fact that the
RB double-peaked bursts occur in a limited range of intermediate mass-accretion rates, with
single-peaked bursts being observed at both higher and lower Ṁ .

Transient obscuration from the disc?

Generally speaking, all the scenarios discussed above revolve around phenomena confined
to the surface. None of them can therefore explain why, in bursts 35 and 36, the flux drops
below pre-burst levels while the absorption column density increases. The accretion flow,
responsible for the non-burst emission, must clearly also be affected.

For example, the multi-peaked structure could result from scattering of the X-rays by
material evaporated from the accretion disc during the flash, forming a burst-induced accre-
tion disc corona. Models seem however to require Eddington-limited bursts (Melia & Zylstra
1992), and indeed observations of radiative or dynamical interactions with the accretion disc
have so far been limited to very energetic PRE bursts (in’t Zand et al. 2011, 2013; Degenaar
et al. 2013). Instead, the double-peaked bursts in the RB are sub-Eddington by at least a
factor of 2, implying that the burst flux delivers insufficient radiation pressure to influence
the accretion flow. Even resorting to beaming, to raise the flux in a direction outside the line
of sight to a sufficient level, the problem remains that the timescales are dynamical in nature
and much shorter than those observed (e.g. Melia & Zylstra 1992).

The energetic properties of these bursts are unremarkable with respect to the rest of the
type I sample, which makes explaining their exceptionality difficult. None the less, the dips
seem to be initiated by the bursts, responding to the burst with a delay of about 10 s. As a
way around this, the origin of the dips might lie in a short-lived, peculiar geometry of the
inner accretion flow rather than in the bursts themselves.

For a scenario that is independent of burst properties and features longer dips, one can
look at dipping sources. These show periodic dips in their light curves that are thought to
be caused by periodic obscuration of the central source by a structure formed in an interplay
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between the gas stream from the companion and the accretion disc (White & Swank 1982).
Therefore, they have generally been inferred to be at inclination angles larger than 60° (Frank,
King, & Lasota 1987), unless the splash traverses over the compact object to the other side
of the accretion disc (e.g., Armitage & Livio 1998).

The depth, duration and spectral properties of the dips vary from source to source and
from cycle to cycle (Parmar & White 1988). The timescale of the dips in the RB is similar to
that shown by some dipping sources (e.g. Kitamoto et al. 1984), and, as we said, the fact that
the dips go twice below the pre-burst flux indicates that, as in dipping sources, the persistent
emission is also partially obscured. Most importantly, the RB dips spectrum is consistent with
a larger portion of the flow coming in the line of sight. Unlike in all other sources, however,
in the RB the dips only occur during bursts. Likely this means that the inclination angle is
lower, since at a high inclination angle dips in the persistent emission should also be visible.

None the less, obscuration phenomena of the surface might be possible even at low incli-
nations. 3D MHD simulations by Romanova et al. (2008, 2012) and Kulkarni & Romanova
(2008) showed that two different regimes of accretion on magnetized stars like AMXPs are
possible in presence of a tilt (≲ 30°) between the rotational axis and the magnetic dipole. At
large Ṁ , in what they call the ‘boundary layer’ regime, matter can accrete directly through
the magnetosphere via narrow and tall ‘tongues’ due to Raleigh-Taylor instability, forming a
belt-shaped hot region on the surface of the star. Instead at lower Ṁ , in the so-called ‘magne-
tospheric regime’, the accretion flow forms few (two or four) ordered funnel streams towards
the magnetic poles.

If these predictions are correct, for a low inclination the appearance of obscuring funnels
is indeed to be expected as Ṁ goes down. Furthermore, as these funnels are nothing but
transient accretion episodes at low Ṁ , they might help explain the onset of the type II burst
activity at the transition from the soft to the hard state. However, if this change in geometry is
behind the obscuration, it remains unclear why double peaks would not be an overall charac-
teristic of all bursts in the low Ṁ state, and also whether the a burst–funnel interaction could
reproduce the observed dip durations.

3.4.3 Nature of 0.25 Hz QPO

QPOs in LMXBs, no matter how difficult to explain, are always ascribed to a phenomenon
in the accretion flow (see van der Klis 2006, and references therein). The only exceptions
are mHz QPOs which are thought to be due to marginal nuclear burning on the NS surface
(Revnivtsev et al. 2001; Heger, Cumming, & Woosley 2007). However, those QPOs are
interrupted by type I X-ray bursts (Altamirano et al. 2008) and have frequencies one to two
orders of magnitude smaller than the 0.25 Hz QPOs in the RB. Thus, it is most likely that the
dipping behaviour and the 0.25 Hz QPO in the RB are related to the accretion flow.

We explore in this section two possible scenarios to explain the QPO: periodic obscura-
tions and modulation of the accretion flow via interactions between the disc and the magne-
tosphere.
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QPOs in dipping sources

At least three dipping bursting LMXBs (XB 1323–619, Jonker et al. 1999; EXO 0748–676,
Homan et al. 1999; and 4U 1746–37, Jonker et al. 2000) show ∼1 Hz QPOs. Their rms
amplitudes are about 10 per cent, and the energy dependence of the rms amplitude is nearly
flat. The fractional rms amplitude was found to be consistent with being constant during the
persistent emission, the X-ray dips and, most importantly, type I X-ray bursts. The fact that
the ∼1 Hz QPOs persist during a dip with unchanged rms indicates that they are formed in a
region at a smaller radius than that where the obscuration takes place.

It seems therefore likely that the ∼1 Hz QPOs detected in dipping LMXBs are caused
by matter periodically obscuring our line of sight to the NS, perhaps due to Lense-Thirring
precession of a tilted inner accretion disc around a compact object (Homan 2012). Despite the
rough match in frequency and amplitude, no dips have ever been observed in the persistent
emission of the RB outside a burst, which seems at odds with a system viewed at a high
inclination. Also, the ∼1 Hz QPOs of dipping sources span a much larger range of accretion
states, whereas the QPO in the RB appears to be confined to the transition between the island
and banana states. Therefore we consider this scenario not likely to explain the 0.25 Hz QPO
in the RB.

QPOs from disc–magnetosphere interactions

First reported by van der Klis et al. (2000), the 1 Hz QPO that is observed in the final stages
of the outbursts of SAX J1808.4—3658 was extensively studied by Patruno et al. (2009).
They report a QPO frequency in the (0.8–1.6) Hz range, and an rms amplitude that grows
monotonically with energy up to about 17 keV. A 1 Hz QPO of similar properties has been
reported from NGC 6440 X-2 by Patruno & D’Angelo (2013), who suggest this feature has
the same origin in both these AMXPs.

The most likely origin for the QPO is an accretion flow instability arising at the inner
edge of the disc (Patruno et al. 2009). Among the variety of mechanisms at hand, the most
promising seems to be the one first proposed by Spruit & Taam (1993) and further explored
by D’Angelo & Spruit (2010, 2012). In this model, an instability can develop when the mag-
netosphere truncates the inner accretion disc at a radius rin that is outside but still close to
the corotation radius rcor. A new disc solution known as ‘dead disc’ is then found (Sun-
yaev & Shakura 1977; D’Angelo & Spruit 2010, 2012) which is alternative to the ‘propeller’
regime (Illarionov & Sunyaev 1975), where the transfer of angular momentum effectively
expels matter from the system, and the inner disc radius keeps increasing as Ṁ decreases.
When rin ≳ rcor the transfer of angular momentum happens from the NS to the disc, spin-
ning down the NS and changing the radial gas density distribution at the inner disc region
without matter expulsion. In a dead disc, rin does not evolve far from rcor and the matter
keeps flowing in from the outer disc regions piling up there. If certain conditions are met
at the magnetosphere–disc interaction (D’Angelo & Spruit 2010, 2012) a critical pressure is
eventually reached under which the gas slips inside rcor, thereby initiating a sudden accretion
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event. After that, the accumulated mass reservoir is depleted, and a new cycle begins.
This instability is a potentially interesting model for the 0.25 Hz QPO in the RB. The

frequency of the instability depends on the viscous timescale at the inner disc edge, which in
turn depends on the mass accretion rate and on the location of the inner disc (see e.g., Eq. 9
in Patruno & D’Angelo 2013). Unfortunately, the inner disc radius is not known for the RB,
since neither the spin frequency of the NS nor the strength of its magnetic dipole are known.

Also, a slightly growing rms-E relation is observed in the RB, which is also observed in
the other two sources. While the increase is weaker than in SAX J1808.4—3658 or NGC
6440 X-2, this can be explained with the smaller fractional amplitude of the QPO in the
RB. Patruno & D’Angelo (2013) explain the monotonic increase in rms with energy in SAX
J1808.4—3658 and NGC 6440 X-2 arguing that as the instability is caused by changes in
Ṁ , and the latter change the density and temperature of the corona where the photons are
upscattered, the QPO fluctuations will translate to a varying hardness of the spectrum, making
the high-energy flux more variable than the low-energy one. In case of a strong persistent
emission, as is the case in the RB, the effect will obviously be weaker.

Differences are, however, clearly present. The QPO in the two AMXPs cannot be fitted
with a Lorentzian because of its fast decline in power at low frequencies. This is however not
seen in the RB QPO. Furthermore, the rms amplitude of the QPO is more than one order of
magnitude larger in the two other sources than in the RB. This is because nearly no accretion
takes place during the QPO minima in SAX J1808.4–3658 and NGC 6440 X-2, which show
the oscillation at moderately low luminosities. The higher count rates and the different QPO
shape observed in the RB are therefore challenging to this scenario. Even though the results
from D’Angelo & Spruit (2010) show that for certain ranges of parameters accretion can in
fact continue to take place in the minima of the QPO, the instability is predicted to produce a
much larger modulation of the mass accretion rate Ṁ than observed in the RB, when at the
time of the double-peaked bursts Ṁ ≃ 4 × 10−9M⊙ yr−1, roughly one order of magnitude
larger than what observed in the two other sources at the time of the appearance of the QPO
there.

If however we again invoke a two-channel accretion (see Sec. 3.4.2), with a polar and an
equatorial channels, one controlled by the instability and the other one unaffected by it, the
lower amplitude would naturally follow. For example, while the centrifugal barrier could act
to modulate the equatorial accretion, matter could be leaking from above and below it, and
accrete along the B lines.

Also involving two-channel accretion, the disc–magnetospheric interactions described in
Romanova et al. (2008) and Kulkarni & Romanova (2008) can as well explain the appearance
of periodicities in the lightcurve, via accretion-induced hotspots. While at high Ṁ sporadi-
cally forming ‘tongues’ hit the star in random places, so that the light curve is irregular, at low
Ṁ the funnels driving matter from the disc to the magnetic poles are relatively stable, so that
the position of the hot spots is almost constant, resulting in a modulation of the lightcurve.
Again, the problem with this model is that it does not explain why the QPO is short-lived,
rather than being an overall characteristic of the island state.
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3.4.4 Linking the dips and the QPO

In Table 3.3 we list the possible scenarios for the dips and the QPO, and which relevant
observables they are capable of explaining.

The only model that is not ruled out by any observable involves a relatively short-lived
accretion state consisting of two different accretion channels, an equatorial and a polar one,
in a system viewed at low inclination. As part of the inner accretion flow in this particular
state goes along the magnetic field lines to the NS poles, it is then easier for material to come
in the line of sight if the inclination angle is low, and for the burst to disturb the accretion
flow, thereby causing the flux to dip below the pre-burst level, even if the burst flux is sub-
Eddington.

Since the 0.25 Hz QPO disappears during some of the dips, its place of origin would also
seem to be obscured by the same material. This suggests that the QPO originates close to the
NS and closer than the X-ray emitting part of the accretion disc. The latter region probably
reaches out to 104 km (Mitsuda et al. 1984; Makishima et al. 1986), so the obscuring mate-
rial would have to be substantially closer than that. If the QPO originates in the equatorial
flow, the accretion channel along the magnetic field could be disturbed by the burst so that,
given the low inclination, the radiation from the NS surface and the equatorial flow would
be obscured, making the dips deeper than the pre-burst emission and causing the temporary
disappearance of the QPO. If instead the QPO originates in the disrupted polar flow, its disap-
pearance at the time when the dips are deeper than the pre-burst emission would still naturally
follow.

To match the observations, this peculiar configuration should be short-lived, appearing
roughly at the same time when the type II burst do, and disappearing within days. It is gener-
ally thought that in the banana state, at larger mass-accretion rates, a geometrically thin and
optically thick disc probably extends down to very close to the NS surface, whereas the lack
of dips in the island state, at lower mass-accretion rates, could be due to a quasi-spherically
symmetric accretion via an optically thin corona (see e.g. review by Done, Gierliński, & Kub-
ota 2007). The rarity of the double-peaked bursts and of the 0.25 Hz QPO would then match
the fact that they occur in a particular accretion state of the RB, when part of the accretion
flow is starting to become diverted to the type II bursting mechanism.

3.5 Conclusions

We have reported the coincident observation of non-PRE, double-peaked type I bursts and an
LF QPO with a frequency of about 0.25 Hz. They occur at the transition from the banana to
the island state, when the geometry of the accretion flow is expected to change. This transition
also coincides with the appearance of type II bursts. Despite being sometimes at roughly the
same count rate as the pre-burst persistent emission, the dip between the two peaks has a
distinctively different spectrum, with a much larger hydrogen column density required to fit
the data. This is suggestive of some kind of temporary obscuration of the NS surface. Also,
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the dips in two bursts go below the pre-burst emission level, meaning part of the accretion
flow is also obscured, or perhaps even disrupted. No dips are ever observed in the persistent
emission outside a burst.

We have explored several models to explain the dips, the QPO, and the peculiar accretion
state in which they appear, including confining mechanisms on the NS surface, obscuration
of the surface and inner accretion flow in a high-inclination system, and accretion instabilities
borne out of the interaction between the accretion disc and the magnetosphere.

Although no single model can explain all the observables, we favour a two-channel ac-
cretion state, transitional between the soft and hard state. Mass accretion on to the magnetic
poles would allow for the burst to disturb the accretion flow even if the burst flux is sub-
Eddington. If the source is viewed at a low inclination, the temporary disruption of the polar
accretion channel by the burst could then obscure the NS surface, which would cause the flux
to go below its pre-burst level, and in some cases even the inner equatorial accretion flow. If
the instability causing the QPO controlled the equatorial channel, the disappearance of the
QPO in the deepest dips could also be explained.

Further investigation is necessary to develop this model beyond this qualitative picture. It
remains to be seen whether such an accretion geometry could indeed be sustainable, confined
to a very narrow range of accretion rates, and whether this scenario could reproduce the fairly
long dips. The difficulty of constraining such a model notwithstanding, the obscuration that
is responsible from the dip must be connected with the disc instability that is responsible for
the QPO and the type II bursts.
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Abstract

Type II bursts are thought to arise from instabilities in the accretion flow on to a neutron
star in an X-ray binary. Despite having been known for almost 40 years, no model can yet
satisfactorily account for all their properties. To shed light on the nature of this phenomenon
and provide a reference for future theoretical work, we study the entire sample of Rossi X-ray
Timing Explorer data of type II bursts from the Rapid Burster (MXB 1730–335). We find that
type II bursts are Eddington-limited in flux, that a larger amount of energy goes in the bursts
than in the persistent emission, that type II bursts can be as short as 0.130 s, and that the
distribution of recurrence times drops abruptly below 15–18 s. We highlight the complicated
feedback between type II bursts and the NS surface thermonuclear explosions known as type I
bursts, and between type II bursts and the persistent emission. We review a number of models
for type II bursts. While no model can reproduce all the observed burst properties and explain
the source uniqueness, models involving a gating role for the magnetic field come closest to
matching the properties of our sample. The uniqueness of the source may be explained by a
special combination of magnetic field strength, stellar spin period and alignment between the
magnetic field and the spin axis.



4 The RB type II burst population

4.1 Introduction

X-ray bursts observed in accreting neutron stars (NS) in low-mass X-ray binaries (LMXBs)
come in two types, sometimes similar in appearance (∼ 1 min timescales, 1038 erg s−1

peak luminosities) but thought to be due to very different mechanisms, because of the large
difference (by factors ∼ 102) in average power.

Type I bursts arise from the heating and cooling of the NS photosphere after a thermonu-
clear shell flash of accreted material (see reviews by Lewin, van Paradijs, & Taam 1993,
Strohmayer & Bildsten 2006, Galloway et al. 2008). This is consistent with thermal spectra
of varying temperature and roughly constant emitting area. Despite some remaining open
questions (e.g., Cornelisse et al. 2003, Suleimanov, Poutanen, & Werner 2011, Watts 2012),
a general understanding of the physics underlying type I bursts has been reached, also thanks
to the wide range of circumstances in which they occur (type of LMXB, accretion rates, etc.)
provided in particular by the relatively large amount of bursters (over a hundred).

Type II bursts remain largely a puzzle. Soon after their discovery, Hoffman, Marshall, &
Lewin (1978) showed that their short recurrence times rule out the possibility that they are
powered by nuclear burning, ascribing the source instead to gravitational potential energy.
Little more is understood about their origin, also because they are only confidently detected
in two sources: the Rapid Burster (MXB 1730–335, hereafter RB), a recurring transient
which is the object of this study and which also exhibits type I bursts, and the Bursting Pulsar
(BP), a slowly rotating (2 Hz) accretion-powered pulsar (Kouveliotou et al. 1996).

One of the first properties of type II bursts discovered in the RB is the relaxation-oscillator
behaviour: the fluence in a type II burst is proportional to the waiting time to the next burst
(Lewin et al. 1976). This is not observed in the BP (Kouveliotou et al. 1996). The relaxation-
oscillator behaviour seems to point to the presence of a mass storage from which matter can
be released and then replenished at a constant rate, so that the amount of depleted material
determines the time to refill the buffer (Lewin et al. 1993). The accretion disc is the most
obvious candidate for this buffer and all proposed models involve one (e.g., Walker 1992;
Spruit & Taam 1993). The various timescales at different positions in the disc can help
to explain the range of observed type II burst timescales, while a key role in acting as a
gating mechanism might be played by a magnetic field (e.g., recent simulations by Kulkarni
& Romanova 2008; D’Angelo & Spruit 2010; Romanova et al. 2012; D’Angelo & Spruit
2012).

