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A B S T R A C T

When a neutron star is formed in a binary system, it can accrete material from
the companion star. This accretion onto the surface of the neutron star releases ex-
traordinary amounts of energy and is visible across the electromagnetic spectrum.
Under certain conditions, the material accumulating on the surface of a neutron
star can ignite and burn in an unstable way, resulting in a spectacular explosion
known as a Type I thermonuclear X-ray burst. These processes give us insight into
the extremes of physics including the most dense matter known, nuclear reactions
in energetic environments, and how material moves in strong magnetic and grav-
itational fields.

Observations and models of accreting neutron stars have discovered much since
their discovery in the 1970s, including constraints on the dense equation of state,
and the nuclear reaction pathways that can occur under extreme conditions. The
dense equation of state is still not well constrained, however, and there are many
nuclear reaction rates that are yet to be constrained, and many observational phe-
nomenon that are yet to have robust explanations, such as oscillations that occur
during some X-ray bursts. In this thesis we present new observations and model-
ling techniques that explore the physics of accreting neutron star systems, includ-
ing the mechanism behind accretion outbursts, the energetics of X-ray bursts, and
possible evolutionary pathways.

We present the first 2D model of the accreted layers on the surface of a neutron
star that explores the heat conduction and transport to infer the ignition location
of X-ray bursts. Through detailed modelling of the energetics of X-ray bursts, we
analyse the energy extracted during a burst, the amount of energy released as
neutrinos, and we develop a simple relation for the total energy released in a burst
based on the hydrogen content. We present the detection of X-ray bursts for the
first time from the accreting neutron star XMMU J181227.8–181234, and classify the
system as a candidate ultracompact binary. We develop a new method of obtain-
ing accreting neutron star system parameters using a Bayesian approach to match
observations of X-ray burst trains with a model, and demonstrate the software
through a case study of the accretion-powered millisecond pulsar SAX J1808.4–
3658. Using the system constraints we obtain through X-ray burst modelling, we
perform evolutionary track calculations for SAX J1808.4–3658, accounting for irra-
diation and evaporation of the donor star due to the accretion luminosity and the
pulsar radiation pressure. Finally, we present the most detailed observations of an
accreting neutron star coming into outburst to date, providing important observa-
tional constraints for our theoretical understanding of accretion disks, including
direct evidence that supports the theory that accretion outbursts are caused by
hydrogen ionisation in the accretion disk.

This work contributes broadly to our understanding of accreting neutron stars,
their evolution, accretion disk structure and instabilities, nuclear reactions in ex-
treme environments, and the energetics of X-ray bursts.
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1
I N T R O D U C T I O N A N D B A C K G R O U N D

One of the most fundamental forces in the Universe is gravity. Gravity is familiar
to us: it keeps our feet planted firmly on the Earth, it gives weight to everyday
objects, and is the reason our planet formed from a series of small rocks, dust,
and gas, enabling life to develop. On a larger scale gravity keeps the Earth firmly
bound to our source of heat and light, the Sun, and it formed the Universe as we
know it today into structures through the formation of stars, planets, galaxies, and
galaxy clusters.

Gravitational attraction exists between all things but the strength of this attrac-
tion is determined by one thing: mass. It is for this reason that gravity often has
the largest influence on macroscopic scales between stars, galaxies, black holes,
and neutron stars, and less of an influence at the subatomic level between protons,
neutrons, electrons, and other particles. The more compact a large mass is, the
stronger its gravitational field. Thus, the strongest gravitational fields exist around
the most massive and compact objects we know of: neutron stars and black holes.
Inside of these strong gravitational fields gravity powers some of the most ener-
getic events we observe in the Universe.

Compact objects are the dense remnants left over after a star ends the nuclear
burning phase of its life. They include white dwarfs, neutron stars, and black holes.
Neutron stars are among the most dense objects in the universe, and as such are
unique laboratories of fundamental physics. Isolated neutron stars and black holes
are hard to detect, as they do not emit radiation through nuclear burning like a clas-
sical star. But, neutron stars and black holes with binary companions, or those that
get close enough to a nearby star or gas cloud, may emit X-rays and gamma rays
due to the supply of gas to the compact object. These accretion events, powered by
the gravitational potential energy released as gas spirals in to the compact objects,
produce extraordinary amounts of energy. This high-energy radiation enables us
to detect compact objects with telescopes and view directly how material moves
in their strong gravitational fields. Such “accreting” neutron stars and black holes
thus give us direct information about the extremes of physics: from the densest
matter known, through nuclear reactions in energetic environments, to how mater-
ial moves in strong magnetic and gravitational fields.

1.1 accreting neutron stars

1.1.1 Discovery and history

Neutron stars were first proposed as objects that were formed during the collapse
of a star at the end of the nuclear burning phase of its life. Supernova explosions
had been observed (e.g. Baade and Zwicky, 1934), and the extraordinary amount
of energy produced by these explosions required an extraordinary explanation. In

1



1.1 accreting neutron stars 2

the early 1930s, Baade and Zwicky (1934) recognised that the apparent observed
frequency of supernovae explosions of one per galaxy per one thousand years,
the approximate lifetime of a star of 1012 years, and the approximate number of
stars in a "nebula" of 109 stars could indicate that a star undergoes one supernova
in its lifetime. They suggested that during the explosions neutrons produced at
the surface of an ordinary star would fall in towards the center and produce a
neutron star, reaching densities similar to those found inside an atomic nucleus.
It’s interesting to note that Baade and Zwicky proposed the concept of a neutron
star just 2 years after the discovery of the neutron by Chadwick (1932).