Notwithstanding that models involving some role for the NS magnetic field seem promis-
ing, the strength of the magnetic field is unfortunately not known in the RB due to the lack
of pulsations. For the BP, estimates of the surface strength of the dipolar component of the
magnetic field B put it in the range (2 − 6) × 1010 G (Degenaar et al. 2014). While this is
larger than in typical NS LMXBs (Lewin et al. 1993), it is not unique among bursters (esti-
mates put the magnetic field of the NS in IGR J17480–2446 at 109 − 1010 G; e.g., Cavecchi
et al. 2011). Therefore, at least another parameter besides the magnetic field strength (e.g.,
the stellar spin, or the inclination of B with respect to the stellar spin axis) must determine
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the type II burst occurrence.
Bagnoli et al. (2013, hereafter B13) have shown that thermonuclear (type I) X-ray bursts

in the RB occur over an unusually large range of accretion luminosities, from about 45 per
cent of the Eddington luminosity LEdd (assuming it is located in the globular cluster Liller 1
at a distance of 7.9 ± 0.9 kpc; Valenti, Ferraro, & Origlia 2010) down to almost quiescence
(Masetti et al. 2000). However, while the type I bursts span the entire range of luminosities,
type II bursts only appear below a critical luminosity of about 10 per cent LEdd (Guerriero
et al. 1999, B13). Hence, there are a type-I-only phase and a mixed phase.

The type-I-only state is a soft state because the persistent emission spectrum is dominated
by a disc blackbody component, and it spans the range 10–45 per cent of LEdd. This is almost
unique among type I burst sources: all other bursters show nearly no type I bursts above
L ∼ 0.1LEdd (Cornelisse et al. 2003), except for the slow (11 Hz) pulsar IGR J17480–2446
(Linares et al. 2012). The abundance of type I bursts in the RB above this threshold prompted
B13 to propose that it is a slow rotator too, and to speculate that this might actually be one of
the necessary ingredients for producing type II bursts.

As the RB exits the soft state, the first type II bursts appear. These first type II bursts
are the most energetic, long and infrequent. A brief (typically a few days) intermediate state
exists in which these are accompanied by double-peaked type I bursts and a QPO at 0.25 Hz
(Bagnoli et al. 2014, hereafter B14). The unusual shape of the type I bursts found in this
short-lived intermediate outburst phase seems to be due to a temporary obscuration of the NS
surface during the burst decay, producing the double peaks. The ensuing type II bursts, the
obscuration phenomenon and the occurrence of a QPO are probably related to the change in
the accretion geometry that is widely thought to take place between the soft and the hard state
(e.g., review by Done, Gierliński, & Kubota 2007, and references therein).

Having studied the soft and intermediate states in our aforementioned papers, we now
complete our study of the entire Rossi X-ray Timing Explorer (RXTE, 1995–2012) RB data
base by focusing on the type-II-burst-dominated hard state, so called because of the power-
law component that dominates the persistent emission spectrum. We aim at constructing a
population study of type II bursts to compare it with the predictions of the few available
theoretical models, and as a future reference. In Sec. 4.2, we introduce the data set, and in
Sec. 4.3 we illustrate our methodology. In Sec. 4.4, we present the type II burst properties and
their relationship with the persistent emission and the type I bursts, taking advantage of the
unprecedented detail provided by the RXTE data. We summarize our findings, some of which
were previously unknown, in Sec. 4.5, and discuss their physical implications in Sec. 4.6.
Finally, in Sec. 4.7 we review proposed theoretical models, checking their predictions against
the properties of our sample.
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Figure 4.1: Sandwiched light curve of the observations of the outburst starting on 2006 June 20, for
the complete PCA bandpass at 1 s resolution resolution. Each consecutive data stretch is typically
about 3000 s long. Data gaps mark jumps in time when there were no observations. Photon count rate
per PCU is on the left y-axis, unabsorbed bolometric flux on the right y-axis. The horizontal dashed
line indicates the Eddington luminosity, with the grey-shaded area indicating the uncertainties on the
distance and the spectral fit (see Sec. 4.3.1). Count rates are not background subtracted in this plot,
but are corrected for the number of active PCUs and the collimator response. (throughout the rest
of the paper, the background counts have been subtracted). 4U 1728–34 was never in the FOV. The
non-zero count rates before the onset of the outburst are therefore due to the instrumental background
and the galactic ridge emission (see fig. 2 in Valinia & Marshall 1998). The insets show the varying
(following in time left to right, top to bottom) type II bursting modes during the outburst decay. Each
inset shows 1 ks of data, plotted logarithmically between 50 and 5000 c s−1PCU−1. This outburst
shows the prototypical sequence mode 0 → mode 1 → mode 2 in bursting behaviour. The soft state,
however, does not appear at the beginning of the outburst, hence preceding the type II bursting phase
as in most cases, but it is briefly entered by the RB around June 27, giving rise to the long flat peak
around that date. Note that the shorter plateau visible on June 26 is actually the longest type II burst in
our sample, at about 1100 s (see Sec. 4.4.2).
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4.2 Observations

4.2.1 The general sample and burst identification

This study is about measurements with the Proportional Counter Array (PCA) onboard RXTE.
It consists of five co-aligned proportional counter units (PCUs) that combine to a total photon
collecting area of 8000 cm2 over a 2 to 60 keV bandpass (Jahoda et al. 2006).

Nearly all RXTE observations of the RB (exposure time 2.4 Ms) were carried out in one
of three configurations. For 553 ks, the PCA was directly pointed at the source. These
observations are contaminated by the presence of the persistently bright 4U 1728-34 at an
angular distance of 0°.56. For 612 ks, the pointing was offset by just this amount, thus
avoiding the contamination at the expense of roughly half the effective area. Finally, for
1.3 Ms the PCA was pointed at 4U 1728-34, serendipitously encompassing the RB. We have
investigated all of the 2.4 Ms of data.

We extracted a light curve from the ‘STANDARD-1’ data for all the observations contain-
ing the RB in the field of view (FOV). These data have 0.125 s time resolution and no photon
energy resolution. The telescope orientation was determined with the FTOOL PCACLRSP, and
deemed stable if the jitter was below 20 arcsec.

We performed a visual inspection of all the light curves. For the details of source (RB
versus 4U 1728-34) and burst (type I versus type II) identification, we refer the reader to
Appendix 4.A. In total, we identified 123 type I and 8458 type II bursts from the RB.

4.2.2 Type II bursting modes

As already mentioned, type II bursts are only emitted by the RB at persistent luminosities
below 10 per cent of the Eddington limit (B13; Guerriero et al. 1999), when the RB is in the
hard state (B14). Actually, the RB almost never reaches higher luminosities during outbursts
after 1999 (Masetti 2002; B14).

Three modes of type II bursting behaviour follow one another in a smooth transition,
differing in light curves, energetics and bursting patterns (Marshall et al. 1979; Guerriero
et al. 1999). To illustrate the evolution of the type II burst behaviour, we plot the light curve
from RXTE data of the outburst in 2006 June–July (Fig. 4.1).

The first type II bursts are hundreds of seconds long, often with flat peaks, and have
the longest recurrence times (sometimes longer than a few ks observation). The persistent
emission drops right before and after them. These are the so-called mode-0 type II bursts
(Fig. 4.1, top-left inset). We identified a record long mode-0 burst with a duration of at least
1100 s. It is visible in Fig. 4.1 as the long plateau on June 26.

At lower persistent fluxes, the large bursts are increasingly preceded by sequences of 8
to 40 short bursts. After the final longer burst, a longer gap is measured, during which the
persistent emission rises to a level higher than that of the intra-burst emission, in a ‘hump’
shape. This bursting pattern is called mode 1 (Fig. 4.1, top-right inset).
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4 The RB type II burst population

As the outburst decays further, the sequences of mode-1 type II bursts become increas-
ingly long, the final bursts less energetic and the humps shorter and less pronounced. Even-
tually, all bursts have similar energetics and durations: this is the so-called mode 2 (Fig. 4.1,
bottom-middle inset). Finally, even these bursts become increasingly sparse, as the source
moves to quiescence (Fig. 4.1, bottom-right inset).

We caution that the sequence ‘no type II bursts → mode 0 → mode 1 → mode 2’ is only
a general trend. For instance, the flat peak in Fig. 4.1 starting on June 27 is not a very long
mode-0 type II burst, but an actual switch of the source to the soft state, during which a type
I burst can be seen, but no type II bursts. Two observations were taken the day before and the
day after showing long mode-0 type II bursts, meaning that the soft state lasted briefly.

Also, the RB can sometimes be seen switching back and forth between modes. The
switch is sudden rather than gradual (as shown in Fig. 4.2, already noted by Lewin et al.
1993), although the RB can be seen to transit back and forth between modes for a few ks. It
is clear from the picture that the minima before and after a mode-0 burst are not ‘dips’: rather,
the humps in between are what is peculiar and are a feature common to all very energetic type
II bursts, independent of bursting mode.

The sampling along an outburst is often patchy, meaning that it is not easy to establish an
average duration for each mode. The outburst in Fig. 4.1 is probably the best sampled one.
It features the longest mode-0 phase in the entire data set, lasting ≈ 8.7 d, albeit including a
brief return into the soft state. The longest uninterrupted mode-0 bursting phase occurred in
an earlier outburst, and lasted ≈ 6.5 d. Mode-1 bursts are visible in Fig. 4.1 for ≈ 2.1 d. In a
later outburst, they were observed to last for twice that time, ≈ 5.2 d. Finally, mode-2 burst
were continuously observed for up to 24 d, the longest stretch in the data set.

4.2.3 The type II burst sample

Our search routine found 8458 type II bursts in the entire data set (see Sec. 4.2.1). The results
are summarized in Table 4.1. We determined the instrumental and cosmic diffuse background
with the FTOOL PCABACKEST. No bursts were analysed that are outside so-called good time
intervals, are affected by data gaps are overlapping with type I bursts (from either the RB or
4U 1728-34), or are in ObsIDs for which the collimator response was not constant because
of a slew. This left us with 7601 bursts.1 Of these, 3662 type II bursts are present in 389 ks of
direct pointings, while 3183 were observed during 341 ks of offset pointings, and 756 during
92 ks of 4U 1728-34 observations.

In total, the RB was stably in mode 0 during the entirety of an ObsID for 114 ks, in mode
1 for 170 ks, and in mode 2 for 492 ks. In 51 ks of data, the behaviour was intermediate
between two consecutive modes, switching often back and forth during the transition. We
found 104 mode-0 bursts, 2522 mode-1 bursts and 4971 mode-2 bursts. For 4 bursts taking
place during very short observations (a few hundred seconds), we could not clearly assign a
mode.

1A table including all the burst properties for the entire sample is available online.
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Figure 4.2: Examples of mode switching, 0 → 1 (top panel) and 1 → 0 (bottom panel). Time axis with
respect to the start of the ObsID. The y-axes are as in Fig. 4.1. The horizontal dashed line indicates
the Eddington luminosity, with the grey-shaded area indicating the uncertainties on the distance and
the spectral fit (see Sec. 4.3.1). The dotted line shows Fmin

pers = 60 c s−1PCU−1. The quiescent level
between quick bursts is the same as the dip level before and after mode-0 bursts. The RB therefore does
not ‘dip’ but rather shows humps of enhanced emission after long type II bursts.

Furthermore, during 210 ks of data, the RB was at such a high luminosity that only type
I bursts were observed (B13). Finally, no RB bursts of either type were found in ObsIDs
totalling 1.4 Ms (mostly in observations with the instrument pointed at 4U 1728-34), when
the RB was in quiescence.
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Figure 4.3: Histograms of all persistent flux parameters (see Sec. 4.4.1): the persistent count rate imme-
diately before a burst Fmin

pers, the average persistent count rate after a burst ⟨Fpers⟩ and the total average
flux (including the burst) ⟨Ftot⟩. The peak of the distribution, 5th and 95th percentiles are indicated
for each parameter. Only bursts that were not contaminated by 4U 1728-34 have been included (see
Sec. 4.2.1).

Table 4.1: The sample of analysed(a) type II bursts.

Bursting mode(b) Number of bursts per aimpoint(c) Total
RB offset 1728-34

0 78 24 2 104
1 964 895 663 2522
2 2620 2260 91 4971
unclear 0 4 0 4
all 3662 3183 756 7601

(a)About 800 bursts identified by our routine were not analysed, see Sec. 4.2.1.
(b)For a description of the bursting patterns, see Sec.4.2.2.
(c)The different orientations of the telescope in the data and their effect on FOV contamina-
tion and effective area are discussed in Sec. 4.2.1.
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4.3 Methodology

4.3.1 Counts as proxy for energy

We adopted the photon counts as a proxy for the energy flux, rather than fitting time-resolved
spectra. This approach offers an obvious advantage in speed of the data reduction. Further-
more, the intra-burst persistent emission would often be too short and weak to constrain the
spectrum well. Finally, the flux variations, which can be very large during type II bursts, are
largely achromatic; it is mostly the normalization factor and not the intrinsic spectral shape
that is changing. This is shown in Appendix 4.B, where we perform time-resolved spec-
troscopy on a representative selection of the type II bursts. We obtained the best fits with a
Comptonization model (COMPTT in XSPEC Titarchuk 1994). The conversion factor between
PCA counts and 3–25 keV fluence is 1.02×10−11 erg cm−2 per c/PCU. The uncertainty in-
duced by the spectral shape is 10 per cent (full range, not 1σ). The bolometric correction
would be 1.24± 0.07 for the COMPTT model.

For a M = 1.4M⊙ NS, the Eddington luminosity LEdd is 2.1×1038 erg s−1. This
assumes isotropic emission, no gravitational redshift and an accreted H fraction X = 0.7

because the RB type I bursts show long (100 s) tails that are typical of burning of H-rich mate-
rial. For a distance of (7.9±0.9) kpc, this yields a flux FEdd = (2.8±0.3)×10−8 erg cm−2 s−1.
Given the above conversion to the bolometric flux, and propagating the relative errors on the
spectral shape, bolometric correction and distance, the Eddington luminosity in the RB cor-
responds to FPCA

Edd = (2200± 500) c s−1PCU−1.

4.3.2 Extracting the sample properties

For each type II burst, we calculated from the STANDARD-1 light curve the start time and
duration tdur at 0.125 s accuracy by seeking backward and forward in time for the first two
consecutive time bins where the count rate was below the persistent emission level. This way,
we also determined ∆tprev and ∆tnext, the recurrence times with respect to the previous and
the next burst, respectively, as the difference between the start times. Because the burst
duration can be a significant fraction of the duty cycle for type II bursts (unlike for most type
I bursts), the actual non-bursting time can be significantly shorter than the recurrence times
so defined.

We defined two different measurements of the intra-burst persistent flux. First, we calcu-
lated the actual intra-burst fluence Epers and divided that by the intra-burst time, providing
the average persistent flux ⟨Fpers⟩. In a vast majority of cases, the instantaneous flux was
stable during the interval, and deviated little from the average.

As mentioned in Sec. 4.2.2, the persistent emission however tends to rise after very en-
ergetic bursts (the mode-0 and end-of-sequence mode-1 bursts), reaching a minimum imme-
diately before and after those bursts. Therefore, for the purpose of measuring the net burst
emission properties, we also calculated the average count rate Fmin

pers in the 10 s before a burst
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(or less, when ∆tprev is shorter). This assumes that, during the burst, the persistent emission
will be stable at the minimum level reached right before it.

We made this choice for two reasons. First, this assumption has long been part of the
standard approach to burst analysis (e.g., Galloway et al. 2008). Secondly, the reappearance
of the persistent emission at roughly the same flux after the energetic bursts (see e.g., Fig. 4.2)
supports our choice.

We subtracted Fmin
pers from the observed count rates to calculate the net burst emission

properties. We defined the peak flux Fpeak and the total burst fluence Eb as the maximum
net count rate and the integrated burst net counts during this interval.

The ratio of Epers to Eb is the parameter α, which is key to distinguishing between type
I and II bursts, because the ratio of the fluence liberated in the persistent emission to that the
burst diagnoses whether the latter can be explained by thermonuclear burning of the accreted
material or not. For reasons that will become clearer in Sec. 4.4.2, we defined two values of
α for each burst, employing Epers before and after the burst: thus, we retrieved a backward-
defined αprev and a forward-defined αnext. The previous is the parameter that is normally
employed in studies of type I bursts, but as we will see, the latter shows a more significant
relationship for type II bursts.

We subtracted the instrumental background counts (calculated and interpolated from the
STANDARD-2 data in 16 s resolution) from all quantities, and then normalized them by the
number of active PCUs and the correction given by the telescope orientation (see Sec. 4.2.1).
Clearly, all quantities related to the persistent emission have to be considered upper limits
(lower for α) when the FOV is contaminated by 4U 1728-34. We did not include these in our
analysis.

4.4 Results

4.4.1 The persistent emission

First we look at the properties of the persistent emission when the RB is emitting type II
bursts, whenever not contaminated by 4U 1728-34 (see Sec. 4.2.1). We plot the various
properties in Fig. 4.3, with the peak of the distribution (the highest bin) and the 5 and 95
percentiles indicated.

The average persistent emission count rate before a burst Fmin
pers is limited to a narrow

range of values, with 90 per cent of the distribution between 25 and 60 c s−1PCU−1, or
≃ (0.01 − 0.025)FEdd. Therefore, no bursts are observed on top of a null net persistent
emission. The largest observed value is 110 c s−1PCU−1, corresponding to ≃ 0.05FEdd

(note that at times when there are no type II bursts, the persistent flux can be as high as
≃ 0.45FEdd).

As explained in Sec. 4.3.2, this is only a lower limit on the actual intra-burst emission.
However, short mode-1 and mode-2 bursts make up the majority of our sample, so that the
following histogram, of the average persistent count rates after a burst ⟨Fpers⟩, shows a very
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Figure 4.4: The average values of Fmin
pers, ⟨Fpers⟩ and ⟨Ftot⟩ during mode-0,-1 and-2 type II bursts (see

Sec. 4.4.1). The error bar indicates the standard deviation in each sample.

similar distribution, with a slightly longer tail. The minimum values are similar to those of
Fmin
pers because the persistent emission never dips between bursts, but only right before and

after them. The maximum of the distribution is larger with respect to Fmin
pers, with all but 10

bursts showing ⟨Fpers⟩ < 200 c s−1PCU−1 ≃ 0.09FEdd.
Since both the persistent emission and the type II bursts probably originate from the re-

lease of gravitational energy (although possibly through different channels), the total average
flux in the interval between two bursts ∆t, including both the burst and persistent emission,
is also a potential proxy for the actual mass accretion rate of the RB during the hard state
(under the assumption that the radiative efficiency is similar for the persistent emission and
the type II bursts). We call this flux ⟨Ftot⟩, and plot it in the following histogram in Fig. 4.3.
The bursts seem to increase the accretion flux by a factor of ∼4, up to an upper limit of
400 c s−1PCU−1, or ≃ 0.17FEdd. Therefore, an average 75 per cent of the accretion goes
through bursts.

All three measurements show a monotonically decreasing trend from mode 0 to 1 to 2,
as plotted in Fig. 4.4. However, the dispersion within each sample is similar or larger than
the difference in values between modes. We obtained the same result trying to reproduce the
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Figure 4.5: Histograms of all burst parameters. The peak of the distribution, 5th and 95th percentiles
are indicated for each parameter. The dashed line in the left-top plot is the flux corresponding to the
Eddington luminosity for M = 1.4M⊙, X = 0.73. The grey area reflects the uncertainty in the
spectral fit (see Appendix 4.B). The shortest observed ∆t = 2 s, tdur = 0.125 s. The dashed line
in the α plots divides the regions where the burst fluence exceeds that of the persistent emission and
viceversa. α values have only been computed for observations that were not contaminated by 4U 1728-
34 (see Sec. 4.2.1).
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same figure for the outburst plotted in Fig. 4.1 alone. It seems therefore that the persistent
emission variations only marginally trace the changing type II burst behaviour.

4.4.2 The type II bursts

For all 7601 analysed type II bursts we study their energetics (peak flux Fpeak and fluence
Eb) and timescales (duration tdur and recurrence time ∆t). Furthermore, we investigate
their relationships to the persistent emission properties for the 3183 bursts observed when 4U
1728-34 is outside the FOV. In Fig. 4.5, we have plotted histograms of the burst properties,
again annotated with the peak of the distribution (the highest bin) and the 5 and 95 percentiles.

Burst properties

Starting with the distribution of peak fluxes of type II bursts, the peak is at about half the
Eddington luminosity, or 1100 c s−1PCU−1. Overall, the distribution is relatively narrow,
with 90 per cent of the bursts peaking in the range (1.1–2.7)×108 erg cm−2 s−1. The dis-
tribution seems compatible with being Eddington limited. Only 1 per cent of the bursts are
above the upper limit on LEdd given by the uncertainty over the distance and the spectral fit
(see Sec. 4.3.1; this limit is actually more clear in Figs 4.7–4.9).

A larger dynamic range of values is observed for the burst fluences, which span about
three orders of magnitude, making for a fairly large distribution. The majority of bursts are
in mode 1 or 2, so it is not surprising that many show a relatively small fluence. These
bursts radiate typically between 10−8 and several 10−7 erg cm−2. The more energetic
mode-0 bursts show minimum fluences of several 10−7 erg cm−2. 42 mode-0 bursts show
Eb >10−6 erg cm−2, peaking at Emax

b = 5.8×10−6 erg cm−2.
The durations of type II bursts can vary by four orders of magnitude, although 90 per

cent of them last between 2.4 and 23.75 s. The shortest bursts actually challenge the time
resolution of STANDARD-1 data of 0.125 s, and need to be resolved in event-mode data
(Fig. 4.6, top). The shortest burst in our sample only lasted 130 ms. We found 61 bursts with
sub-second durations, all during mode-2 bursting phases towards the end of an outburst, 46
of them in ObsID 92026-01-08-05 alone.

These very short bursts do not show peak fluxes smaller than the rest of the sample. Their
fluences are however some of the smallest observed, liberating on average ∼ 5×10−9 erg cm−2.
Their light curves tend to show very fast rises and equally fast decays, although they can have
shapes that are unseen in the rest of the sample (such as the burst in the bottom-left panel of
Fig. 4.6, which has a gradual rise and a sudden decay).

The longest burst observed in its entirety lasts 533 s (Fig. 4.6, bottom). The record holder
is however a burst lasting at least 1100 s, the rise of which was not caught in the observation.
Only 26 bursts recorded durations longer than 100 s, all but two being mode-0 bursts.

The recurrence times are mostly below 200 s (again, with the exception of the mode-0
bursts), the shortest and the longest (without data gaps) ∆t being 2 and 1656 s, respectively.
Overall, the distribution is extremely asymmetric. This is logical, since the shorter the re-
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currence time, the more bursts will be observed. The peak of the distribution is however
well above zero, at ∆t =15–18 s. Below this bin, the distribution drops abruptly. Concerning
mode-0 bursts, their recurrence times (excluding lower limits) range between 105 and 1562 s.

For the 3183 bursts that were in observations uncontaminated by 4U 1728–34, we com-
pared the fluence released in the burst to that in the persistent emission. We calculated the
αprev and αnext values, respectively, by dividing the integrated fluence in the interval prior
and after the burst by the total burst fluence Eb. The former is the parameter that is employed
when dealing with type I bursts, since thermonuclear bursts are due to the burning of material
after this has been accreted. Fig. 4.5 shows that the values of αprev for type II bursts peak at
0.20, meaning more energy is released in the bursts than in the persistent emission. They are
incompatible with the values expected from thermonuclear burning (≃ 40 at least, for H-rich
fuel; Lewin et al. 1993, and the minimum measured α ≃ 10; Keek et al. 2010).

Even at the lowest persistent fluxes, when the RB approaches quiescence and the type II
burst frequency drops, (see bottom-right inset of Fig. 4.1), αprev < 10. The only type II bursts
with larger αprev values are those with sub-s durations, which can have αprev ∼20–200, but
are much shorter than type I bursts.

The type II bursts are thought to draw from the same energy reservoir as the persistent
emission. Also, their occurrence and properties seems to affect the persistent emission that
follows, rather than to depend on the persistent emission that precedes them (see below). Be-
cause of this, we also plot the integrated ratio of the fluence following a burst to the integrated
burst fluence, αnext. The two distributions are similar, although that of αnext is narrower and
does not approach values as small as the other one. The final large bursts in mode-1 sequences
tend to have short ∆tprev (the time interval to the previous burst), and long ∆tnext. Hence,
their αprev are smaller than their αnext.

Correlations

Having described the burst properties individually, we turn our attention to the relationships
between them. As we show in Fig. 4.7, some burst properties show trivial correlations. The
burst fluence Eb correlates with both the peak flux Fpeak (Spearman rank-order correlation
coefficient ρ = 0.57) and, more strongly, with the burst duration tdur (ρ = 0.90), with the
mode-0 bursts having the largest Eb and longest tdur. In the lower left corner of the upper
plot are the bursts for which almost the entire fluence is emitted in a short interval around the
burst peak (in the lower plot these bursts are mostly shorter than 10 s). At the opposite end
of the top plot, the correlation between Fpeak and Eb saturates once the peak flux reaches
the Eddington limited. There seems to be no correlation between peak flux and duration (not
plotted).

It is also interesting to see how these quantities, which determine the burst energetics,
depend on the bursting rate at a given moment. Fig. 4.8 shows the type II burst peak flux,
fluence and duration as a function of the recurrence time to the next burst ∆tnext. On top,
one can see that Fpeak is roughly independent of the waiting time (ρ = 0.04). A correlation
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Figure 4.6: Top: examples of some of the shortest bursts in the sample from the 10 ms resolution light
curve of ObsID 92026-01-08-05 (2006 July 20). Left y-axis is as in Fig. 4.1. The bursts take place
during an otherwise ordinary sequence of mode-2 type II bursts. Bottom: for comparison, the longest
entirely observed burst in the sample, at 533.125 s, from ObsID 40058-02-03-01S (1999 April 20).
The y-axes are as in Fig. 4.1. The flat top is substantially below the Eddington limit, indicated by the
horizontal dashed line, with the grey-shaded area indicating the uncertainties on the distance and the
spectral fit (see Sec. 4.3.1). A longer burst (≳ 1100 s, see Fig. 4.1 and Sec. 4.4.2) was only partially
observed.
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Figure 4.10: The burst fluence Eb against the ‘net’ (i.e. above Fmin
pers) hump fluence Ehump (see

Sec. 4.4.2). Count rates and energies are as in Fig. 4.1. Above a critical Eb ∼ 2 × 104 c/PCU, a
correlation appears. Both the brightest mode-1 bursts and all mode-0 bursts can be above this threshold.

instead appears in the middle panel, which plots Eb against ∆tnext (ρ = 0.71): this is the
well-known relaxation-oscillator behaviour of the RB, according to which the more energetic
a burst, the longer it takes for the next one to occur. This is the reason why we chose to
introduce the parameter αnext. However, a look at the bottom plot in Fig. 4.8 reveals that
∆tnext correlates more tightly with tdur (ρ = 0.87) than with Eb. This implies that the
duration of a type II burst, rather than the energy it releases, determine the time it takes for
the next type II burst to occur. A least-squares fit yielded trec ∝ (∆tnext)0.76±0.01. There is,
however, a large spread in the data, especially for the mode-1 and mode-2 bursts.

As we explained in Sec. 4.2.2 different patterns of type II bursts follow each other during
the outburst decay, while on average the persistent flux decreases. We therefore wish to assess
whether the burst properties show any dependence on the strength of the persistent emission.
Fig. 4.9 shows the burst peak flux, fluence and duration plotted against the average persistent
flux ⟨Fpers⟩. It is immediately evident that all correlations are weaker than with respect to
∆tnext. As in the previous case, Fpeak shows no evident relation to the persistent emission
properties (ρ = −0.03). In the middle and bottom panels, where we plot Eb and tdur against
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⟨Fpers⟩, no monotonic trends can be seen. Instead, two distinct behaviours appear. While for
bursts that liberate little fluence (Eb ≲ 2× 104 c/PCU) or that are short (tdur ≲ 20 s) Eb and
tdur do not correlate with ⟨Fpers⟩ (ρ = −0.04 in both cases), for energetic and long bursts
a positive correlation is visible, that at least for Eb appears to be significant (ρ = 0.46 and
0.23, respectively).

In other words, when looking at how the burst properties are influenced by the persistent
emission, there is a dichotomy in behaviour between the mode-0 type II bursts, which have
large fluences and long durations, and appear in the upper half of the plots, and mode-2 bursts,
characterized by small fluences and short durations, appearing in the bottom half. Mode-1
bursts can clearly be found both in the lower half of the plots of Fig. 4.9 (low fluence and short
duration) and in the upper half (large fluence and long duration). These are, respectively, the
short bursts initiating the mode-1 sequence, and the long one that concludes it. These two
groups inhabit the same regions of the plots as the mode-2 and -0 bursts, respectively.

The same threshold in fluence seems to determine the presence of a hump after a burst.
Fig. 4.10 shows that, independent of burst mode, above a critical Eb ∼ 2×10−7 erg cm−2,
the burst fluence correlates with the ‘net’ (i.e. above Fmin

pers) hump fluence Ehump. Again,
bursts above this threshold are not only the mode 0, but also the resembling mode 1 that end
a sequence of bursts and precede a hump.

4.4.3 Type I bursts in the mixed (hard) state

Various methods help identify the type I bursts in the sample. Their profiles in the light
curves differ for a number of features from those of type II bursts. The type-I-burst peak
fluxes are smaller than those of most type II bursts (type I bursts in the RB reach at most one-
third of the Eddington luminosity; B13). Also, all type II bursts show multiple peaks in their
decays, while type I bursts generally have smooth decays (but see B14). Finally, type I bursts
have generally longer durations, causing the fast-recurring type II bursts to overlap with their
exponential decays. Finding candidate type I bursts is therefore relatively straightforward.

Nonetheless, a secure identification of type I bursts should come from measurements of
α or from the detection of cooling in their time-resolved spectra. However, the first method is
only applicable in a state where either type I or II bursts are emitted. In a mixed state, where
type II bursts recur faster than the type I bursts, one cannot rely on their αprev values to
discriminate between them. The second method, the detection of cooling, is only a sufficient,
and not necessary condition for the type I burst identification. Observing spectral cooling is
generally only possible for bright type I bursts (Fpeak ≳ 0.7Fpers; Linares et al. 2011). B13
also showed that some RB bursts which lack evidence for cooling are to be identified as type
I, due to their large α values and their occurrence in the brightest phases of the soft state.

To determine the presence of cooling, we measured hardness ratios as the flux ratios in the
5.1–7.6 keV and 2.3–5.1 keV bands. 26 candidate bursts show secure evidence of cooling,
and we can therefore confirm they are type I even without being able to measure their α

values.
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Figure 4.11: Light curve and hardness ratio of ObsID 50420-01-09-00R, featuring a type I burst taking
place during a mode-0 type II burst. The vertical lines indicate the approximate start and end time of
the burst. The net peak flux to persistent flux ratio β ≲ 0.2, hiding the hardening of the flux during the
type I burst below the detection level (Linares et al. 2011, B13).

Additionally, we found three bursts taking place ‘on top’ of a mode-0 type II bursts (see
Fig. 4.11). For these bursts Fpeak ≲ 0.2Fpers, meaning the lack of cooling in their spectra
cannot rule out their type I nature. Given their distinctive shape (fast rise and exponential
decay), these three bursts are unlikely to be a sudden spike of the type II bursts, which tend
to show nearly flat plateaus (see Sec. 4.2.2). Therefore, we believe they are type I bursts as
well.

Summarizing, we found a total of 29 type I bursts occurring in an observation where also
type II bursts appeared, out of a total of 123. Note that 17 candidate type I bursts could not
be confirmed.

As shown in Fig. 4.12, the type I bursts in the hard state are significantly different from
those in the soft state. Most remarkably, the durations are much shorter, with tdur ≲40 s, as
are the peaks, that lack the 6-8 s plateau displayed by type I bursts in the soft state (B13).
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Figure 4.12: Light curves of five type I bursts in the hard state plotted against the average profile of the
22 single-peaked type I bursts featuring the longest and brightest decays (see B14), all of which are
instead observed in the soft state. The net bursts counts have been normalized so that the average flux
during the burst peak (which is defined as the interval during which the flux is above 90 per cent of the
burst peak flux) is 1. The vertical extent of the shaded region indicates the standard deviation of the
soft-state sample. The hard-state type I bursts were randomly chosen among those taking place on top
of a stable persistent emission, i.e. outside humps, and showing no overlapping type II bursts during
the first 40 s of the type I burst.

Out of 29 type I bursts identified in the hard state, 6 took place around mode-0 type II
bursts, 12 during mode 1, and 11 during mode 2. 10 out of 12 type I bursts found during
mode-1 activity occur during the intervals of enhanced persistent emission (‘humps’) that are
observed between two more tightly packed sequences of type II bursts (see Fig.4.13, top).
Only two type I bursts are instead observed ‘inside’ a sequence of mode-1 type II bursts. No
such preferential location is observed for the 11 type I bursts occurring during the mode-2
phase, when the persistent emission count rate and the recurrence time of the type I bursts
are roughly constant. However, it must be noted that one such type I burst seems to briefly
(< 50 s) affect the type II emission (see Fig.4.13, bottom), which is otherwise stable in this
observation, as is common in mode 2.

For mode-1 type II bursts, one can calculate the chance of random coincidence of a hump
and a type I burst. We examined all the mode-1-burst sequences during the outburst plotted in
Fig. 4.1, and summed the integrated fluence from the beginning of each burst in a sequence
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Figure 4.13: Two examples of type I bursts during the hard state, during mode 1 (top) and 2 (bottom)
type II bursts respectively. The x-axis shows time with respect to the type-I-burst start time t0. The
y-axes are as in Fig. 4.1. The horizontal dashed line indicates the Eddington luminosity, with the grey-
shaded area indicating the uncertainties on the distance and the spectral fit (see Sec. 4.3.1). Notice that
the type I burst during the mode-1 phase takes place during the hiatus in type II bursts that follows a
long one, while the persistent emission level rises in a hump shape. This is the case for 10 out of 12
type I burst during the mode-1 phase. Neither effect is observable as a type I burst takes place in the
mode-2 phase (see Sec. 4.4.3). The type I burst during the mode-2 phase briefly affects the type II burst
emission. This is only observed in 1 case out of 11.
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until the last, longer one. We divided this integrated energy by the fluence emitted during
the following hump. Over the course of the outburst, this ratio decreases from 13.5 to 2.7.
In order to reach a conservative estimate, we take the latter as the ratio of the amount of
mass accreted during a mode-1-burst sequence to that accreted during a hump. This means
that, for each individual burst, the probability of random occurrence of a burst on a hump
is psingle = 0.27. An estimate of the probability that 10 out of 12 type I bursts randomly
take place on a hump rather than overlap with mode-1 bursts is thus given by the binomial
distribution as p10/12 = 7.24 × 10−5. Clearly type I bursts have a statistically significant
preference for occurring during breaks in the type II activity, rather than overlapping them.

B13 reported type I burst recurrence times in the soft state in the range 0.4–4 ks. As
the RB enters the hard state, trec becomes difficult to measure, as it typically surpasses the
duration of an observation. The numbers should therefore only be treated as upper limits.

Nonetheless, we can establish average recurrence times of type I bursts across the dif-
ferent modes of type II bursting. There are six confidently identified type I bursts in 114 ks
of observations of mode 0, 12 in 170 ks of mode 1, and 11 in 492 ks of mode 2. If one
includes the dubious cases, the type I bursts are 13 in mode 0, 21 in mode 1 and 12 in
mode 2. This gives upper and lower limits, respectively, on the average recurrence times:
⟨tmode0

rec ⟩ ∼ (8.3 − 18.1) ks, ⟨tmode1
rec ⟩ ∼ (8.1 − 14.1) ks and ⟨tmode2

rec ⟩ ∼ (41.0 − 44.7) ks.
Thus, the type I burst recurrence time is roughly the same during mode 0 and mode 1.

We plot these recurrence times in Fig. 4.14 together with the type I burst recurrence times
measured in the soft state, against the persistent flux Fpers (B13). The latter was taken to be
a proxy of the mass accretion rate on the source, and the data show a correlation, with trec ∝
F−0.95
pers . The ⟨Fpers⟩ parameter we define in Sec. 4.3.2 only measures the emission taking

place between type II bursts, but these should also accrete nuclear fuel on to the surface.
Therefore, we plot the type I burst recurrence times across the three modes versus both ⟨Fpers⟩
and Ftot, which includes the burst fluence in the average.

As Fig. 4.14 shows, regardless of the proxy that is chosen for the mass accretion rate, the
largest recurrence time for type I bursts is observed during mode-2 type II bursts. Interest-
ingly, observations line up with the relation extrapolated from the soft state when employing
⟨Fpers⟩, while for Ftot there appears to be a scarcity of type I bursts in the hard state, across
all modes.