This prediction that normal stars could transform into neutron stars during a
supernova explosion was further supported by the observation of large redshift1

in the spectra of a supernova explosion from IC 4182 in 1937 (Minkowski, 1939).
Zwicky (1938) suggested that this large redshift could be explained by gravitational
redshift, caused by the strong gravitational field of the dense neutron star that
was forming. Thus the concept of a highly collapsed star, consisting primarily of
neutrons, gained traction and neutron stars became a credible astronomical object.
However, since neutron stars were not expected to be undergoing nuclear fusion,
there was little hope at the time of directly observing an isolated neutron star, and
over the next 30 years not many developments were made.

With the discovery of extrasolar X-ray sources by Giacconi et al. (1962) came new
developments for neutron stars. They sent 3 geiger counters on a rocket in order to
observe the reflected X-ray radiation of the moon, and instead discovered a large
amount of radiation scattered throughout the area of the sky they observed. This
radiation was presumed to be soft X-rays2, which Giacconi et al. (1962) concluded
had to be from sources outside of the solar system.

In 1967, PhD student Jocelyn Bell Burnell discovered unusual pulsating radio
signals in observations with the Mullard Radio Observatory. The emission seemed
to come from an object within the galaxy, and strangely, the pulses observed re-
peated with a precise period, so exact that it could be measured to one part in 107

seconds (Hewish et al., 1968). The absence of parallax in the observations allowed
Hewish et al. (1968) to conclude that this pulsed emission originated somewhere
far outside of the solar system, and based on the pulse properties they deduced
that the object had to be less than 103 km in size, and the energy emitted during a
single pulse was approximately 1017 erg. Conveniently, 2 years before this discov-
ery, Finzi (1965) had proposed a mechanism for emission of electromagnetic radi-
ation by neutron stars: through the vibrational energy of the star. This prompted
Hewish et al. (1968) to conclude that the pulsed radio emission they had observed
was likely a pulsating neutron star, consequently discovering the first pulsar and
one of the only direct observational signatures of neutron stars.

1 Redshift is the shift of light to longer (redder) wavelengths, usually because the object emitting the
light is moving away from the observer. In strong gravitational fields, to an observer outside of
the influence of the gravitational field, light can also appear to be redshifted, which is known as
gravitational redshift. Gravitational redshift is a direct consequence of Einstein’s theory of general
relativity.

2 Soft X-rays are usually defined as lower energy X-rays with energies in the range 0.1–5 keV, whereas
hard X-rays are usually defined as higher energy X-rays, with energies of approximately 5–100 keV.
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At the same time, when one of the X-ray sources discovered by Giacconi et al.
(1962) was identified as the known supernova remnant the Crab Nebula (Hayakawa
and Matsuoka, 1964; Bowyer et al., 1964), it became apparent that many of the X-
ray sources could be supernova remnants, and the X-ray emission in the Crab Neb-
ula was likely produced by a neutron star. It wasn’t until the optical detection of
the X-ray source Sco X–1 (Sandage et al., 1966), which wasn’t a known supernova
remnant, that it was suggested that some of these Galactic X-ray sources could
be other classes of objects. Sandage et al. (1966) noticed that the optical and UV
emission of Sco X–1 was similar to the emission observed by novae or U Gemorium
stars, which were known accreting white dwarfs. It soon was realised by Shklovsky
(1967) that the cooler, optical emission in this source combined with some very hot
X-ray emission in a compact region could in fact be the observational signature
of an accreting neutron star. They concluded that if the coincidence of the optical
emission similar to an old nova with the X-ray emission was correct, then the emis-
sion could be explained by an efficient stream of gas flowing from a companion
star in a close binary system toward a central object, which is a neutron star. Thus
the second observational signature of neutron stars was discovered, enabling rapid
advancements in the understanding of these exotic objects, and the behaviour of
matter at extreme densities.

Now, more than 85 years since the neutron star was first proposed, we have
observed more than 2,000 within our Galaxy (e.g. Manchester et al., 2005). Whilst
there should be approximately 1 billion neutron stars in the Milky Way Galaxy (e.g.
Camenzind, 2007), the fact that we have only observed a relatively small number
of them is indicative of just how hard they are to find. Young neutron stars are
more likely to be pulsars, releasing visible electromagnetic radiation, and over
time neutron stars cool since they do not generate their own heat. Thus most of the
known radio pulsars are young radio pulsars. However, if a neutron star interacts
with surrounding material, for example by accreting from a companion star, the
neutron star can retain, or even gain, heat, and emit electromagnetic radiation for
most of its life. These are the accreting neutron stars, which are important objects
for our understanding of dense matter, strong gravitational fields, and nuclear
reactions in extreme environments. Whilst we have discovered much about these
exotic systems since their discovery approximately 50 years ago, there are many
questions still left unanswered.

1.2 observations of accreting neutron stars

There are two different classes of X-ray binaries: low mass X-ray binaries (LMXBs),
where the companion star is a low mass star (. 1M� ); and high mass X-ray
binaries (HMXBs), where the companion star is a high mass star (& 1M� ). In this
work we primarily focus on LMXBs, and note that the observational signatures
and evolutionary pathways of HMXBs can be quite different to LMXBs.