4.5 Observational summary

The large sample of data we have studied allows us to address fundamental questions over
the type II bursts in the RB. In this section, we first summarize the overall properties of the
sample, starting with those that were already previously known.

1) There are four patterns of type II bursts (e.g., Fig. 4.1).

i) a (type II) burstless soft state that is visible when the persistent emission flux is above 10
per cent of the Eddington limit. This occurs mostly at the beginning of outbursts.
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ii) During the outburst decay, the first type II bursts to appear are of so-called mode 0 (Guer-
riero et al. 1999). They have the longest durations and recurrence times, and the largest
fluences. The flat tops often observed in long mode-0 bursts are often sub-Eddington.
Indeed, the flatness of the bursts has before been noticed to be a property of long bursts
(Tan et al. 1991), regardless of their luminosity.

iii) The mode-1 burst pattern follows, with sequences of frequent short bursts ending with a
longer and brighter one that is similar in appearance to the shortest mode-0 bursts.

iv) Finally, the mode-2 pattern appears, consisting of short bursts like the short ones in mode
1 (but not interrupted by larger bursts followed by longer recurrence times).

This is only a general rule and exceptions exist. For instance, the RB sometimes briefly
switches back to the previous mode, and even back into the soft state. Mode-0 and -1
bursts can last for up to ∼ 5− 6 d, while mode-2 bursts persist for up to 24 d.

2) The persistent emission decreases monotonically as the RB progresses from mode-0 to mode-
1 to mode-2 bursts (Fig. 4.4). No type II bursts are observed on top of undetectable
persistent emission.

3) All bursts roughly follow a relaxation oscillator relation (Fig. 4.8, middle), meaning that the
fluence in a burst determines the waiting time to the next burst.

4) 95 per cent of the bursts show α values below 1.5, one order of magnitude below the min-
imum value that is possible for full thermonuclear burning. The distribution peaks at
0.2, meaning that five times more fluence is liberated in the bursts than in the persistent
emission. This underlines the nature of type II bursts as accretion processes.

5) We calculated the probability of random occurrence of the observed fraction of type I bursts
on a hump to be p10/12 = 7.24 × 10−5. Clearly, type I bursts during mode 1 have a
statistically significant preference for occurring during breaks in the type II activity, rather
than overlapping them (see Fig.4.13). This preference was first noticed in SAS-3 data by
Ulmer et al. (1977), although it was Hoffman et al. (1978) who first proposed that the
bursts on the humps and those surrounding them were type I and II, respectively. They
also noticed that these bursts were ‘anomalous’ with respect to the type I bursts taking
place during what we call mode 2, in that they had smaller peak fluxes and sometimes
lacked spectral softening during burst decay. Likewise, we could confirm the presence of
spectral softening in 11 out of 12 candidate type I bursts during mode 2, but only in 12
out of 21 during mode 1.

New findings in RB type II bursts are as follows.

6) The range of minima in the persistent emission between bursts Fmin
pers is between 1 and 2.5 per

cent of the Eddington luminosity. The distribution of the actual average persistent fluxes
(i.e. taking the humps into account) ⟨Fpers⟩ extends to only slightly larger values, because
the general sample is overwhelmingly dominated by the short mode-1 and mode-2 bursts,
without humps in between. Taking into account the burst fluence as well, the RB is on
average accreting at up to ≃ 0.17LEdd (Fig. 4.3).

7) The persistent flux does not generally seem to correlate with the burst properties (Fig. 4.9).
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Each burst mode presents a large dispersion in the range of observed persistent fluxes
(Fig. 4.4), making the latter a poor predictor of the burst mode.

8) The most energetic type II bursts reach the Eddington limit (FEdd = 2.8×10−8 erg cm−2 s−1;
Fig. 4.5, top-left). 1 per cent of the bursts are super Eddington. However, since the max-
imum Fmax

peak = 3.0×10−8 erg cm−2 s−1, even a slight decrease in the H abundance or
moderate beaming are enough to bring every single burst within the uncertainty on LEdd

(Sec. 4.3.1). Bursts reaching the Eddington limit are not accompanied by evidence for
photospheric radius expansion (PRE) in the time-resolved spectra. Generally speaking,
the peak flux shows no correlation with the waiting time or the persistent flux properties,
and the distribution of peak fluxes is relatively narrow. Even the only visible correlation,
the one with the burst fluence (Fig. 4.7), shows a large spread. This suggests that the
speed at which energy is released does not depend on the total amount of energy available
for a burst, nor on the global mass accretion rate.

9) There is a clear dichotomy between mode-0 and mode-2 bursts. The former appear to feed
back into the persistent emission, which rises in between them, while the latter do not
seem to affect it. This is also reflected in the fact that only for mode-0 bursts there appear
to be correlations between some properties of the bursts and of the persistent emission
(Figs 4.8 and 4.9). Mode-1 bursts clearly are an intermediate state of the instability,
reproducing both behaviours.

10) Long bursts – meaning both mode-0 bursts and the mode-1 bursts that ‘close’ a sequence
of bursts – are followed by humps, i.e. burst-free enhanced persistent emission. This
is partially contrary to what was previously believed, that the persistent emission ‘dips’
between mode-0 bursts (Marshall et al. 1979; Kunieda et al. 1984; Stella et al. 1988;
Lubin et al. 1992b; Lewin et al. 1993; Guerriero et al. 1999), despite the fact that there is
no evidence for enhanced absorption in the spectra (Stella et al. 1988; Lubin et al. 1993).
However, looking at periods when the RB switches between these modes of emission, we
clearly show that such ‘dips’ are actually at the same minimum level observed during a
sequence of mode-1 bursts (Fig. 4.2). Since the persistent emission level is stable inside a
mode-1 sequence, and no increase in the column density NH is observed in the spectra of
the ‘dips’ (see Appendix 4.B), we argue that in both cases the emission following a long
burst is enhanced, to decay again in the time running to the next burst.

11) The recurrence time distribution of type II bursts is strongly peaked at ∆t =15–18 s, and
drops abruptly below this value, while showing a smoother decrease to larger recurrence
times (Fig. 4.5). Bursts with shorter recurrence times are found (as short as 2 s) but they
are a much smaller fraction of the sample, despite the fact that for a shorter ∆t more
bursts should be produced. This implies that a minimum time exists for the instability to
develop, and that it is difficult for the RB to produce type II bursts more quickly than that.

12) We found 61 bursts with durations shorter than 1 s, and as short as 130 ms (Fig. 4.6, top), one
order of magnitude smaller than the shortest bursts so far reported for type II bursts (2 s
in EXOSAT data; Lubin et al. 1991). This puts a constraint on theoretical models for this
instability, that appears to cover four orders of magnitude in duration, up to the record
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observed tdur = 1100 s.
13) The sub-s duration bursts have α values between 20 and 200, thus overlapping with the α

range of type I burst. Precursor events of sub-s durations have been observed before, but
they are always followed by long type I bursts (in’t Zand et al. 2014). Therefore, the sub-s
bursts are of type II.

14) The relaxation-oscillator behaviour is more accurately predicted by the burst duration than
the fluence (Fig. 4.8, bottom).

4.6 Discussion
Having laid out all observational features of the type II bursts of the RB, we now discuss the
physical implications of these. We leave the discussion of the instability models for type II
bursts to the next section.

4.6.1 Accretion versus ejection

Two observables might suggest the possibility of mass ejection in the RB. One comes from
the type I burst behaviour, which we discuss in Sec. 4.6.4. The second finding suggesting that
mass could be ejected during type II bursts is that their peak flux never, for any persistent flux
or burst fluence, surpasses a certain value which, within a factor of 2, is equal to the expected
Eddington limit for an NS at the distance of the hosting globular cluster, with X = 0.7 and
an isotropic radiation field (Figs. 4.7–4.9). One might therefore wonder whether any surplus
radiation power is transformed to the kinetic energy of an outflow enforced by radiation
pressure.

There is, however, no spectral evidence for expansion of the emitting region. Thus, the
picture arises that when the Eddington luminosity is reached, the accretion is temporarily
halted, interrupting the release of gravitational energy. This in turn lowers the luminosity so
that accretion can ensue again, rising back to the Eddington limit, and so on. The radiation
pressure may momentarily cut off the fuel line for the radiation (the accretion flow), but
not result in isotropic expansion. As a consequence of this, all energy is liberated through
radiation, and there are no kinetic losses. This is in contrast to the type I bursts, where
reaching the Eddington luminosity does not affect the energy release from the layer that has
been heated by the burning, and the photosphere expands. Instead, once a type II burst flux
reaches the Eddington luminosity, a larger fluence Eb can only be liberated by means of
an increased duration, which makes for a tight relation between burst duration and fluence
(Fig. 4.7, bottom).

4.6.2 Two kinds of type II bursts and three kind of modes

The data point to two kinds of type II bursts: long, often luminous ones and short ones. Long
bursts, predominantly mode 0, occur at relatively larger mean accretion rates, while shorter
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ones abound at lower rates, during mode 2. They mix in mode 1. Long bursts induce humps
and adhere more tightly to a relaxation oscillator behaviour, while the short ones are not
followed by humps and show a larger scatter around the relaxation oscillator relation.

The evidence for this is provided in Fig. 4.9. At large ⟨Fpers⟩ one observes both long and
energetic bursts, that become longer and stronger at larger persistent fluxes, and short and
weak ones, displaying an opposite trend (i.e. becoming shorter and weaker at larger ⟨Fpers⟩).
The critical fluence separating these two opposite feedbacks is Eb ≈ 2×1039 erg s−1. This
duality is reflected by the way in which the bursts affect the persistent emission back. While
short, weak burst do not have a feedback on Fpers, the long and strong bursts that appear in
mode 0 and at the end of a mode-1 sequence generate humps of enhanced persistent emission.
Fig. 4.10 shows that the threshold for this behaviour is again at Eb ≈ 2×1039 erg s−1.

Another look at Fig. 4.7 shows that the threshold in fluence at which the bursts become
Eddington limited is Eb ∼ 5×1038 erg s−1. Notice that some mode-2 type II bursts reach
Fpeak = FEdd, but very quickly decay, and are not followed by humps.

Possibly then, a sustained period of Eddington-limited emission is necessary for a type
II burst to be followed by a period of enhanced persistent emission. It would therefore make
more sense to speak of ‘short’ and ‘long’ bursts, rather than the three modes that are men-
tioned in literature. What Fig. 4.10 also shows, however, is that there is a continuity in
behaviour between the two, rather than a clear cut distinguishing two different behaviours
among type II bursts.

4.6.3 The relaxation-oscillator behaviour

Our data confirm the existence of the well-known relaxation oscillator between the burst
fluence Eb and the time to the next burst ∆tnext. (Fig. 4.8, middle). However, we also
find a tighter correlation between the burst duration tdur and ∆t (Fig. 4.8, bottom). It is
quite possible that the relaxation-oscillator relation is a by-product of this tighter correlation
and of the aforementioned one between Eb and longer tdur. This would mean that it is the
timescales, rather than the energetics, that connect the bursts and the persistent emission.

The burst properties seem to depend weakly on the average intra-burst persistent flux
(Fig. 4.9). Also, relatively small changes in the persistent flux are visible between modes. The
variations in the burst properties are therefore much larger than those in the accompanying
persistent emission. In other words, the variation in the global mass accretion rate that must
be present between the beginning and the end of the hard state is not equally split between
the bursts and the persistent emission, but almost entirely goes into the former.

4.6.4 Type I bursts as a probe of mass accretion by type II bursts

Our data of type I bursts provide a test of the hypothesis that type II bursts are an accretion
phenomenon. They provide an independent constraint on the accretion rate by comparing
type I recurrence times with Fmin

pers, ⟨Fpers⟩ and ⟨Ftot⟩. Fig. 4.14 shows that the type I burst
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Figure 4.14: The recurrence time trec of type I bursts at different stages in the outburst. Blue points are
soft-state measurements from B13, from which the fit is derived trec ∝ F−0.95

pers (dashed line). Squares
are averages for trec during mode-0, -1 and -2 phases, with the upper and lower limit derived using only
securely identified type I bursts and including candidates, respectively (with a very small difference
during mode 2). They are plotted against both the intra-type II burst average flux ⟨Fpers⟩ and ⟨Ftot⟩,
which includes the burst fluence in the average. The latter does not match the relation extrapolated
from the soft state, but it is more compatible with a steeper trec ∝ F−3

pers relation (dot-dashed line, see
Sec. 4.6.4.)

recurrence time in the hard state matches the extrapolated fit to the soft state if ⟨Fpers⟩ is
taken as a proxy of the mass accretion rate, which traces the persistent emission only. Adding
the burst fluence to yield ⟨Ftot⟩ gives instead too long recurrence times, even if one includes
bursts for which the type I identification is tentative. In other words, taking into account the
mass that type II bursts should be accreting on the NS surface does not yield the predicted
recurrence times. There are three possible explanations for the mismatch between trec and
⟨Ftot⟩.

First, the type II bursts could be ejection rather than accretion events. The dispropor-
tionate coincidence in mode 1 of type I bursts with humps during type II burst intermission
would then be explained by having mass accrete on to the NS only during these intermissions
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and not during type II bursts. Ejection is possible in a strong propeller regime, where the
disc is truncated by the magnetosphere at sufficiently large radii (rm > 21/3rcor; Lii et al.
2014). The mechanism is similar to the one highlighted by D’Angelo & Spruit (2010, 2012,
see below) with matter piling up and accreting in burst-like cycles. In this case, accretion is
accompanied by the launch of a well-collimated, magnetically dominated Poynting jet. How-
ever, the predicted burst durations and recurrence times fall in the ms to s range, and very
large B and small mass accretion rates (well below 10 per cent of the Eddington rate) are
necessary. But the strongest argument against this hypothesis is that, in a propeller regime,
the luminosity should drastically decrease with respect to the accreting regime, because the
potential energy that would otherwise be liberated during the fall on to the NS surface will
not be available (D’Angelo et al. 2015). As the type II bursts reach luminosities up to the
Eddington limit, we are inclined to reject ejection as a valid hypothesis.

Secondly, the type I bursting rate could respond not only to the instantaneous mass ac-
cretion rate, but also on the rate at which it itself varies (i.e. m̈). Possibly, the sudden and
short-lived increase in ṁ associated with a type II burst will not produce the same effect in
the burning layers as if the same mass had been more slowly accreted. To the best of our
knowledge, however, simulations of how the type I burst behaviour changes with accretion
rate only include models in which ṁ is constant over long periods of time (e.g., Heger et al.
2007). It would perhaps be interesting to see what these models predict in case of swift, large
and short-lived changes in the accretion rate, but we cannot presently elaborate further on this
hypothesis.

Thirdly, the shorter duration of type I bursts in the hard state indicates that, as the mass-
accretion rate decreases, the RB approaches a pure-He burning regime. In this case, a steep-
ening of the relation in Fig. 4.14 is expected. Theoretical models predict a steeper relation in
a pure-He regime (Cumming & Bildsten 2000), compatible with the trec ∝ ṁ−3 measured
in IGR J17480–2446 (Linares et al. 2012, see their fig. 11). We plot this empirical relation in
Fig. 4.14, assuming pure-He burning takes place for bursts below 10 per cent of the Edding-
ton limit, at the state transition. This way we can account for the recurrence times plotted
against ⟨Ftot⟩ during mode 1 and 2, although type I bursts remain under-abundant for mode
0.

This last hypothesis has the advantage that it also explains the observed change in the
type I burst duration. As already mentioned, type I bursts in the hard state are shorter than
those in the soft state, both in total duration (∼ 20 s, versus ∼ 100 s in the soft state) and in
the duration of their peaks (see Fig. 4.12). This is also ascribable to changes in the fuel com-
position: as the mass accretion rate decreases, the recurrence time of type I bursts lengthens,
leaving less H unburnt by the hot CNO process, which in turn reduces the burst duration due
to the lack of unstable H burning via the slow rp-process (Fujimoto et al. 1981). This means
that in the hard state the RB is approaching a pure-He burst regime. We think this is the most
likely explanation of the three.
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4.7 Models for Type II bursts

Since the discovery of type II bursts in the Rapid Burster, an assortment of instability mecha-
nisms have been proposed for their origin. Bursts have been variously attributed to an instabil-
ity in the accretion flow (either in viscosity or temperature), instabilities around the innermost
stable circular orbit (ISCO) or as a result of the interaction between the accretion disc and a
stellar magnetic field (e.g., Spruit & Taam 1993; Kuijpers & Kuperus 1994). In their review
article, Lewin et al. (1993) give an overview of the various strengths and weaknesses of the
different models. We proceed to review these models again and test their predictions against
our observations of the population.

4.7.1 Type II bursts: a magnetic phenomenon?

Theory of disc–magnetosphere interactions

A weakness of many models proposed to explain type II bursts is the apparent uniqueness of
the RB, since most proposed instabilities should be widely applicable. In this respect, models
based on magnetospheric instabilities are perhaps the most promising, since a strong mag-
netosphere introduces new characteristic lengthscales to the system, and the distinctiveness
of the RB behaviour could then be attributed to an unusual magnetic field geometry (such
as alignment with the rotation axis, e.g., Kuijpers & Kuperus 1994), or unusual relationship
between the physical properties that determine the magnetic regulation of accretion and the
properties of the accretion flow itself (in particular the accretion rate at which the state tran-
sition occurs). On the other hand, since X-ray pulsations have never been detected in the RB,
it is not clear that there is a strong magnetic field in the system (although by the argument
above this could be due to a near alignment between the rotation and the magnetic axes). The
BP does have an estimated magnetic field and measured spin period (B ∼ (2− 6)× 1010 G,
P = 467 ms; Finger et al. 1996;Degenaar et al. 2014). The observation of type I X-ray bursts
in the RB puts an upper limit of B ∼ 1010 G for the field (based on measured fields of know
bursters; Patruno & Watts 2012), but such a field would still be strong enough to truncate the
accretion disc and regulate the gas flow in the inner regions of the star at moderate accretion
rates (e.g., Pringle & Rees 1972). Magnetospheric instability models (studied both analyti-
cally and via numerical simulations) have also received the most theoretical development in
the last 20 years (since the Lewin et al. 1993 review), so we concentrate our discussion on
those results and how they compare with observation.

Accretion on to stars with strong magnetic fields becomes regulated by the magnetic field
once it reaches a certain distance from the star (the ‘magnetospheric’, or ‘Alfvèn’ radius, rm).
At rm the disc is truncated by the magnetic field, and the gas is channelled along magnetic
field lines to accrete on the star (Pringle & Rees 1972; Shakura & Sunyaev 1973). The
magnetospheric radius is typically approximated as the point where the ram pressure of the
infalling gas equals the magnetic pressure of the field (with some considerable uncertainty
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from the fact that both the disc and the star are rotating; e.g. Ghosh & Lamb 1979; Spruit &
Taam 1993):

rm ≃ 3.1× 108

(
Ṁ

1016 g s−1

)2/7(
M

1.4M⊙

)−1/2

(4.1)

×
(

B∗

1010 G

)4/7(
R∗

106 cm

)12/7

cm.

The location of the inner disc radius is considerably uncertain and can vary with the spin
rate of the star (Spruit & Taam 1993). A factor ∼ 2 uncertainty for rm should generally be
assumed.

Since in general the disc and the magnetic field do not rotate at the same rate, the coupling
between the two will twist the magnetic field lines, creating a torque that allows for angular
momentum exchange between the disc and the star. The sign of the torque will depend on
the location of rm relative to the co-rotation radius, the radius at which the star’s rotation
frequency Ω∗ matches the Keplerian frequency of the disc:

rc ≡
(
GM∗

Ω2
∗

)1/3

. (4.2)

Accretion can only proceed easily when rin < rc, that is, for relatively high accretion
rates, slow stellar spin rates, and low magnetic field strengths. When rin > rc, the stellar
magnetic field presents a centrifugal barrier to accretion, and either expels the infalling gas in
an outflow (the ‘propeller’ scenario; Illarionov & Sunyaev 1975) or keeps it confined in the
inner disc outside rc (the ‘trapped disc’ scenario; Sunyaev & Shakura 1977; Spruit & Taam
1993; D’Angelo & Spruit 2010).

Trapped discs

The trapped-disc picture forms the bases of the most developed model to explain type II bursts
in the RB. In this scenario, when the accretion rate falls below a certain rate, rm (Eq. 4.1)
moves outside rc, and gas is no longer able to accrete on to the star. As long as rm remains
close to rc, the disc-magnetosphere interaction will not provide enough energy to unbind the
gas from the disc and launch an outflow. Instead, the gas stays confined in the disc, gradually
piling up as more gas is accreted from larger radii. This situation continues until enough gas
has piled up to push against the magnetic field for rm to move inside rc. Here the centrifugal
barrier disappears and the accumulated gas can rapidly accrete until the reservoir of gas has
been depleted and rm again moves outside rc. Observationally, the instability will manifest as
short bursts (as gas accretes freely through the disc and on to the star) contrasted with periods
of non-accretion (as gas gradually accumulates) with a roughly stable luminosity generated
by the interaction between the disc and the magnetic field.

This instability was described and studied analytically and numerically in Spruit & Taam
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(1993);D’Angelo & Spruit (2010) and D’Angelo & Spruit (2012), who investigated its gen-
eral properties (duty cycle, frequency, outburst shape, etc.) as a function of the mean accretion
rate and the details of the disc–field interaction. In D’Angelo & Spruit (2010) and D’Angelo
& Spruit (2012), the disc–field interaction is characterized by two (uncertain) lengthscales:
∆r, the radial extent of the disc that is coupled to the magnetic field and ∆r2, the range of
rm around rc where the disc changes from being a trapped disc (outside rc) and accreting
freely (inside rc). A key feature of this instability is that it produces bursts on a wide range
of timescales, which can generally be much longer than the dynamical timescale of the inner
disc, and plausibly match the burst timescales seen in the RB.

In the trapped disc instability, the main driver of changes in burst shape and duration is
a changing mean accretion rate into the inner disc. Roughly speaking, the recurrence time
increases and the burst duration and fluence decrease as the mean accretion rate decreases.
This is broadly seen in the RB: the longest bursts in mode 0 occur early in the outburst, and
the time between mode-2 bursts increases gradually as the overall luminosity declines. If this
instability is responsible for the behaviour seen in the RB, the stochastic behaviour seen in
the variation between individual bursts is mainly attributable to a variable accretion rate in
the inner disc regions. This may be consistent with the X-ray spectral transition from a disc-
dominated (‘soft’ or ‘high’) state to a power-law dominated (‘intermediate’ to ‘low’) state.
In NS and black hole binaries, the spectral transition to a power-law spectrum is typically
accompanied by large luminosity fluctuations on a range of timescales, which are commonly
interpreted as fluctuations in local mass accretion rate propagated through the accretion flow
(e.g., Lyubarskii 1997). Since the instability requires an accumulated mass reservoir, these
accretion rate fluctuations will manifest as a variation in the duration and frequency of bursts.

However, the simulations of Spruit & Taam (1993) and D’Angelo & Spruit (2010) do
not show the characteristic ‘relaxation-oscillator’ behaviour seen in type II bursts in the RB,
where the wait time between bursts scales with the fluence of the previous burst. This is
because neither set of simulations properly accounted for viscosity in the large-scale disc,
which sets the timescale to refill the inner disc regions. Instead, the simulations supplied
gas into the inner regions of the disc at a steady rate, which leads to a steady burst period
for a given accretion rate. In a realistic disc, if the reservoir of gas is emptied before the
outer disc can resupply it with gas, the build-up time will be longer than has been observed
in simulations. This introduces a new timescale into the problem: the viscous refilling time.
If the accretion rate into the inner disc is unsteady, the timescale between bursts will be
variable, but will be at least as long as it takes for gas to flow into the inner disc. This may
account for the recurrence time–fluence relationship seen in Fig. 4.8: the recurrence time
has a minimum (the viscous inflow rate) but can be much longer (if the supply rate suddenly
decreases). D’Angelo & Spruit (2012) indeed found that a steadily decreasing accretion rate
(in a large disc) can induce chaotic accretion bursts from the trapped disc instability (fig. 10
of that paper). This hypothesis remains to be investigated further.

D’Angelo & Spruit (2012) identified two distinct instability regions for the trapped disc
instability: ‘RI’ (long duration, low amplitude bursts), and ‘RII’ (shorter, smaller amplitude
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bursts). In ‘RI’ bursts, ∆r2/r ≲ 0.02 (i.e. the disc makes abrupt transitions between the ac-
creting and non-accreting states), and the bursts often have complex profiles and with strong
contrasts between bursting and inter-burst luminosity. In contrast, the ‘RII’ bursts occur at
larger values of ∆r2, bursts are more sinusoidal in shape with higher luminosities, shorter
periods and less contrast between burst and inter-burst luminosities. The complex burst pro-
files and characteristic outburst timescales of the mode-0 bursts suggest the RI instability is
more likely applicable for the Rapid Burster.

At high mean accretion rates, the ‘RI’ accretion bursts are longer, with burst profiles that
frequently show quasi-periodic oscillations (see Fig. 4.15) at the tail of the outburst, similar
to mode-0 bursts of the RB. A flat-topped burst is also sometimes seen, although typically
with an initial spike of accretion, which is not seen in RB mode 0 bursts. As the mean
accretion rate drops, the burst duration and fluence decreases, and the bursts become more
widely separated in time, similar to evolution in the mode-2 bursts of the RB (see Fig. 4.1).

Application to the RB

In comparing the predictions of the trapped disc model to the RB bursts, we consider only the
short burst (mode-2 and short mode-1 bursts). This is because the long mode-0 bursts have
significantly different properties: they are often Eddington-limited bursts with a distinctive
burst profile and persistent emission that shows a hump and (occasionally) type I bursts,
suggesting significant accretion on to the star continues between bursts. We speculate that for
mode-0 bursts, the trapped disc instability could appear in conjunction with a second physical
process (perhaps related to the dramatic state change that marks the onset of type II bursts),
but we do not consider this further.

Applying the trapped disc burst model to the RB is challenging, as its spin rate and mag-
netic field are unknown. However, if we assume (as this model would suggest) that the type
II bursts begin when rm moves just outside rc, then the ‘critical accretion rate’ (that is, for
the onset of bursts) is about 0.1 ṀEdd. Equating rm and rc (equations 4.1 and 4.2) at this
accretion rate leads to a degeneracy between B and P∗. We can set some bounds on these
parameters from other evidence: the appearance of type I bursts suggests B < 1010 G, while
P∗ ≳ 0.0017 s to make the RB compatible with the fastest-rotating known NSs. This leads to
a range of B ∼ 6 × 107–1010 G for spin periods P ∼2–80 ms (with the fastest spin periods
corresponding to the smallest magnetic fields). The smaller rc, the nearer the disc will ex-
tend to the star, and the shorter the recurrence time will be between bursts, because the burst
timescale is generally set by the viscous diffusion timescale, tvisc ∝ r2in/ν in the disc’s inner
regions. For an α-disc viscosity, ν ∼ α(H/r)2(GMr)1/2 (Shakura & Sunyaev 1973, where
H is the scale-height of the disc), so that for α ∼ 0.1, (H/r) ∼ 0.1, tvisc ∼ 10–1000 s at
rc for the range of possible spin periods. In D’Angelo & Spruit (2012), the strongest bursts
occur on timescales 0.1–10 tvisc, which would correspond to 1–100 s if the RB is a rapid
rotator and 100–104 s if the spin frequency is lower. There is thus considerable degeneracy in
the model, but for a reasonable range of spin periods, magnetic fields and viscosities, it can
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Figure 4.15: Bursts predicted by the trapped disc instability for an NS with B = 1010 G and a spin period P =
0.02 s, for different mean accretion rates (see Sec. 4.7.1). From top to bottom, Ṁ = [0.03, 0.005, 0.002] ṀEdd,
with the burst fluence decreasing (F = [7.8, 1.9, 1.8] × 1038 erg) and recurrence time increasing as the mean
accretion rate decreases. We plotted the properties of these simulated bursts against those of our sample in Fig. 4.7.
The viscous response of the disc to the changing inner disc may create a delay in refilling the inner disc for larger
bursts, reproducing the behaviour seen in the RB. Note that between bursts accretion in the inner disc is suppressed,
and the disc luminosity is generated by the interaction between the disc and the magnetic field.

reproduce the observable features of the RB.
In Fig. 4.15, we show bursts at three different accretion rates, choosing representative

simulated parameters that reproduce the RB range of luminosity within the constraints on
spin and magnetic field set above. We adopt B = 1010 G, P = 0.02 s and a viscosity
ν = 10−3(GMr)−1, which gives strong bursts when the mean accretion rate decreases be-
low ∼ 10 per cent LEdd. From top to bottom, the accretion rate decreases: Ṁ/MEdd =

[0.03,0.005,0.002]. The flux properties of the model agree quite well with the observed prop-
erties of the RB (see Fig. 4.7). The fluence in the bursts decrease from 7.8 × 1038 erg in
the brightest burst to 1.8 × 1038 erg in the weaker bursts. In comparison, the RB shows
bursts over a somewhat larger range of fluence, with 90 per cent of bursts between 0.13 and
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1.8× 1039 erg. The peak flux in the simulated bursts is nearly independent of accretion rate,
which is also roughly consistent with the RB, where the peak luminosity of 90 per cent of the
bursts spans a range of ∼ 2.

As discussed in Sec. 4.4.1, the persistent emission between bursts does not show obvious
correlations with other burst properties, and varies by a factor ∼ 2 for the majority of bursts.
This is naturally accounted for by the trapped disc model, where between bursts accretion in
the inner disc is suppressed, and the disc luminosity is generated by the interaction between
the disc and the magnetic field, which adds angular momentum and energy to the disc. Since
the location of the inner disc does not vary much between bursts, the luminosity also stays
roughly constant, regardless of the fluence of the subsequent burst. As mentioned above, this
does not account for the ‘humps’ and occasional type I bursts seen between long mode-0
bursts, since the distinctive nature of mode-0 bursts suggests additional physics beyond the
theoretical picture outlined above.

The observed range of burst recurrence times and durations are less well accounted for in
the model. As described above, all simulations of the instability assumed a constant accretion
rate in to a small region of the inner disc, which does not properly account for the time it could
take the disc to refill after an outburst. As a result, the recurrence timescales linearly with
accretion rate – the lower the mean accretion rate, the longer it takes to refill the reservoir
and the weaker the subsequent burst. This is the opposite of what is apparently observed in
the RB. However, if the accretion rate in the inner disc is strongly variable (as is postulated
to explain rapid luminosity variability in the hard state; Lyubarskii 1997), the relationship
between the mean accretion rate and burst fluence is less well-defined. Simulations also
show bursts with a smaller variation in burst durations (about a factor of 4, with durations
between ∼2–8 s) than the RB, in which the majority of bursts (excluding mode 0, which
as we argue above likely have an additional physical process governing their behaviour) last
between 2–24 s, with a peak around 3 s.

In summary, the trapped disc instability can reasonably account for multiple properties of
the RB short type II bursts for a variable accretion rate in the inner disc regions. Simulations
can match observed burst fluences, maximum luminosities, and persistent flux properties for
reasonable (albeit poorly constrained) spin and magnetic field. The range of simulated burst
durations and fluences are somewhat smaller (by a factor ∼ 4 and ∼ 2, respectively) than is
observed in the RB. Most significantly, the relaxation-oscillator behaviour is not reproduced,
although as we argue above, this is at least in part because the response of the large-scale
viscous disc to the burst instability has not been properly modelled. The finite viscosity in
the disc will delay the refilling time once gas is depleted, lengthening the time between bright
bursts. The RB uniqueness may be explained by a special combination of magnetic field
strength and stellar spin period (which together sets the accretion rate where the instability
can manifest) and an alignment between the magnetic field and the spin axis.
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4.7.2 Other magnetospheric instabilities

Several other mechanisms have been proposed to produce instabilities in the accretion flow
that could explain the RB behaviour, but it is not clear that the timescales on which they are
expected to operate will match the RB. Both mechanisms outlined below rely on the ideal
magnetohydrodynamic (MHD) properties of the accretion flow, i.e. that field lines are frozen
in to the plasma and may not efficiently re-couple to the disc once the connection is severed
(which is expected to happen rapidly due to differential rotation between the field and the
disc). This can lead to either compression of the magnetic field by the disc moving inwards
or unstable fingers of accretion on to the NS surface via interchange instabilities.

Kuijpers & Kuperus (1994) proposed that the perfectly conducting disc can be completely
shielded from the magnetic field of the star, so that the disc will spiral inwards and pinch the
dipolar magnetic field along the equator into a distorted ‘butterfly’ shape. This compression
lasts until the matter touches the surface of the star, whereupon the gas penetrates through
the field and accretes on to the star. This releases the pressure on the magnetic field, which
rapidly re-expands and restarts the cycle. Some version of this scenario is seen in all magnetic
accretion simulations (e.g. Hayashi et al. 1996; Miller & Stone 1997; Goodson et al. 1997;
Romanova et al. 2009), which use ideal MHD and hence shield the disc from the magnetic
field. However, due to the finite numerical diffusivity present in all simulations, the timescale
for the instability is typically a few dynamical timescales, which is much shorter than the RB
bursts (∼ 50 − 1000 dynamical times, depending on the spin of the star). Moreover, it is
not at all clear theoretically that gas will have difficulty coupling to the magnetic field, as is
required by this picture. Simulations of MRI turbulent discs with stratified density profiles
(e.g. Davis et al. 2010) show the disc field extends vertically out of the disc, which could
form a low-density magnetized corona above the disc surface (e.g. Jiang et al. 2014). This
would provide an obvious site for reconnection, which could recouple the disc to the star and
prevent strong compression of the magnetic field.

In this scenario, the burst should have a gradual rise (as the accretion disc spirals inwards
towards the star) with a sudden spike when the gas finally hits the surface. This also seems
inconsistent at least with the short bursts, which show low persistent emission between bursts,
although it could perhaps explain the inter-burst humps seen between mode-0 bursts. In order
to match the observed bursting timescales, the original Kuijpers & Kuperus (1994) paper also
posited a strong 1012 G field for the RB, which is inconsistent with the observation of type I
X-ray bursts at relatively high luminosities.

An alternative scenario will develop when the field is not strong enough to efficiently
disrupt the disc, allowing accretion to proceed via interchange (Rayleigh-Taylor) instabilities
on to the star. In this picture the RB magnetic field could be significantly weaker than assumed
above (or the spin rate lower), so that the disc extends down to the star until the accretion rate
drops to ∼ 10 per cent LEdd. At lower luminosities the field will truncate the disc but not
enough to enforce accretion on to the poles, and fingers of accretion will extend down to
the stellar surface. This was studied in depth in the in the 3-D simulations of Kulkarni &
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Romanova (2008). However, as in the above scenario, the timescale for the instability is
typically the orbital timescale of the inner disc edge, which will be smaller than the spin
period of the star and thus likely considerably shorter than the observed burst timescales
unless the RB is a very slow rotator.

4.7.3 Thermal/viscous instability models

A number of models have also been proposed that do not rely on a role for the magnetic field.
Lewin et al. (1993) have already reviewed them and explained their shortcomings; we will
briefly discuss them in the light of our sample properties.

A class of models invokes thermal (Shakura & Sunyaev 1976) or viscous instabilities
(Lightman & Eardley 1974) in the accretion disc to explain the luminosity fluctuations. Both
instabilities arise in the inner portion of an α disc, where the radiation pressure dominates
and electron scattering is the main source of opacity. Thermal instabilities are due to an
inability to maintain a thermal balance, while viscous instabilities arise because the viscous
stress becomes inversely proportional to the surface density, breaking up the inner disc in
concentric rings as a result.

These analytical results however only established local criteria for instabilities to grow.
They were first tested in a global, time-dependent simulation by Taam & Lin (1984), who
confirmed the existence of unstable solutions. The produced bursts liberate about the right
amount of energy (1036−38 erg), and the observed durations (0.1–1 s) and recurrence times
(∼ 10 s) at least overlap with the (however much broader) ranges observed in type II bursts.
Also, the instability develops in a range of mass accretion rates ((0.1 − 0.45) × 1018 g s−1,
between 10 and 45 per cent LEdd), above which the flow becomes stable again.

There are two main problems with this model. First, different timescales and energetics
can only be reproduced with variations of the global mass accretion rate. Although this
problem is shared by the class of magnetospheric models discussed earlier, we should stress
that at least in that case a much broader variety of burst properties is observed, closer to
matching the ranges of fluences, durations and recurrence times that we have characterized
in this study. Secondly, models relying on disc instabilities leave the uniqueness of the RB
unaddressed, as they should apply to all accreting compact objects, even black hole binaries,
and have indeed been put forward to explain the variability of sources like Cyg X-1.