Accreting neutron star systems can appear observationally as both persistent
and transient X-ray sources. Transient sources can be inactive for years, and then
suddenly flare into outburst releasing extraordinary amounts of energy when ma-
terial transfers directly onto the neutron star from a surrounding disk. Persistent
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sources may accrete persistently from the companion and remain continuously
active. A diagram of an accreting neutron star in an LMXB is shown in Figure 1.1.

Pulsar jet

Accretion disk

Neutron Star

Accretion 
luminosity

Donor star overflows Roche 
Lobe and matter is accreted 

into a disk around the neutron 
star

Matter overflowing the 
accretion disk is magnetically 
channelled to the pole of the 

NS, where a hotspot forms

An accretion-powered millisecond pulsar

X-ray emission from accretion 
disk

Donor star

Magnetic field

Figure 1.1: A diagram of an accreting neutron star which happens to also be a pulsar.

Woosley and Taam (1976) and Taam (1984) were among the first to describe the
accumulation of matter onto a neutron star by postulating that matter which is
transferred to the neutron star is not accreted directly by the star, but forms an
accretion disk (see Section 1.3 for more detail on accretion disks). Tidal forces then
enable matter to move inward in the disk by removing angular momentum from
the material and returning the angular momentum back to the orbit, causing the
matter to spiral to the neutron star surface. This is the source of the first type of
X-ray emission that is observed from these systems: persistent emission from the
accretion flow.

Taam (1984) also described the violent thermonuclear processes that ignite this
accreted hydrogen or helium rich layer on the surface of the neutron star. These
so-called "X-ray bursts" are the source of bright flashes (L ∼ 1038 erg) sometimes
observed coming from these systems. X-ray bursts represent the second type of
emission that is observed from accreting neutron star systems, which is much
more energetic but shorter lasting (10s of seconds) than the persistent emission.
Transient systems sometimes exhibit thermonuclear X-ray bursts when they are in
outburst.
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1.2.1 Neutron star properties

Neutron star properties are crucial in understanding how matter behaves at ex-
treme densities, among other things. Accreting neutron star systems are unique as
they often provide the ability to obtain constraints on system parameters that are
difficult to obtain for isolated neutron stars.

1.2.1.1 Mass, radius, and equation of state

Mass and radius measurements of neutron stars are particularly sought after due
to their ability to help constrain the poorly understood equation of state of dense
matter. The equation of state describes the physical state of dense matter under the
conditions found inside a neutron star. Usually an equation of state describes the
relationship between density, pressure, volume, and temperature.

Obtaining mass constraints of observed neutron stars is only possible in specific
circumstances; for example if the neutron star is a pulsar in a binary orbit. For
neutron stars in binary orbits, the binary mass function, f, is given by (e.g. Shapiro
and Teukolsky, 1983)

f =
(m2sini)3

(m1 +m2)2
=
4π2(a1sini)3

GPorb2
(1.1)

wherem1 is the neutron star mass,m2 is the companion mass, a1 is the semi-major
axis of the orbit, i is the binary inclination (defined as the angle between the line
of sight and the orbital angular momentum vector), and Porb is the orbital period.

The Keplerian parameters Porb and a1sini can be measured through precise
pulsar timing (Manchester and Taylor, 1977) if the neutron star is a pulsar. Thus if
accurate constraints on the companion mass and the inclination can be obtained,
the pulsar mass can be inferred. In edge on binaries the inclination is well con-
strained if transits are observed, and the companion mass can be constrained to
varying accuracy through optical observations.

The most massive neutron star discovered to date is the millisecond pulsar
J0740+6620, with a mass of 2.14+0.2

−0.18M� (Cromartie et al., 2020). The mass was
measured using the Shapiro time delay, which is the small delay in pulse arrival
times observed when the pulsar passes behind the companion star, and is caused
by the curvature of spacetime by the companion star. The discovery of such a
massive neutron star has enabled some possible equation of states to be ruled out,
and has shed some light on the theoretical mass limit for a neutron star.

1.2.1.2 Gravitational field

Neutron stars have very strong gravitational fields. The surface gravity, g is related
to the mass and radius via (e.g. Shapiro and Teukolsky, 1983)

g =
GM

R2
(1+ z) (1.2)

where z is the gravitational redshift (1+ z =
√
1− 2GM/Rc2), M is the neutron

star gravitational mass and R is the neutron star radius in the observer frame.
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Gravitational redshift is a direct consequence of Einstein’s theory of general
relativity and is the phenomenon that light being emitted from a strong gravita-
tional field can appear redshifted to an observed far away due to the influence of
the gravitational field (e.g. Manchester, 2017b).

Thus if the mass and radius are known, for example through pulsar mass meas-
urements, one can infer the gravitational field strength and redshift of the neutron
star.

1.2.2 Inclination

The geometry of the accretion disk in accreting neutron star systems and the angle
at which it is observed can affect the angular distribution of the X-ray emission, as
the accretion disk can reflect, block, or add to radiation emitted. The accretion disk
can affect the persistent emission and cause it not to be isotropic, depending on the
angle at which the system is viewed (Lapidus and Sunyaev, 1985), as can be seen
in Figure 1.1. X-ray burst emission is also affected by the angle at which the system
is viewed, but is affected differently to the persistent emission, as it is thought to
be emitted from the entire surface of the neutron star (whereas persistent emission
comes from just the location of accretion). Thus there are two different anisotropy
factors defined when considering the effect of the system inclination, ξp for the
persistent emission and ξb for the burst emission.