4.7.4 GR models

An entirely different approach was taken by Walker (1992), who proposed that the RB be an
exceptional source in hosting an NS with a radius smaller than the ISCO, surrounded by a
massive accretion disc. The latter gives the very low viscosity the model requires. Also, the
magnetic field must be weak enough not to disrupt the accretion flow. In this case, rather than
having the magnetosphere act as a gate, radiation torques inside the ISCO lead to a sudden
spike in the accretion rate, that repeats after the inner disc has been replenished on a viscous
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timescale.
The predicted burst luminosities match those observed in type II bursts, and the bursts

last between roughly 1 and 50 s. A very large disc would further be compatible with the
large orbital period of the BP (Porb = 11.8 d), while no orbit information is available for
the RB. The model suffers from the same problem that afflicts all other models, namely the
lack of a relaxation oscillator behaviour. But its main shortcoming is that it cannot account
for type II bursts in the BP, which was only discovered three years after this model was
proposed. Walker (1992) claim that the presence of a massive disc means that even relatively
large magnetic fields (up to 1012 G) would not disrupt the Keplerian disc before it crosses the
ISCO. Although estimates of the magnetic field strength in the BP are as low as (2 − 6) ×
1010 G (Degenaar et al. 2014), there cannot be any doubt that magnetospheric accretion is
happening in that source, because of the presence of pulsations at the spin frequency, both
in the persistent emission and in the bursts. If GR effects were truly responsible for type II
bursts in the RB, then another mechanism altogether would be at play in the BP.

4.8 Conclusions
Our population study has highlighted a number of new, important features of the type II
bursts. The bursts are Eddington limited, which leaves little doubt as to their origin lying
in accretion episodes. We have constrained the duration of these instabilities to cover the
10−1−103 s range, and we have shown that a minimum recurrence time of order of 10 s seems
necessary to develop a burst. We encourage dropping the old mode-0, -1 and -2 classification,
adopting instead a simpler one between short and long bursts, which reflects the dichotomy
these show in their interaction with the persistent emission.

We judge models based on thermal and viscous instabilities too general to explain the
scarcity of sources displaying type II bursts, while models based on GR effects imply that a
different phenomenon altogether is responsible for the BP bursts. Models based on the gating
role of the magnetosphere can reproduce a number of properties in our sample, while at the
same time requiring a fine tuning between the stellar spin, the magnetic field strength, the
mass accretion rate and the alignment between the magnetic field and the spin axis, and thus
account better for the uniqueness of the RB.
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4.A Burst search algorithm

The thousands of type II bursts from the RB in the RXTE archive necessitate an automatic
burst search algorithm for the identification process. We now proceed to explain the algorithm
that we developed from trial and error. During the development, results were verified by
visual inspection of the light curves.

The automatic procedure employs a light curve generated at 1 s resolution from all PCA
’STANDARD-1’ data with the RB in the FOV (2.4 Msec), for all photon energies and for
PCU2 which is the only PCU that is always on. Furthermore, the pointing and the elevation
of the source above the Earth’s horizon was tracked. From the pointing, the off-axis angle
between the optical axis to the RB and 4U 1728-34 were calculated. Pointing and elevation
information is available at 16-s resolution. For unsampled times, the pointing information
was taken from the prior data point.

First, for each light-curve bin an estimate was made of the persistent emission underlying
a potential burst at that bin, by determining the average of all flux values within 100 s prior
to that bin, provided that the pointing is constant within 0.05 deg for at least the previous
5 s. If there was no reliable background from those data, the average flux was taken from the
posterior 20 to 100 s interval. The background thus determined was subtracted from the flux
of each bin. Second, a ’significance’ was determined by taking the ratio to the Poisson error of
that bin. If the significance was larger than 1, the bin was further investigated for the presence
of a burst. Third, the background-subtracted flux of subsequent bins after that bin were added
to the signal and the accrued significance determined. This process was repeated for as long
as the significance increased, allowing for it to decrease only once. When finished, an attempt
was made to accrue signal going backward in time from the initial bin. Fourth, the candidate
burst was verified by checking that no other bursts previously determined (i.e., starting at
earlier times) were in the new burst interval, that the total significance was at least 10, that
the elevation was at least 2.5 degrees, that the pointing was constant during the burst and that
there was at least one ’empty’ bin between two consecutive bursts. A list of candidate bursts
was thus composed. Since this allows for a more careful background determination from
the original flux array by excluding the burst intervals and, fifth and last, the procedure was
repeated. When it was impossible to determine the background, the burst was ignored.

All type I bursts from the RB show the typical fast-rise-exponential-decay (FRED) shape.
Soft-state type I bursts have rise times (7.1 s) and durations (∼100 s; B13), which are rela-
tively long for type I bursts, and typical of the burning of H-rich fuel (Lewin et al. 1993). As
we have shown in Sec 4.4.3, hard-state type I bursts are typically shorter (∼40 s). Nonethe-
less, type II bursts of comparable durations cannot mimic the FRED shape, because multiple
peaks appear in their decays (Tan et al. 1991). This allows identification of a RB type I burst
even when its profile in the light curve overlaps with those of several fast-recurring type II
bursts (as in Fig.4.13, bottom).

As for type I bursts from 4U 1728-34, they show instead the much faster time scales
(rise time <1 s, duration ≃10 s) that are typical of H-poor nuclear fuel (Galloway et al.
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2010b), and based only on this could be confused with short RB type II bursts. How-
ever, the bursts from 4U 1728-34 show a characteristic bimodal distribution of peak fluxes
(9.2×10−8 erg cm−2 s−1 for the bursts showing photospheric radius expansion (PRE) and
4.5×10−8 erg cm−2 s−1 for normal bursts, Galloway et al. 2008), which are much larger
than observed in RB type II bursts. Still, when the PCA is pointed at the RB the peaks fluxes
of the weakest 4U 1728-34 bursts can be similar to those of the brightest RB type II bursts.
Again, the multiple peaks in the decays reveal the nature of the latter.

Thus, a list of 8754 bursts was derived. Eighteen of these concern overlap between two
kinds of bursts. The breakdown of three kinds of bursts is: type I bursts from the RB (123,
9 overlapping), type-I bursts from 4U 1728-34 (167, 9 overlapping) and type II bursts from
the RB (8458, 18 overlapping). Twenty-two bursts could not be definitely identified because
of insufficient statistics. They are either type I from the Rapid Burster or type II. Otherwise,
type-I bursts from 4U 1728-34 are easily recognizable because they are approximately two
times brighter than the brightest type II bursts from the RB and last the shortest. The latter
characteristic is necessary for identification because, when the PCA points at the RB and 4U
1728-34 is an off-axis angle of 0.5 degrees, the collimator shadow cuts the measured peak
flux in roughly two and is comparable to the brightest bursts of the RB. For the other two
pointing configurations, identifying bursts from 4U 1728-34 is unambiguous. The difference
between type I and II bursts from the RB is also manageable. Type I bursts are at least 20 s
long, have a typical long tail (Bagnoli et al. 2013, 2014) and show no ringing, contrary to
most type II bursts.

The start and end times of the bursts were determined by searching, starting from the bin
with the highest flux, downward and upward, respectively, for the last times when the flux
drops below 10% of the peak flux. Notably, we identified a record duration for a mode-0
burst. Observation ID 92026-01-06-03 apparently starts off during a type II bursts which
subsides only after 1100 s in a fashion typical for a mode-0 burst.

4.B Spectral analysis

In principle one would like to perform a full time-resolved spectroscopic analysis of each
type II burst to determine parameters such as peak flux (in erg cm−2s−1), burst fluence (in
erg cm−2), fluence of the persistent emission between bursts and α. However, given previ-
ously published spectral analyses of RB data data (e.g., Marshall et al. 1979; Rutledge et al.
1995; Marshall et al. 2001; Mahasena et al. 2003), there is merit in asking whether that is nec-
essary. Spectral variability during and between type II bursts is presumably limited and the
average energy per photon is probably nearly constant. In order to verify this and determine
a conversion factor between PCA-detected photons and energy, we analyzed a representative
subset of the data. The subset was drawn from the ’offset’ observations that are free from con-
tamination by 4U 1728-34. Eleven observations, identified by unique ObsIDs, were chosen
representing typical as well as extreme behavior of the RB. They are listed in Table 4.2.
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The time resolution of the spectral analysis varied across the different observations and
within observations is chosen to follow the variability in flux. In total 374 spectra were
extracted from these 11 observations, involving 8 mode-0 bursts (including the longest one
detected), 25 mode-1 bursts and 23 mode-2 bursts.

The spectral analysis involves the following generalities. Spectra were extracted from
event-mode data with 64 spectral channels. All active PCUs were employed. The band-
pass was limited to 2.5-20 keV which is where the PCA is well calibrated (Jahoda et al.
2006; Shaposhnikov et al. 2012) and contains most of the signal. A systematic error of 0.5
per cent per channel was included (following Shaposhnikov et al. 2012). All spectra were
corrected for particle background and cosmic diffuse background as predicted through the
PCABACKEST tool (version 3.8). The PCA response matrix was calculated with version
11.7.1 of tool PCARSP. This includes a correction for the collimator response which is al-
ways non-standard because the RB is always considerably off-axis in the selected ObsIDs.
The collimator throughput for the RB was usually about 0.4. Spectral bins were combined
to obtain at least 20 counts per bin to ensure applicability of the χ2 statistic. All spectral
modelling was carried out with XSPEC version 12.8.2. A constant cold interstellar absorption
component was assumed to apply, equivalent to NH = 1.6× 1022 cm−2 (Frogel et al. 1995).
The absorption model of Morrison & McCammon (1983) was followed.

A significant contribution may be expected from the Galactic Ridge. To determine this,
off-axis observation ID 92026-01-04-00 was chosen which represents the observation with
the lowest flux measured for the RB field. It was taken on June 9, 2006, 11 days before the
onset of the outburst presented in Fig. 1. The background-subtracted data was modelled with
the combination of a Raymond-Smith component (Raymond & Smith 1977) and a power law,
following the prescription of Valinia & Marshall (1998) as also determined from PCA ridge
data. The fit was satisfactory with χ2

ν = 1.79 (ν = 20). This constant spectral component
was assumed to be present in all studied RB spectra.

We tested various models on the data: single component models (power law, Planck
function, thermal bremsstrahlung, Comptonization) and models with combinations of two
components. It was found that models with three free parameters were sufficient to describe
all spectra. We chose the Comptonization model according to Titarchuk (1994); Titarchuk &
Lyubarskij (1995) as baseline since this is the simplest model fitting all data. Furthermore, we
find that this model performs best to the highest quality spectrum (20093-01-07-01R whose
spectrum contains 106 counts), with χ2

ν = 0.92 for ν = 20. As an example, for the same
data χ2

ν = 11.3 for a model consisting of a disk black body and a power law, and 6.88 for a
cut-off power law. We note that it was necessary to complement the continuum model with
a narrow line at about 6.5 keV, in the spectral region where the Fe-K resonance line resides
(6.4-6.9 keV, depending on the ionization state of Fe). Possibly it is related to instrumentally
scattered emission from the bright source 4U 1728-34 just outside the field of view, or to an
inadequate modelling of the Galactic Ridge at this location.

Figure 4.16 shows an example of a time history for observation 92026-01-06-00 which
shows a sequence of 5 bright and relatively short mode-0 bursts. What is clearly visible
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Figure 4.16: Time-resolved spectroscopy for ObsID 92026-01-06-00. The response is corrected for the off-axis
position of the RB. The fitted model is the Comptonization model according to Titarchuk (1994).
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here, and that applies in general to all our spectral results, is that plasma temperature and
optical depth show no significant variability, while photon seed temperature does. The plasma
temperature varies in general between 2.5 and 3.5 keV while at the same time the plasma
optical depth varies between 7 and 4, both typical 1-sigma errors of 1 in value. A more
detailed analysis of the spectral data is subject for a future paper. We here confine the analysis
to inferring an average translation factor between photon fluxes and fluences and energy
fluxes and fluences.

For the most accurately determined 112 spectral shapes, we find that a photon flux of
1 c s−1PCU−1 for the whole bandpass translates on average to a 2.5-20 keV energy flux of
(1.02 ± 0.02) × 10−11 erg cm−2s−1. All 112 conversion values are contained within 7%
from this average. Thus, the maximum systematic error by assuming a constant conversion
factor is 7%. Converting from 2.5-20 keV energy flux to unabsorbed bolometric flux involves
a factor of 1.24 ± 0.07. All 112 bolometric correction factors range between -7% and +2%
from the mean. Therefore, the maximum systematic error in the bolometric correction factor
is 7%.

In Fig. 4.17 we show spectra of the five most diverse states of the RB. The conversion
factor from c s−1PCU−1 to unabsorbed bolometric erg cm−2s−1 varies between 1.23×10−11

and 1.56× 10−11.
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Figure 4.17: Unfolded 2.5-30 keV ν − fν spectra for five widely different states of RB. From bottom to top:
non-burst emission between slow mode-2 bursts (black curve, ObsID 30424-01-06-01R), non-burst emission in long
intermission between mode-1 bursts (light blue, 30424-01-02-02R), peak of longest mode-0 burst ever measured
(green; 92026-01-06-03), soft state prior to mode-0 (red; 20418-01-01-01R), peak of bright short mode-0 burst
(dark blue; 30424-01-01-02R). The lowest spectrum shows the iron line clearly whose origin is undetermined.
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Abstract

We report the discovery of two new types of variability in the neutron star low-mass X-
ray binary MXB 1730–335 (the ‘Rapid Burster’). In one observation in 1999, it exhibits a
large-amplitude quasi-periodic oscillation with a period of about 7 min. In another observa-
tion in 2008, it exhibits two 4-min-long 75 per cent deep dips 44 min apart. These two kinds
of variability are very similar to the so-called ρ or ‘heartbeat’ variability and the θ variabil-
ity, respectively, seen in the black hole low-mass X-ray binaries GRS 1915+105 and IGR
J17091–3624. This shows that these types of behaviour are unrelated to a black hole nature
of the accretor. Our findings also show that these kinds of behaviour need not take place at
near-Eddington accretion rates. We speculate that they may rather be related to the presence
of a relatively wide orbit with an orbital period in excess of a few days and about the relation
between these instabilities and the type II bursts.



5 GRS 1915+105 variability patterns in the RB

5.1 Introduction

The Rapid Burster (RB, or MXB 1730–335) was discovered by Lewin et al. (1976) as a
source of few-second long X-ray bursts with recurrence times as small as 6 s, much faster
than similar bursts in other sources with recurrence times of an hour or longer. The RB
itself was later resolved to exhibit both kinds of X-ray bursts which were from then on called
(slow) thermonuclear type I and (rapid) accretion-powered type II X-ray bursts (Hoffman
et al. 1978). Up to this date, this dual character of the RB remains unique. The RB is located
in the globular cluster Liller 1, which yields an independent distance estimate of 7.9±0.9 kpc
(Valenti et al. 2010).

Type I X-ray bursts have so far been seen from about 100 low-mass X-ray binaries
(LMXBs) in our galaxy. The accretor is a neutron star (NS), on which H and/or He is piled
up from the atmosphere of the Roche-lobe overflowing companion star. After a certain time,
typically a few hours, ignition conditions are reached at the bottom of the pile and a thermonu-
clear runaway burns the hydrogen and helium within a fraction of a second. Subsequently,
the photosphere heats up to a few tens of MK and cools off, giving rise to a softening X-ray
burst of duration ∼1 min (see reviews by Lewin, van Paradijs, & Taam 1993 and Strohmayer
& Bildsten 2006).

Type II bursts have so far only been identified in two LMXBs: the RB and the Bursting
Pulsar (BP). The BP (Kouveliotou et al. 1996) is a transient accretion-powered X-ray pulsar
with a period of 0.467 s and a magnetic dipole field strength of a few times 1010 G, and a
probably low-mass giant companion star in an 11.8 d orbit (Finger et al. 1996; Degenaar et al.
2014).

The RB is less well defined than the BP. Neither the NS spin frequency nor the dipolar
magnetic field is known because of the lack of X-ray pulsations. This could either be due to a
magnetic field smaller than in the BP (indeed the majority of bursters do not show persistent
pulsations), or because of a close alignment of either the observer’s line of sight or the mag-
netic dipolar component with the rotation axis. The orbital period is also not known. The RB
is a transient that goes into outbursts every 100–200 d. The accretion rate increases to quite
high values, close to the Eddington limit (Bagnoli et al. 2013), which is rare among LMXBs.

The RB was abundantly observed with the Proportional Counter Array (PCA) on the Rossi
X-ray Timing Explorer (RXTE). A total exposure time of 2.4 Ms was obtained in 17 years of
observations, and the RB was active during 1.4 Ms of these (Bagnoli et al. 2015). The large
exposure time and large sensitivity of the PCA provide excellent opportunity to detect rare
behaviour in the RB. In this Letter we present the detection of two kinds of peculiar behaviour
of the RB, and speculate on their implications.
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Figure 5.1: Light curves of the two observations from the full bandpass at 1 s resolution. The intensity was corrected
for the background and collimator response to the RB, and for the contamination by 4U 1728–34 during the first part
of the first observation (see Fig. 5.2). The inset in the top panel covers a data gap and shows a complete cycle (450 s)
of the instability.

5.2 Observations

The PCA consists of five proportional counter units (PCUs), each with a photon-collecting
area of 1600 cm2 (Jahoda et al. 2006), between 2 and 60 keV with a spectral resolution of
20 per cent full width at half-maximum at 6 keV. The two observations that are presented
here date to 1999 October 16 (ObsID 40433-01-04-00R and -01R, exposure time 2.8 and
3.4 ks with a data gap of 3.8 ks) and 2008 October 10 (ObsID 92026-01-20-02, exposure
time 3.2 ks) The RB was on-axis during the first observation except for the last 0.8 ks when
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5 GRS 1915+105 variability patterns in the RB

the nearby bright 4U 1728–34 was slewed out of the field of view, thereby putting the RB
at an off-axis angle of 0.56 deg and avoiding contaminating signal from 4U 1728–34. The
pointing of the second observation was identical to the last 0.8 ks of the first observation,
excluding the signal from 4U 1728–34.

Figure 5.1 (upper panel) shows the light curve of the first observation. A strong quasi-
periodic oscillation is apparent with a period varying from ∼ 350 to ∼ 450 s and a peak-to-
peak amplitude of roughly 70 per cent (from ≈ 600 to ≈ 200 c s−1PCU−1). We observed
15 such flares. The last two flares occurred during a pointing uncontaminated by 4U 1728-
34. This behaviour has not been seen from the RB in any other RXTE observation or in
any other published observation. Near the 1300 s mark, a burst takes place, lasting about
100 s and significantly sub-Eddington. The characteristics of this burst are consistent with
being of type I: it shows a decreasing spectral hardness and lacks ringing during the decay so
typical of type II bursts of this duration (Bagnoli et al. 2015). The type-I burst is identified
to originate from the RB, because its peak flux, duration and lack of photospheric expansion
are consistent with other bursts from the RB and inconsistent with all other bursts from 4U
1728-34 (for more details on the burst identification, see Bagnoli et al. 2013).