There are different models that have been developed to account for the aniso-
tropies in the X-ray emission from accreting neutron star systems (Fujimoto, 1988;
Lapidus and Sunyaev, 1985; He and Keek, 2016, e.g.). The relationship between
the anisotropy factors and the inclination of the accretion disk depend on assump-
tions made about the shape and extent of the accretion disk. Thus there are some
differences in the relationships derived under different assumptions by different
authors. Among the first, Fujimoto (1988) compared observed burst fluences and
persistent fluxes of two sources (EXO 0748–676 and 4U/MXB 1636–53) to place
constraints on the angular distribution of the burst and persistent emission. They
assumed a geometrically thick disk and evaluated the anisotropy factors based on
this assumption however they did not take into account the deflection of light rays
in the gravitational field. Lapidus and Sunyaev (1985) studied the angular distri-
bution of emission by assuming a geometrically thin accretion disk that stretches
down to the stellar surface. However, using this assumption it was difficult to
interpret the burst energetics. More recently, He and Keek (2016) derived the re-
lationship between the anisotropies and the disk inclination for different concave
accretion disks. They explored four different geometries: flat, trapezoidal, triangu-
lar, and curved. The flat disk geometry yields very similar anisotropy derivations
to those derived by Fujimoto (1988), and is perhaps the simplest case. We describe
the anisotropy relations for this flat disk structure below, which we use in Chapter
5.

The anisotropy factors for both the burst and persistent emission, ξb and ξp
respectively, are related to the intrinsic luminosity (Lb,p) and observed fluxes (Fb,p)
of the system via
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Lb,p = 4πd2ξb,pFb,p (1.3)

where d is the distance to the source.
Under the assumption that the accretion disk and star are axisymmetric, ξb and

ξp only depend on the inclination angle, θ, which is the angle between the rotation
axis and the direction from which the system is viewed by an observer (Fujimoto,
1988). Under the assumption that all persistent energy radiates isotropically from
the disk plane (i.e. the flat disk shape described by He and Keek (2016)), the per-
sistent emission anisotropy is related to the inclination angle via

ξ−1p = 2|cosθ| (1.4)

Thus for systems with small inclination angles (observed from near the rotation
axis), the persistent flux is stronger by a factor of two than if the emission was
isotropically distributed. For large inclination angles (systems observed near the
disk plane), the persistent flux is not affected at all.

For the burst emission anisotropy, under the assumption that photons are emit-
ted spherically symmetrically from the stellar surface during a burst, and assuming
that the burst flux is composed of the direct flux from the stellar surface plus the
reflected flux from the disk, the burst anisotropy factor is given by

ξ−1b =
1

2
+ |cosθ| (1.5)

Thus the anisotropy is larger for the persistent flux than for the burst flux in all
cases.

When considering direct observations of the persistent and burst fluxes from
accreting neutron star systems, it is necessary to correct the luminosities observed
by these anisotropy factors. However, often the inclination angle of the system is
not well constrained (unless a transit is observed), so this can be difficult and often
the inclination is not accounted for in reported observations.

1.3 accretion disks

In order to understand accreting neutron stars, we first need to understand the
process of accretion, and the formation of accretion disks. Accretion is one of the
most powerful means of producing energy in the Universe. An accretion disk is
a circular structure of diffuse material in orbit around a central gravitating body
(e.g. Pringle, 1981). They are a common phenomenon in astrophysics, and can be
found in a wide range of systems from protoplanetary disks, to active galactic
nuclei, quasars, and around compact objects in binary systems. An accretion disk
is formed when matter falling into the potential well of a gravitating body forms
a disk spinning around the central object (e.g. Pringle and Rees, 1972). If infalling
matter experiences free radial infall to the central object, an accretion disk will
not be formed. However, if the accreting material possesses significant angular
momentum from, for example, Roche Lobe overflow or a common envelope in
a binary system, free fall is prevented. When this material is sufficiently close to
the primary gravitating body, centrifugal forces are comparable to gravitational
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forces, and the accreted matter will begin to rotate in a circular orbit (Shakura and
Sunyaev, 1973), forming an accretion disk.

The gravitational potential energy released as a mass m is accreted onto the
surface of a body with mass M and radius R is

∆Eacc =
GMm

R
≈ 1020 M

M�

R

10 km

−1 m

1 g
erg (1.6)

where G is the gravitational constant.
The energy released by an accreting neutron star with M ≈M� and R ≈ 10 km,

∆Eacc is approximately 1020 erg per accreted gram (Frank, King and Raine, 2002).
Comparing this energy to that released through nuclear fusion of hydrogen, 6×
1018 erg per gram, the energy released via accretion onto a neutron star is about 20

times greater, demonstrating that accretion onto a compact object is a very efficient
energy release mechanism. The most luminous objects in the Universe, such as
quasars (where the compact object is a massive black hole), are powered by the
extraction of gravitational potential energy from material as it is accreted onto
a gravitating body. The efficiency of energy release during accretion increases as
M/R increases, and thus accretion onto neutron stars and black holes provides
some of the most energetic and luminous events in the known Universe.

In order to extract the accretion energy, the mass,m, in orbit around the accreting
body must move inwards from it’s orbit. An object in a circular orbit around a
central gravitating body will spiral inwards if angular momentum is extracted
from the object. An accretion disk consists of diffuse gas that can release energy as
it spirals inwards towards the central body (Pringle, 1981), providing the necessary
object that enables accretion energy to be released.

Accretion disks are found around many different kinds of objects in the Universe.
As matter in an accretion disk spirals inwards towards the central gravitating body,
the infalling material can emit radiation due to gravitational and frictional forces
(Pringle and Rees, 1972). The spectrum of this electromagnetic radiation is de-
pendent on the mass of the central object, with accretion disks of young stars and
protostars radiating in infrared, whereas those around neutron stars and blacks
holes can emit much higher energy radiation, in X-rays. Frank, King and Raine
(2002) described how the emitted spectrum of accreted material can be character-
ised by a radiation temperature, Trad = hν̄/k, where h is the Planck constant, ν̄
is the typical photon frequency, and k is the Boltzmann constant. The radiation
temperature is limited by the blackbody temperature, Tb, which is the temperat-
ure a source would have if it radiated entirely as a blackbody spectrum, and the
thermal temperature, Tth, which is the temperature of accreted material if it’s grav-
itational potential energy were converted entirely into kinetic energy (Frank, King
and Raine, 2002). The radiation temperature should lie between the blackbody and
thermal temperatures, with Tb providing a lower limit of the temperature and Tth

providing an upper limit. The blackbody temperature is given by

Tb =

(
Lacc

4πR2σ

)1/4
(1.7)

where σ is the Stefan-Boltzmann constant, and Lacc is the accretion luminosity,
given by (e.g. Frank, King and Raine, 2002)
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Lacc =
GMṀ

R
= 1.3× 1036

(
Ṁ

1016g s−1

)(
M

M�

)(
10 km
R

)
erg s−1 (1.8)

where Ṁ is the accretion rate.
The thermal temperature is given by

Tth =
GMmp

3kR
(1.9)

where mp is the proton mass.
Thus the energy (hν̄) of photons emitted from accretion onto a 1.4 M� and 10 km

radius neutron star is between 1 keV and 55 MeV. These energies correspond to
medium to hard X-ray wavelengths, and possibly γ-ray wavelengths for larger
mass black holes. An accreting white dwarf, on the other hand, with solar mass
and 5,000 km radius, may be expected to emit photons of lower energy, in the range
6 eV to 100 keV, or optical and UV wavelengths. A protostellar accretion disk has
a temperature around 0.8 eV (Armitage, 2015), and thus may be expected to emit
photons in the infrared wavelengths. Therefore, through direct observation of the
spectra of accretion disks, information about the central body may be determined,
and we may infer the presence of neutron stars in some accreting systems.

1.3.1 Thin disks and the α-disk theory

It is difficult to extract angular momentum from a solid body in orbit, however, a
blob of gas in a circular orbit will be able to redistribute the angular momentum
among the gas particles. Some of these gas particles will be able to spiral inwards
in the potential well of the gravitating body if there exists an effective mechanism
for transporting angular momentum outward (Shakura and Sunyaev, 1973), and
the accretion energy can be released. In order for matter in an accretion disk to
spiral in towards the gravitating body and release accretion energy, there needs to
exist an efficient mechanism for transport of angular momentum outwards. This
problem was first recognised by Shakura and Sunyaev (1973), who characterised
the efficiency of this mechanism of angular momentum transport in a parameter, α,
the effective accretion disk viscosity. They described a scenario in which turbulent
motions in the disk enable angular momentum to be transferred outward, and
quantified the efficiency of this angular momentum transport

α =
vt

vs
+

H2

4πρv2s
(1.10)

where vs is the sound velocity, vt is the turbulent velocity, H is the scale height of
the disk, and ρ is the density.

In general in a thin accretion disk around a compact object, α < 1 (e.g. Shakura
and Sunyaev, 1973), and Tetarenko et al. (2018b) found that 0.2 < α < 1 in models
of LMXBs.

Thus viscosity transports angular momentum in accretion disks, and enables
the accreted material to spread into a disk, rather than a ring that does not extend
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towards the central object. An important parameter that sets the structure of the
disk is how efficiently it can cool (King, 2006). The cooling rate of the disk in
the simplest case is set by Blackbody radiation, i.e. Qcool = σT4eff (Lasota, 2001). If
the disk can cool efficiently enough, the disk becomes thin, and the density scale
height will obey

H ≈ cs

vK
R� R (1.11)

where cs is the local sound speed and vK is the Kelperian velocity, given by

vK =

(
GM

R

)1/2
(1.12)

In a thin disk, the surface density, Σ, changes on the viscous timescale, which is
given by

tvisc =
R∆R

ν
(1.13)

where ∆R is the typical scale of the density gradient, ∆R ≈
√
HR, and ν is the

kinematic viscosity
ν = αcsH (1.14)

The viscous timescale describes the timescale on which we could expect the
surface density and luminosity of an accretion disk to change. This timescale is
thus important to consider when describing outbursts in accreting neutron star
systems, which are thought to be caused by disk instabilities (see Section 1.7.1).

For a relatively small disk with a radius of 5 × 108–2 × 1010 cm, H/R ≈ 0.01,
cs ≈ 20 km/s, such as a disk found in an LMXB, the viscous timescale could range
from approximately 2–10 d for α of 0.003–0.9.

1.4 formation and evolution of accreting neutron stars

Only specific evolutionary channels allow for a compact binary system containing
a neutron star that can accrete from its companion. To understand the formation
and evolution of accreting neutron stars, first we must understand the evolution
of isolated neutron stars.