The light curve of the second observation is plotted in Fig. 5.1 (lower panel). It shows a
gradual change in intensity with two dips by about 75 per cent in intensity lasting 260 and
220 s, respectively (from halfway ingress to halfway egress). The ingresses are about 100 and
80 s long, while the egresses last a shorter 40 and 20 s. The persistent emission outside dips
peaks at about 400 c s−1PCU−1right after the first dip, falls to 200 c s−1PCU−1in 400 s, and
then peaks again at the roughly the same maximum value right before the second one. The
entire cycle (ingress, dip, egress, maximum, decreasing and increasing back to maximum)
lasts about 2650 s. The second dip is on average about 50 c s−1PCU−1. Judging from the
portions of the light curve before the first dip and after the second, the behaviour seems to be
roughly cyclical. Also, there are two bursts, one of them in a dip. These are also of type I,
following the above-mentioned arguments. They must be from the RB because 4U 1728–34
was outside the field of view. Both have a net peak flux of 460 c s−1PCU−1, calculated with
respect to the persistent emission flux right before. The type I burst recurrence time is 2.1 ks.

5.3 Data analysis

In Fig. 5.2, the intensity versus hardness ratio diagram is drawn for both observations. It
shows that, in the first observation, the rises and falls of the oscillations follow the same
track, without hysteresis.

In general, the spectrum of the RB (including type II bursts, but excluding type I bursts)
is satisfactorily modelled by a Comptonized spectrum (Bagnoli et al. 2015). Therefore, we
applied this model to the two observations. We only included data for which 4U 1728–34
was outside of the field of view. This pertains to the last 0.8 ks of the first observation and
the complete second observation. The results are presented graphically in Fig. 5.3. Indeed,
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Figure 5.2: Top panel: colour-intensity diagram of the first observation at 8 s resolution. Intensity and colour
were corrected for the background, a (changing) collimator response and the contribution by 4U 1728–34, assuming
that the amplitudes of the last four flares are constant. The (black) crosses and (red) circles refer to the rising and
decaying portions of the flares. The colour is the same as employed in Altamirano et al. (2011). Bottom panel:
colour-intensity diagram for the second observation. The same corrections were applied as for the top panel, except
for contamination by 4U 1728–34 because that source was outside the field of view for the complete observation.
The colour is the same as employed in Belloni et al. (2000). We note the trends are identical for the colour employed
in the top panel.
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5 GRS 1915+105 variability patterns in the RB

Figure 5.3: Spectral analysis of the two observations, employing a Comptonization model. For the first observa-
tion, only the uncontaminated portion of the data was employed. The entire second observation is unaffected by
contamination. The type I bursts were ignored.
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5.4 Discussion

the model is satisfactory. There is mild spectral variability, with the spectral hardness anti-
correlating with the flux. There is no evidence for increased absorption during the dips. The
flux change is mostly due to a change in the normalization, which represents projected emis-
sion region size. The bolometric flux for the applied model is (2 − 5)×10−9 erg cm−2 s−1

during the first observation, and (1 − 6)×10−9 erg cm−2 s−1 during the second. Under the
same assumptions as in Bagnoli et al. (2015) this corresponds to 7 – 18 and 3.5 – 21 per cent
of the Eddington luminosity, respectively.

Contiguous RXTE observations span 15 to 3 d before the Oct. 16, 1999 observation and 3
to 12 d after it, and 5 to 2 d before and then again 6 d after the 2008 October 10 observation. In
both cases, the source was clearly in the high/soft state in the prior observations, only emitting
type I bursts (for the general spectral and outburst behaviour of the source, see Bagnoli et al.
2015), while, afterwards, it had switched to the low/hard state, showing a fainter persistent
emission (by a factor of ≈5) and both type I and II bursts. Both types of behaviour are,
therefore, coincident with the transitional state of the source, like the ≈ 10 s dips in some
type I bursts in the same state (Bagnoli et al. 2014). Prior to the second observation, six long
(∼60 s) type I bursts were visible, with a measured recurrence time of 2.2 ks. The observed
trec, which we have shown to be a tight function of the accretion rate in the RB (Bagnoli et al.
2013) is compatible with this transitional-state identification.

The type I burst and the flaring activity in the first observation do not seem to affect one
another. Likewise, the two type I bursts in the second observation show nearly identical peak
fluxes and durations, despite taking place during the dip and well outside it, respectively. The
oscillations and the dips are therefore unaffected by thermonuclear burning taking place on
the surface, and vice versa.

5.4 Discussion

We have discovered two new kinds of behaviour that have never been seen before from the
RB, and add to the complexity of this peculiar source. Light curves similar to the ones anal-
ysed here have only been seen in two other LMXBs, GRS 1915+105 and IGR J17091–3624.
Both are thought to harbour black holes (BHs), although only the former has a dynamical
mass measurement (most recently refined to 12.4+2.0

−1.8 M⊙; Reid et al. 2014).
GRS 1915+105 has the largest orbit among LMXBs (orbital period 33.5 d; Greiner et al.

2001), has been active for 20 years (Castro-Tirado et al. 1994) and shows super-Eddington
fluxes and superluminal jets with a distance of ≈ 12.5 kpc (Mirabel & Rodríguez 1994). It ex-
hibits at least twelve classes of variability (Belloni et al. 2000). In general, the extraordinary
behaviour is attributed to intermittent ejections from the disc (Klein-Wolt et al. 2002; Fender
& Belloni 2004). IGR J17091–3624 is less well characterized. Orbital period, distance and
BH mass are unknown.

The first RB observation highly resembles the ρ (‘heartbeat’) variability state of GRS
1915+105 (Belloni et al. 2000) and IGR J17091–3624 (Altamirano et al. 2011). In all three
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5 GRS 1915+105 variability patterns in the RB

sources, the heartbeats are asymmetric, decaying faster than they rise. The ρ behaviour is the
slowest in the RB, with timescales of ≈ 2−100 s in IGR J17091–3624, and ≈ 40−120 s for
GRS 1915+105 (Neilsen et al. 2011). The relative scatter in the timescale of the RB is similar
to that seen in GRS 1915+105, where the period can vary by more than 20 per cent between
consecutive flares (Neilsen et al. 2011). Variability near the maxima of the modulation is
visible in the RB observation and has also been noticed in GRS 1915+105 (Belloni et al.
2000). The fractional amplitudes are similar, 60–75 per cent.

The largest difference in behaviour is that in GRS 1915+105 the peak flux of the modu-
lation is 80–90 per cent of the Eddington limit (Neilsen et al. 2011). In the RB, this is only
18 per cent. The uncertainty on the luminosity in terms of the Eddington limit (see Bagnoli
et al. 2015) cannot bring the two results in agreement. The spectra behave partially similarly.
The pattern of the RB in the hardness–intensity diagram (HID, Fig. 5.2) partly follows the
one in GRS 1915+105 when the latter is below about 6000 c s−1 PCU−1 (Altamirano et al.
2011), with hard low-flux intervals and soft high-flux ones. However, the highest luminos-
ity points reached by GRS 1915+105 are the hardest, and create a circular hysteresis pattern
in the HID that is not seen in the RB. Note that IGR J17091–3624 also shows a hysteresis
pattern, although in an opposite sense to GRS 1915+105.

The intrinsic luminosity of IGR J17091–3624 is not known, due to the lack of a distance
measurement. Assuming the source emitted at the Eddington limit like GRS 1915+105, this
would imply either a distance in excess of 20 kpc, with a galactic latitude suspiciously high
above the disc, or an extremely low mass BH (< 3M⊙, Altamirano et al. 2011; Rao &
Vadawale 2012). However, hydrodynamical simulations by Janiuk et al. (2015) found that
a thermal-viscous instability led by radiation-pressure domination in the innermost region
of disc can occur for luminosities as small as 10 per cent of the Eddington limit, and can
reproduce the time scales and amplitudes of the heartbeat light curves. The disc is stable at
smaller luminosities, while larger ones produce, in regions of the disc further out, a wind
so strong it effectively depletes the inner disc, killing off the instability. Their hypothesis is
supported by the detection of strong absorption lines (due to outflows) in the spectrum of IGR
J17091–3624, which become undetectable when the luminosity decreases and the instability
becomes visible (King et al. 2012). A sub-Eddington luminosity would bring IGR J17091–
3624 better into agreement with the radio/X-ray correlation for BH (Rodriguez et al. 2011).
Clearly, the appearance of the ρ class in the RB at roughly the same fraction of the Eddington
limit supports this scenario.

A possible explanation for the lack of hysteresis in the RB as shown by the BH accretors
during the ρ variability could be related to the presence of an additional emission component
from the solid surface and/or boundary layer of the former. As shown by Done & Gierliński
(2003), NS and BH accretors clearly show different spectral evolutions as a function of lumi-
nosity in their bright states, which is due to the presence of a surface in the case of NSs.

In all three sources, the flares in the heartbeat are asymmetric: they decay sharply, to then
rise more gradually. This is true for all hard phases in GRS 1915+105 which Belloni et al.
(1997a,b) interpreted as the result of a viscous-thermal instability in the accretion disc, with
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the rise time determined by the speed at which a heating wave moves through the disc, and
the faster decay time corresponding to the infall of matter into the BH.

The second observation highly resembles the θ-class variability of GRS 1915+105 (not
seen in IGR J17091–3624). This class also presents ‘M’-shaped light curves separated by
100-200 s long minima. The luminosities are again lower in the RB than in GRS 1915+105,
where this variability reaches the Eddington limit (Belloni et al. 2000). The spectral be-
haviour of the RB is similar to that observed in GRS 1915+105, in which the ‘M’ portions
are harder, while the dips are slightly softer. The separation is however not as clear as in GRS
1915+105.

A particularly interesting feature of the θ variability in the RB is the occurrence of an
unaffected type I burst during the dip. The burst reveals that the NS emission must be unaf-
fected. Still, the accretion disc flux drops by 75 per cent within a matter of 60 s. This points
either to a cylindrically asymmetric disc which is obscured from below or above our line of
sight to the NS or to a global change of the emissivity of the disc, for instance by a loss of
mass. The latter would be consistent with the ideas about GRS 1915+105.

Just as there are similarities between the RB and GRS 1915+105, there are similarities
between the RB the BP: like the RB, the BP shows type II bursts. GRS 1915+105 and the BP
are physically better characterized than the RB and it is tempting to search for commonalities
and attribute those to the RB as well. Both sources have relatively long orbital periods of 33.5
and 11.8 d, respectively. IGR J17091–3624 may also have a large orbital period (Wijnands
et al. 2012; Ghosh & Chakrabarti 2014). A long orbital period points to a relatively large
accretion disc, which naturally explains the large accretion rates. It may be smaller for the
RB, because its transient outbursts last shorter and recur more frequently, but still longer
with respect to the average LMXB. Wu et al. (2010) have shown that a single relation exists
between the maximum outburst luminosity as a fraction of Eddington and the orbital period
for NS and BH LMXBs. Substituting the maximum observed persistent luminosity Fpeak =

0.45FEdd (Bagnoli et al. 2013) yields indeed a relatively large Porb = 7.8 d for the RB.
It is striking that similar behaviour is present between the RB, an NS system, and the

two BH systems, even more because they are all peculiar sources among their own classes.
Also, both the observations analysed here take place at the transition between a type-II-burst-
free state and an active type II bursting phase, which suggests that type II bursts and these
variabilities might be connected. With respect to this, we note that apart from variability
classes θ and ρ, GRS 1915+105 shows light curves (particularly those of variability classes µ
and λ, see Belloni et al. 2000) that resemble the type II burst behaviour in the RB.

However, there are important differences. The type II bursts are well known to show very
little hardness variations (see e.g., Appendix B in Bagnoli et al. 2015), whereas the inten-
sity variations during variability in GRS 1915+105 always correspond to spectral transitions.
Also, while the type II burst rise times are always shorter than the decay time (which is why
they can be mistaken for type I bursts and vice versa) and their duration determines the wait-
ing time to the next burst, the opposite is true for the λ variability class in GRS 1915+105,
where rises are slower than decays and the duration of a burst correlates with that of the pre-
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vious quiescent phase, compatibly the thermal instability picture mentioned above (Belloni
et al. 1997a). Finally, type II bursts in the RB only appear below a critical persistent luminos-
ity of about 0.1LEdd (Bagnoli et al. 2015), whereas states of GRS 1915+105 with no large
amplitude variations (ϕ and χ) are not clearly separated in luminosity from the other ones.

Nonetheless, these differences might be related to the nature of the accretor, for exam-
ple because NSs possess a strong magnetic dipole field. It would be interesting to perform
complete population studies of the X-ray bursts in the BH systems and the BP, to carry out a
comparison with the results by Bagnoli et al. (2015) for the RB.
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Summary

This thesis presents a study of X-ray bursts coming from neutron stars in X-ray binaries. So
what does that mean?

Neutron stars are one of the possible outcomes of stellar evolution. All stars, including
our Sun, spend their lives as stellar objects that burn light elements into heavier ones (hy-
drogen into helium, helium into carbon, and so on). It is the outward radiative push from
this powerful burning that counterweights the force of gravity, which in turn pulls to collapse
the star. This self-maintained equilibrium – between the expansion that would result from
burning, and the shrinking that would result from gravity – must eventually come to an end
when most of the light elements have been burnt out.

What then follows depends on how much mass starts to collapse under its own weight.
Low-mass stars, like our Sun and up to eight times as heavy as it, will shrink to about ten
thousand km in radius (for comparison, the Sun’s present radius is about one million km),
when they will eventually find a pressure force to counter gravity in the quantum behaviour
electrons show when they are pushed against each other at such high densities. The resulting
object is called a white dwarf.

But for stars about eight times heavier than the Sun, the electron pressure cannot balance
gravity. If such a star is lighter than about thirty times the Sun, its core will shrink all the
way down to just about ten km. The density achieved in this case generates a stronger pres-
sure, coming from the neutrons resisting further collapse (at these densities most protons and
electrons merge into neutrons). If the initial star was even heavier than thirty times the Sun,
nothing can stop it from collapsing all the way into a black hole, an object so compact not
even light is fast enough to escape its gravity.

Neutron stars are therefore the densest objects in the visible universe. Matter inside them
looks nothing like it does on Earth. Atoms around us are mostly empty: the nucleus, which
hosts protons and neutrons and therefore practically the entire mass of an atom, occupies
only a tiny fraction of its total volume, which is mostly occupied by the surrounding electron
cloud. In a neutron star, no such liberty is possible, and densities in its core are even greater
than in an atomic nucleus. Investigating what matter looks like under such extreme conditions
is beyond our current knowledge and beyond the scope of this thesis.

Most stars are born in multiple systems. Therefore, many neutron stars are found in a
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5 Summary

Figure A: Artistic impression of an X-ray binary. The gas is seen streaming from the companion star
and into an accretion disc, until reaching the central compact object. Jets can sometimes be launched
(Credit: ESA, NASA and Felix Mirabel).

binary orbit with a companion star. When the companion star has a mass roughly similar to
that of our Sun, a stable transfer of mass from the companion onto the neutron star can take
place. Gas leaves the companion star and orbits in a disc around the neutron star, spiralling
in until finally being accreted on to the neutron star surface. Because this process makes the
binary visible in the X-ray portion of the electromagnetic spectrum, one speaks at this point
of an X-ray binary (see Fig. A).

This thesis is concerned with two kinds of sudden energy release that can take place in
such a system. First, the gas that piles up on the neutron star surface can suddenly ignite and
burn at depths of about one meter. The atmosphere above heats up to millions of degrees,
suddenly making the neutron star surface visible in the X-ray light, in what we call a type I
burst. These bursts last between several seconds and tens of minutes. Second, the transfer
of gas from the disc to the neutron star surface can take place in a discontinuous fashion.
Relatively low levels of accretion can be followed by extremely high ones, which are also
accompanied by a brightening of the corresponding X-ray radiation. These high-accretion
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phases are what we call type II bursts, which have similar durations to the type I bursts.
The two types of bursts are therefore very different in origin, despite the fact that they

can look remarkably similar in the data. There is one more fundamental difference between
them: while type I bursts can be observed from more than a hundred sources, type II bursts
have only been observed in two. So while we can try to connect the variations in type I burst
properties across different sources with the changing of conditions specific to each of them
(such as their neutron star spin rate, or magnetic field strength), the study of type II bursts
does not allow for this generalizing step. The question is then: what is so exceptional about
these two sources? Why does the flow of gas from the disc onto the neutron star behave so
differently in these two systems?

In fact, only one of them, called the Rapid Burster, shows both types of bursts. The name
of this source is indeed due to its type II bursts, because these accretion instabilities can
recur a lot faster – in a matter of seconds, in fact – than the type I bursts, which require the
accumulation of a thick enough pile of material on the neutron star surface before this can
ignite, a process that typically takes hours.

What we therefore set out to do at the beginning of this study was to look into the type
I burst behaviour of the Rapid Burster – which we are supposed to understand fairly well,
in comparison with the other sources – to find there hints to the exceptional nature of this
source. In chapter 2 we have looked at the complete sample of type I bursts observed by
the Proportional Counter Array (PCA) instrument onboard the satellite Rossi X-ray Timing
Explorer. We have studied how the tens of type I bursts behave as the Rapid Burster changes
in luminosity; that is, as the stream of gas from the disc onto the neutron star proceeds at
slower or faster mass-accretion rates. To our surprise, we find that when the Rapid Burster is
accreting matter faster, it takes less time for enough gas to pile up and ignite in a type I burst.

Wait, isn’t that logical? Indeed it is! What makes it surprising, however, is that of all
the over a hundred sources of type I bursts, there is only one more that also behaves in such
a logical fashion. All the other bursting neutron stars show, counterintuitively, fewer bursts
when they are accreting matter faster. What our research has shown is then that the Rapid
Burster is exceptional even in its type I bursting behaviour.