A neutron star is born with a relatively strong magnetic field (e.g. ∼ 1012G),
and spinning relatively quickly. Over time, a neutron star will spin down due to
rotational loss of kinetic energy, and the magnetic field strength will decay (e.g.
Bhattacharya and van den Heuvel, 1991). The emission mechanism of a pulsar
is thought to be related to the magnetic field channeling charged particles along
the magnetic field lines, with open magnetic field lines located near the magnetic
poles, as seen in Figure 1.2.

Charged particles located along closed field lines will corotate with the pulsar,
and remain in the system. Conversely, charged particles located along open mag-
netic field lines will not corotate with the neutron star, and will leave the mag-
netosphere of the system, producing high energy emission (Goldreich and Julian,
1969). In order for the escaping charged particles to produce high energy emission,
a voltage must exist above the polar cap. As detailed by Ruderman and Sutherland
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Figure 1.2: The geometry of a pulsar and its magnetosphere. Figure reproduced with
permission from Bhattacharya and van den Heuvel (1991) Figure 1.

(1975), there is a critical pulsar period and magnetic field strength at which pair
creation can continue, and pulsar emission occur. This critical period is

Pcrit = 1.7B
8/13
12 R

21/13
6 ρ

−4/13
6 (15χ)−2/3 s (1.15)

where B12 is the magnetic field strength in units of 1012G and χ is given by

χ =
h̄ω

2mc2
B⊥eh̄

m2c3
(1.16)

where B⊥ ≈ (rp+/ρ)B is the perpendicular magnetic field, rp+ is the radius
of the polar cap region out of which a net flow of positive charges maintains the
magnetosphere, and ρ is the radius of curvature of the field line along which a
sample electron moves.

The critical period and magnetic field combination for which pulsar emission is
possible is often referred to as the pulsar "death line", and it is for this reason that
radio pulsars are usually young neutron stars, as the weaker magnetic fields and
slower spin periods of old neutron stars usually do not allow for pulsar emission.

A radio pulsar is fundamentally different to an X-ray pulsar in terms of their
emission mechanisms. Radio pulsars are usually young neutron stars with strong
magnetic fields that have not reached the "death line" and thus still emit observable
pulsed emission from the polar cap region of the neutron star (e.g. Manchester,
2017b). An X-ray pulsar is formed in a binary system with a normal star, and
is not expected to be observable as a radio pulsar, as a wind or corona in the
binary system would disperse the pulsed signal and render it non-observable (e.g.
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Bhattacharya and van den Heuvel, 1991). Instead, when the binary system has
evolved sufficiently to a point that mass transfer can occur from the companion to
the neutron star, this accretion causes the system to become observable as an X-ray
binary (e.g. Tauris and van den Heuvel, 2006). In some cases, when the magnetic
field of the neutron star is of sufficient strength, the accreted material may be
channelled to the magnetic poles of the neutron star, causing a hotspot to develop
at each pole, and the X-ray emission of the neutron star to appear pulsed (e.g.
Nagase, 1989). Thus, not all X-ray binaries that contain an accreting neutron star
are accreting pulsars, rather a small subset are. In many of the known accreting
pulsars, the spin period has been observed to be decreasing, indicating that the
neutron star is in the process of being spun-up through the process of accretion
(Patruno and Watts, 2012).

However, an X-ray pulsar may become a radio pulsar and there are many known
binary radio pulsars. These pulsars are thought to have once been an X-ray pulsar
system, and the binary system has evolved to the point that mass transfer no
longer occurs. The combination of weak magnetic field and relatively fast spin
period in these systems can be explained by the neutron star spin period having
been decreased through the many years of accretion. These so-called "transitional
pulsars" are discussed in Section 1.5. Thus even though the neutron star may have
a relatively weak magnetic field, its fast spin period ensures it can still emit as a
radio pulsar (Smarr and Blandford, 1976).

To understand the evolution of LMXBs, we also need to understand the binary
evolution of these systems, and the factors that influence changes in the binary
orbits.

1.4.1 Binary Orbital Evolution

The gravitational potential of a binary system is given by (e.g. Tauris and van den
Heuvel, 2006)

φ = −
GM1

r1

−
GM2

r2

−
GMr2

3

2a3
(1.17)

where M1 and M2 are the masses of the two stars, r1 and r2 are the distance
to the center of mass for each star, a is the orbital separation, r3 is the distance to
the rotational axis of the binary, and M is the total mass of the binary, assuming a
circular orbit.

Assuming that in a close binary system tidal forces have circularised the orbit,
that the two stars exhibit synchronised co-rotation, and that the gravitational fields
of the two stars can be described by point masses, there exist fixed equipotential
surfaces in a co-moving frame (Kuiper, 1941). The Roche-lobe is defined as the
equipotential surface that passes through the first Lagrangian point (L1, e.g. van
den Heuvel, 1994), shown in Figure 1.3.

Mass transfer via Roche-lobe overflow is the primary mechanism via which ac-
creting neutron stars in LMXBs accrete from their companion. Roche-lobe overflow
occurs when the companion evolves to fill its Roche-lobe and due to the unbal-
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Figure 1.3: The equatorial plane showing the equipotential surfaces in a binary. The solid
line shows the Roche-lobe, and passes through the inner Lagrangian point, L1. Figure
reproduced with permission from Tauris and van den Heuvel (2006).

anced pressure at L1, mass transfers from the companion to the accretor. Eggleton
(1983) approximated the radius of the Roche-lobe as

RL

a
=

0.49q2/3

0.6q2/3 + ln(1+ q1/3)
(1.18)

where q =Mdonor/Maccretor is the mass ratio of the binary system.
Mass transfer via Roche-lobe overflow will continue until the companion star no

longer fills its Roche-lobe, usually when it has lost & 70% of its mass (Tauris and
van den Heuvel, 2006).

However, the question remains: how do LMXBs evolve to the point that a neut-
ron star exists with a Roche-lobe overflowing companion? To understand this ques-
tion, we must delve into the orbital angular momentum evolution of binary sys-
tems. There are three main phases of compact binary evolution that we will discuss
in the formation of an accreting neutron star. The first is the formation of the neut-
ron star in a binary system, second is the evolution of that neutron star binary
system into a compact binary in which mass transfer can occur via Roche-lobe
overflow, and finally is the evolution of the binary during and after mass transfer.

The orbital angular momentum, J is described by

J2 =
G(M1M2)

2

M1 +M2
a
√
1− e2 (1.19)

where e is the eccentricity of the orbit.
Differentiating this equation we obtain the rate of change of the orbital separa-

tion, ȧ
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ȧ

a
=
J̇

J
− 2

Ṁ1

M1
− 2

Ṁ2

M2
+
Ṁ1 + Ṁ2

M
(1.20)

During mass transfer, if the accretor is more massive than the companion star,
the orbit will expand, or if the opposite is true, the orbit will contract.

The total change in orbital angular momentum is given by

J̇ = J̇GR + J̇ML + J̇MB + J̇LS (1.21)

where J̇GR, J̇ML , J̇MB, and J̇LS are the orbital angular momentum changes
caused by gravitational radiation, mass loss, magnetic braking, and spin-orbit
coupling. More detailed descriptions and the equations that describe these indi-
vidual orbital angular momentum changes are given in Chapter 6.

During the early phases of evolution of the binary system prior to one of the
stars becoming a neutron star, the predominant cause of changes in the orbit are
mass loss and common envelope evolution. Later on, when there exists a neutron
star and a normal star, magnetic braking and gravitational radiation have a much
more predominant affect on the orbit, but mass loss can still contribute to orbital
changes depending on how efficiently mass is transferred to the neutron star.

The current prevalent theory that describes the progenitors of neutron star LMXBs
is that they are born in uneven mass binary systems (e.g. a 15 M� and 1.5 M� star)
with relatively large orbital periods (e.g. 1500 d, Tauris and van den Heuvel, 2006).
The low mass star evolves much more slowly than the high mass star, resulting
in the high mass star expanding into a red giant and filling its Roche-lobe well
before the low mass star has evolved through hydrogen burning. The resulting
contraction of the orbit caused by mass being transferred from the more massive
star to the smaller star causes a common envelope phase in the binary system.
During this phase, the orbit will spiral in, decreasing the orbital period signific-
antly to something 6 1d. At this point the high mass star has lost a significant
amount of mass, either to the low mass star or ejected from the system, such that
it is a ≈ 5M� helium star. This star will promptly undergo a supernova explo-
sion, forming a neutron star. This kind of scenario is succinctly outlined in Tauris
and van den Heuvel (2006), and presented in Figure 1.4. The exact binary orbital
parameters that enable the neutron star and normal star orbit to remain bound
during the supernova and formation of the neutron star are not well known. It is
thought that the explosion could force the orbit to expand a little, and introduce
some eccentricity (e.g. Manchester, 2017a).

Once the neutron star is formed, the binary continues to contract over time until
Roche-lobe overflow from the low mass companion begins onto the neutron star.
At this point the low mass companion may have evolved into a white dwarf, or
may remain an evolved low mass star. This process can result in very compact
binary orbits, with periods 6 1d (e.g. Podsiadlowski, Rappaport and Pfahl, 2002).

During the second mass transfer phase of evolution, the system may be observed
as an LMXB, with periods of quiescence and outburst as the accretion disk fills
due to mass transfer from the companion, and deposits material onto the neutron
star during outburst episodes. The accretion torque exerted on the neutron star
can result in the spin period of the neutron star increasing, and in rare cases the
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neutron star may become a millisecond X-ray pulsar (Manchester, 2017a). During
this mass transfer the orbit will expand since the companion star is less massive
than the neutron star, ultimately leading to the cessation of mass transfer. The
companion star may have evolved into a white dwarf at this point, or may be
considered a low mass brown dwarf star, depending on its mass. It is thought
that these systems may evolve into detached systems in some cases, meaning that
millisecond X-ray pulsars could be the progenitors for the population of isolated
radio millisecond pulsars we observe today (e.g. di Salvo et al., 2008).

1.5 accretion-powered millisecond pulsars

Accretion-powered millisecond pulsars (AMSPs) are neutron stars that are spun
up through the process of accretion to millisecond spin periods. They are a spe-
cial class of accreting neutron star, in which pulsations are observed in their X-ray
lightcurves. It is for this reason that AMSPs are often called accretion-powered
X-ray pulsars (AMXPs), as opposed to radio pulsars that emit pulsed emission in
the radio. AMSPs are particularly useful to study as their pulsations provide pre-
cise measurements of their spin periods, as well as orbital ephemeris. In 1982, a
radio pulsar was discovered, 1919+21, with a spin period of just 1.558 ms (Backer
et al., 1982). This millisecond pulsar raised many new and exciting questions for
scientists at the time. As discussed in Section 1.4, "normal" pulsars exhibit a de-
crease in their spin period as they age due to magnetic dipole radiation (Wijnands,
2004). What puzzled scientists with 1919+21 was that this pulsar appeared to be
old (with no evidence of a new formation event) (Backer et al., 1982), and so should
have had a much slower spin period. This new discovery raised questions about
the formation and evolution of pulsars, prompting the suggestion from Alpar et
al. (1982) that sufficiently low magnetic field neutron stars accreting matter in a
Keplerian disk could be spun up to millisecond periods by the accretion process; a
hypothesis soon to be known as the "recycling scenario".