Why then? The only other ‘well-behaved’ source, IGR J17480–2446, does actually have
an outstanding property among other sources of type I bursts: it rotates unusually slow,
namely eleven times per second. This rotation speed might sound remarkably fast, but it
is still twenty times slower than any other neutron star emitting type I bursts. And what does
the slow rotation mean? Generally, a neutron star in an X-ray binary is spun up by the ac-
cretion of material over several billion years. IGR J17480–2446 is therefore assumed to be
a relatively young X-ray binary. Perhaps, then, the Rapid Burster is also a slowly-rotating
and relatively young X-ray binary. Strengthening this suspicion, the neutron star in the only
other source of type II bursts, the Bursting Pulsar, also spins at a relatively slow 2 rotations
per second.

Young age has also another implication: a larger magnetic field. All neutron stars are born
with large magnetic fields, but these decay over time, particularly after mass transfer from
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5 Summary

the companion has started. Perhaps, then, IGR J17480–2446 and the Rapid Burster share a
magnetic field large enough to force matter falling along the disc to follow the magnetic field
lines leading to the stellar poles. If this is true, matter would land on the surface of these two
sources with a relatively small tangential velocity, while in normal bursters it would land on
the surface with the maximum one. This shear can heat up the gas by mixing to lower (and
hotter) depths, causing a type I burst to go off earlier than we would predict if this effect is
not properly taken into account.

Among the sample of type I bursts from the Rapid Burster in our dataset, six stand out
for their unusual evolution, as we report in chapter 3. All the other type I bursts show a quick
rise in luminosity, lasting about 10 seconds, peaking, and then slowly decaying in about a
100 seconds. Overall, their duration and shape is typical of what we know to be the product
of burning of a mix of hydrogen and helium in plenty of other sources. The six outliers show
not one, but two peaks: they rise, start decaying, rise again and finally decay. Further analysis
shows that this is not because, for example, the surface of the neutron star temporarily stops
burning to then start again. Rather, extra material is coming in the line of sight between us
and the surface, briefly obscuring the neutron star right after a type I burst went off.

By looking at the evolution of the mass transfer before and after these double-peaked type
I bursts take place, we discovered that the Rapid Burster undergoes a transition at the same
time: while in the previous observations no type II bursts are observed, they are present in
the following observations. This pattern has repeated itself at least three different times over
many years, and it is hard to argue that it is due to a chance occurrence. It seems, therefore,
that as changes take place in the accretion disc while it prepares to enter an active type-II-
burst phase, it also becomes susceptible to disturbances caused by the type I bursts that are
able to affect large enough amounts of material to obscure the neutron star surface. It is
difficult, however, to understand how the type I bursts can trigger such disturbances in the
disc that their effect lasts as long as a minute (the observed distance between the two peaks):
the type I bursts are already becoming fainter while the surface is obscured, and an accretion
flow should restore itself on very quick time scales.

Having extensively studied the type I bursts, but always with an eye to trying to explain
the type II bursts, we finally proceeded to look at the roughly 7600 of them (as mentioned
earlier, they can recur very quickly) that have been observed with the Rossi X-ray Timing
Explorer. Thanks to this huge sample, which we describe in chapter 4, we have been able
to discover many previously unknown properties of the bursts, such as that they can last as
short as just a tenth of a second, that they have a maximum luminosity, and that they have
very different feedback effects on the persistent accretion flow depending on whether they
are short or long.

We have compared our results on type II burst properties with those predicted by several
models, and we favour one in which the culprit is a particular combination of stellar magnetic
field strength, stellar spin, and mass accretion rate. While none of these are unique to the
Rapid Burster, the model also requires a high degree of alignment between the spin axis and
the magnetic field axis, compatibly with the properties of the Rapid Burster but not with
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those of the other source of type II bursts, the Bursting Pulsar. It is therefore evident that
further modelling is necessary, but models that include the magnetic field as a gate between
the accretion disc and the neutron star surface are the most promising.

Finally, we conclude with an exciting discovery in chapter 5, where we report that occa-
sionally the Rapid Burster displays variations in its mass accretion rate that are very different
from type II bursts. These instabilities are quasi-periodic in nature, and look like carbon
copies of those seen in a puzzling X-ray binary containing a black hole instead of a neu-
tron star, GRS 1915+105. For a long time, the unexplainable behaviour of GRS 1915+105
has been ascribed to its unusually large luminosities. If this is indeed the case, the same
instability taking place in the ten-times fainter Rapid Burster cannot be accounted for in the
same way. As we report, the commonality between the Rapid Burster, GRS 1915+105 and
the Bursting Pulsar might be a very large binary orbit, resulting in a larger accretion disc,
which could perhaps pave the way for the development of otherwise impossible accretion
instabilities.
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Nederlandse Samenvatting

In deze thesis worden uitbarstingen van röntgenstraling bestudeerd die afkomstig zijn van
neutronensterren in dubbelstersystemen. Maar wat betekent dit eigenlijk?

Een neutronenster is een van de mogelijke eindstadia van sterevolutie. Alle sterren, zo
ook onze Zon, fuseren gedurende hun leven lichte elementen tot zwaardere in hun kern (bij-
voorbeeld waterstof tot helium en helium tot koolstof). Dit krachtige fusieproces levert ge-
noeg energie op in de vorm van straling om tegendruk te bieden aan instorting van de ster ten
gevolge van de zwaartekracht. Het evenwicht dat ontstaat tussen uitzetting en instorting van
de ster zal verstoord raken als de meeste lichte elementen in de kern van de ster opgebruikt
zijn. De zwaartekracht wordt dan niet meer tegengewerkt en de ster zal imploderen.

Het vervolgscenario hangt geheel af van de massa van de ster in kwestie. Lichte sterren,
die tot acht keer zo zwaar kunnen zijn als de Zon, zullen instorten tot een bol met een straal
van ongeveer tienduizend kilometer (ter vergelijking heeft de Zon op het moment een straal
van ongeveer een miljoen kilometer). Bij de extreem hoge dichtheid die in de ster wordt
bereikt biedt het kwantumgedrag dat elektronen vertonen als ze tegen elkaar worden geduwd
tegendruk aan de zwaartekracht. Een nieuw evenwicht kan in dit geval ontstaan in de vorm
van een compacte ster die we een witte dwerg noemen.

Voor sterren zwaarder dan achtmaal de Zon, kan zelfs de druk van de elektronen de zwaar-
tekracht niet evenaren. Sterren die lichter zijn dan dertigmaal de Zon zullen imploderen totdat
hun straal nog maar tien kilometer bedraagt. De inwendige dichtheid die nu wordt bereikt
forceert de versmelting van protonen en elektronen tot neutronen. Neutronen storten op hun
beurt niet verder in en kunnen wel weerstand bieden aan de zwaartekracht. Een neutronenster
is geboren. In de gevallen waar de ster zwaarder is dan dertigmaal de Zon, kan geen elektron
of neutron zijn ineenstorting tot een zwart gat voorkomen. Zwarte gaten hebben een dermate
hoge dichtheid dat zelfs licht niet aan hun zwaartekracht kan ontsnappen.

Neutronensterren zijn derhalve de meest compacte objecten in het zichtbare heelal en
de materie waar ze uit bestaan verschilt sterk van die op Aarde. De atomen waaruit wij en
de dingen om ons heen bestaan zijn vooral erg leeg: de protonen en neutronen in de kern
bepalen voornamelijk massa van het atoom, maar nemen maar een piepklein gedeelte in van
de ruimte die het atoom opeist. Het zijn vooral de elektronen die zich in een wolk rond de
kern bevinden die deze ruimte opvullen. Binnenin een neutronenster is de dichtheid hoger
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Figuur A: Artistieke impressie van een X-ray binary. De gas stroomt van de donorster door een accre-
tieschijf, tot hij de centrale object bereikt. Soms worden stralen gelanceerd. (Credit: ESA, NASA and
Felix Mirabel).

dan die in een atoomkern. Hoe materie zich onder zulke extreme omstandigheden gedraagt
is vooralsnog niet bekend, in dit werk gaan we hier verder niet op in.

De meeste sterren worden geboren in systemen met meer dan een ster. Het is daarom
waarschijnlijk dat een neutronenster zich ook in de nabijheid van een andere ster bevindt.
Met zijn partner vormt de neutronenster een dubbelstersysteem dat in een baan rond het mas-
samiddelpunt beweegt. Als deze partner niet te ver weg staat en ongeveer net zo zwaar is als
de Zon, kan er massaoverdracht plaatsvinden. Gas van het oppervlak van de Zonachtige ster
voelt de extreme zwaartekracht van de neutronenster en valt in zijn richting. In een schijf ont-
doet het zich van draaimoment en valt in een steeds kleinere baan rond de neutronenster om
uiteindelijk het oppervlak te bereiken. Tijdens dit proces, dat accretie wordt genoemd, wordt
het gas zo warm dat het begint te stralen in het röntgengedeelte van het elektromagnetisch
spectrum. We kunnen nu spreken van een röntgendubbelstersysteem (zie Figuur A).

In deze thesis worden twee soorten plotselinge energieuitbarstingen onderzocht die voor
kunnen komen in een dergelijk systeem. Ten eerste kan het gas dat zich verzamelt op het neu-
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tronensteroppervlak op een diepte van ongeveer een meter plotseling ontbranden. De atmos-
feer hier direct boven wordt verwarmd tot miljoenen graden en veroorzaakt een kortdurende
zogenaamde type I röntgenuitbarsting. De andere soort uitbarsting vindt zijn oorsprong in
variaties van de gasstroom tussen de accretieschijf en de neutronenster. Deze stroom is alles-
behalve vloeiend. Periodes van veel en weinig invallend gas wisselen elkaar af, en dit wordt
gekenmerkt door een varierende hoeveelheid uitgezonden röntgenstraling. In een periode van
veel invallend gas spreken we van een type II röntgenuitbarsting.

Zowel type I als type II uitbarstingen duren seconden tot tientallen minuten, en kunnen
voor een waarnemer verraderlijk veel op elkaar lijken. De tijdschaal waarop de uitbarstingen
zich herhalen is voor beide typen wel anders. Type I uitbarstingen liggen uren uiteen, er moet
genoeg gas op het oppervlak gevallen zijn om te kunnen ontbranden. Type II uitbarstingen
herhalen zich op de kortere tijdschaal van enkele seconden. Er is nog een belangrijk verschil
tussen de twee, en dat is dat type II uitbarstingen vele malen zeldzamer zijn. Waar er meer dan
honderd röntgenbronnen bekend zijn die type I uitbarstingen vertonen, zijn er in maar twee
bronnen type II uitbarstingen waargenomen. In het geval van de type I uitbarstingen kunnen
we verschillende kenmerken van de uitbarstingen proberen toe te schrijven aan specifieke
eigenschappen van de bronnen (zoals rotatiesnelheid, magnetische veldsterkte etc.), bij type
II uitbarstingen is dit niet mogelijk. De grote vraag die te binnenschiet is: wat is er zo
bijzonder aan deze twee bronnen? Waarom gedraagt de gasstroom vanuit de accretieschijf
naar het oppervlak van deze twee neutronensterren zich zo abnormaal?

Maar een van de twee bronnen vertoont beide typen, zich langzaam en snel herhalende,
uitbarstingen. Om deze reden wordt de röntgenbron ’Rapid Burster’ genoemd. De eerste stap
die we daarom hebben gezet om een antwoord te krijgen op onze vragen was het vergelijken
van de type I uitbarstingen die de Rapid Burster vertoont met type I uitbarstingen van bronnen
die geen type II uitbarstingen vertonen. In hoofdstuk 2 hebben we alle type I uitbarstingen
die waar zijn genomen met de Rossi X-ray Timing Explorer satelliet onderzocht. Specifiek
hebben we gekeken naar de eigenschappen van de Type I uitbarstingen in relatie tot de hoe-
veelheid gas die per tijdseenheid op de neutronenster valt. Tot onze verbazing vinden we dat
de type I uitbarstingen van de Rapid Burster zich bij een grotere hoeveelheid invallend gas
per tijdseenheid sneller herhalen.

Dit klinkt niet verrassend, maar is het wel! Van de 100 andere bronnen die bekend zijn
gedraagt maar een enkele bron zich hetzelfde. Bij alle andere neutronensterren herhalen de
uitbarstingen zich langzamer bij een grotere hoeveelheid invallend gas. We hebben hiermee
aangetoond dat de Rapid Burster, naast de type II uitbarstingen, ook verschillend gedrag
vertoont wat betreft de type I röntgenuitbarstingen. Van de andere bron die zich zo gedraagt,
IGR J17480–2446 zijn geen type II uitbarstingen waargenomen maar de neutronenster heeft
wel een andere excentrieke karaktertrek, namelijk een extreem langzame rotatiesnelheid van
elf keer per seconde.

Dit klinkt aardig snel, maar is gemiddeld twintig keer langzamer dan roterende neutro-
nensterren in röntgenbronnen die type I uitbarstingen vertonen. Wat betekent deze langzame
rotatiesnelheid? Over het algemeen gaat een neutronenster over tijd steeds sneller rond zijn
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as draaien door het gas dat hij van andere sterren aantrekt. Van IGR J17480–2446 wordt
aangenomen dat het dus een relatief jonge röntgenbron is. Wellicht betekent dit dat de Rapid
Burster ook een langzaam draaiende neutronenster bevat en vrij jong is. Steun voor dit voor-
stel komt van de tweede bron die type II, en alleen type II, uitbarstingen vertoont en maar
twee keer per seconde om zijn as draait: de Bursting Pulsar.

Hoe jonger een neutronenster is, des te groter is zijn magnetische veldsterkte. Alle neu-
tronensterren hebben bij hun vorming een sterk magnetisch veld dat over tijd afzwakt. Het
zou zo kunnen zijn dat IGR J17480–2446 en de Rapid Burster over een dermate sterk mag-
neetveld beschikken dat invallend gas de magnetische veldlijnen naar de magnetische polen
volgt en zich daar in een klein gebied verzamelt. Als dit het geval is, dan zal het gas een
lagere hoeksnelheid hebben, het raakt het oppervlak nagenoeg loodrecht, dan in bronnen met
een zwak magnetisch veld. De schuifspanning zal het gas tot op grotere diepte mengen en
meer verhitten, waardoor een type I uitbarsting sneller tot stand komt.

Zes van de type I uitbarstingen afkomstig van de Rapid Burster hebben een ongewoon
verloop, zoals we in hoofdstuk 3 laten zien. Alle andere uitbarstingen gaan gepaard met
verhoogde helderheid die gedurende tien seconden piekt en vervolgens in ongeveer 100 se-
conden afzwakt. Dit verloop is karakteristiek voor het verbrandingsproces van waterstof en
helium zoals ook in veel andere bronnen wordt waargenomen. De zes bijzondere uitbarstin-
gen pieken niet een maar twee keer voordat de helderheid afzwakt. De dubbele piek is niet
het resultaat van bijvoorbeeld het tijdelijk stagneren van het verbrandingsproces, maar komt
omdat ons het zicht op de verbrandingslocatie tijdelijk wordt ontnomen door tussenkomend
materiaal.

Door de evolutie van de massaoverdracht in de gasstroom vlak voor en na de dubbele
piek te onderzoeken, zijn we erachter gekomen dat de Rapid Burster zich anders gedraagt
na deze bijzondere uitbarstingen. Waar er voor een type I uitbarsting met dubbele piek geen
type II uitbarstingen te zien waren, zijn die er na een dergelijke uitbarsting wel. Dit patroon
herhaalt zich ten minste driemaal in meerdere jaren; toeval kan het niet zijn. Het lijkt erop
dat de accretieschijf in aanloop naar een type II uitbarsting tijdelijk gevoelig wordt voor
verstoringen veroorzaakt door type I uitbarstingen. Deze verstoringen blokkeren vervolgens
de zichtlijn naar het neutronensteroppervlak, met de dubbele piek als gevolg. Het is niet direct
duidelijk hoe de type I uitbarstingen de accretieschijf minutenlang kan blijven beïnvloeden,
de tijd die gemiddeld tussen de pieken zit. De type I uitbarstingen zwakken al af terwijl het
oppervlak nog niet te zien is, en een accretiestroom zou zich op een kortere tijdschaal moeten
kunnen herstellen.

Na het uitvoerig bestuderen van de type I uitbarstingen van de Rapid Burster, hebben we
ons gericht op de ruim 7600 type II uitbarstingen die door de Rossi X-ray Timing Explorer
van deze röntgenbron zijn waargenomen. De omvangrijke dataset, die we beschrijven in
hoofdstuk 4, stelde ons in staat veel onbekende eigenschappen van deze uitbarstingen aan het
licht te brengen. Ze kunnen bijvoorbeeld maar een tiende van een seconde duren, hebben
een maximale helderheid en hebben, afhankelijk van hun tijdsduur, een aantal verschillende
effecten op de accretiestroom.
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We hebben onze bevindingen vergeleken met de voorspellingen van een aantal type II
uitbarstingsmodellen. Onze voorkeur gaat uit naar een model waarin de uitbarstingen tot
stand komen door een specifieke combinatie van de sterkte van het magneetveld, rotatiesnel-
heid en de hoeveelheid massa die per tijdseenheid op de neutronenster valt. Hoewel geen
van deze grootheden uniek is voor de Rapid Burster, vereist het model voor deze bron ook
dat de draaias en de as van het magneetveld nagenoeg samenvallen. Deze eis hoeft niet ge-
steld te worden aan de Bursting Pulsar, de andere bron die type II uitbarstingen vertoont. Dit
maakt duidelijk dat er betere modellen nodig zijn, en dat de modellen die de invloed van het
magneetveld op de gasstroom tussen de accretieschijf en het oppervlak van het neutronenster
beschrijven het meest veelbelovend zijn.

Tot slot beschrijven we in hoofdstuk 5 de opwindende ontdekking van variabiliteit in de
hoeveelheid massa die per tijdseenheid op de neutronenster valt die compleet verschilt van
type II uitbarstingen. Deze instabiliteiten zijn quasi-periodiek van aard en lijken op de varia-
biliteit die GRS 1915+105 vertoont, een dubbelstersyteem met een zwart gat in plaats van een
neutronenster. Lange tijd werd het ongewone emissiepatroon van deze bron toegeschreven
aan zijn extreme helderheid. Als dit juist is, dan heeft dezelfde instabiliteit in de tienmaal
minder heldere Rapid Burster een andere oorzaak. De eigenschappen die gedeeld worden
door de Rapid Burster, GRS 1915+105 en de Bursting Pulsar zouden uitgelegd kunnen wor-
den door de ongewoon grote baan rond het massamiddelpunt in deze bronnen, die de vorming
van een grotere accretieschijf en de ontwikkeling van anders onmogelijke instabiliteiten toe
zou staan.
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