The discovery of a number of radio pulsars with millisecond periods < 10 ms,
ages of billions of years and weak surface magnetic fields (B ∼ 108 − 109 G) fur-
ther confirmed that there was indeed a populsation of old, fast-spinning pulsars
that could be explained by the "recycling scenario" theory (Wijnands, 2004). So the
search began for direct evidence of the "recycling scenario": coherent X-ray pulsa-
tions in a low mass X-ray binary system, to catch a pulsar in the act of spinning
up through accretion. In 1998 the discovery of coherent X-ray pulsations in the
accretion-powered millisecond pulsar SAX J1808.4–3658 (in ’t Zand et al., 1998)
confirmed the theory.

The new X-ray transient was detected by in ’t Zand et al. (1998) during ob-
servations on September 12–17, 1996, using the Wide Field Cameras aboard the
BeppoSAX satellite. Two Type I X-ray bursts (see Section 1.6) were detected during
the observations, which confirmed that the system contained an accreting neutron
star, but no persistent pulsations were detected in the persistent flux in the 1996

outburst.
In 1998, a new transient X-ray source, XTE J1808–369, was observed by the All-

Sky Monitor aboard the Rossi X-ray Timing Explorer (RXTE) telescope, which was
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within a few arcminutes of SAX J1808.4–3658 and thus likely to be the same source.
Wijnands and Klis (1998) analysed the data and discovered clear X-ray pulsations
in the lightcurve with a frequency near 401 Hz, the spin period of the pulsar. Thus
the "recycling scenario" theory was confirmed and the first accretion-powered mil-
lisecond X-ray pulsar was discovered.

Now, more than 20 years since the first AMSP was discovered, there are 21

known sources that exhibit clear millisecond pulsations in their lightcurves, listed
in Table 1.1 (note that we have included the intermittent pulsar Aql X–1). All of
these systems exhibit short (. 10 days) orbital periods, and very low mass (. 1M�)
companions (Podsiadlowski, Rappaport and Pfahl, 2002).

As pointed out in the review by Patruno and Watts (2012), the AMSPs exhibit
a very wide range of characteristics, including different outburst recurrence times,
spin periods, companion star types, luminosities, and magnetic field strengths.
Nevertheless, there are common traits to all AMSP systems, including relatively
faint outburst luminosities (L ∼ 1036 erg s−1) that could indicate low mass accre-
tion rates; relatively short orbital periods, with P < 12hr; and small donor stars
with masses mostly less than 0.2 M� (with Swift J1749.4–2807 a notable exception).
Furthermore, a large fraction (≈ 45%) of AMSPs exist in either ultracompact bin-
ary systems, where the donor star is a white dwarf, or orbit a low mass "brown
dwarf". While many AMSP companions have been classified as brown dwarf stars,
we find evidence in Chapter 6 that the donor star in SAX J1808.4–3658 actually is
not a brown dwarf, but an evolved, stripped main sequence star. It is possible that
the evolutionary paths of the other AMSPs orbiting brown dwarfs could be similar.

The fastest spinning AMSP is IGR J00291+5934, with a spin frequency of 599 Hz.
There appears to be a sharp cut off in spin frequency around 700 Hz, which is
consistent with the spin frequency distribution of radio pulsars and could have
implications for the neutron star equation of state. As discussed by Patruno and
Watts (2012), the NS spin frequency cut off based on the break-up frequency of all
realistic equations of state is well in excess of 1000 Hz, however, from observations
it appears that the true cut-off spin frequency is well below this.

All of the known AMSPs are transient systems, and exhibit X-ray pulsations
only during outburst (e.g. Patruno and Watts, 2012). Up until around 2007, it was
widely believed that all AMSPs exhibited X-ray pulsations during outbursts. How-
ever, this was disproved when HETE J1900.1–2455 went into outburst in 2005 (Gal-
loway et al., 2006). For the first part of the outburst it behaved typically, showing
pulsations. The pulsations soon became intermittent and eventually disappeared
completely. This was puzzling and exciting for scientists at the time, as it could
help provide observational evidence for the difference between non-pulsating low
mass X-ray binaries and pulsating accretion-powered millisecond pulsars (Patruno
and Watts, 2012). There are now 3 sources, HETE J1900.1–2455, Aql X–1, and SAX
J1748.9–2021, that have intermittent pulsations during outburst, which has raised
some debate about whether these sources can be considered true AMSPs. The most
notable intermittent pulsar is Aql X–1, which has only shown coherent pulsations
once during a short 150 s data segment of its 1998 outburst (Casella et al., 2008).
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source νspin P Mc companion ref .

(hz) (hr) (M� )

SAX J1808.4–3658 401 2.01 0.043 BD [1, 2, 3, 4, 5]

XTE J1751–305 435 0.71 0.014 He WD [6, 7]

XTE J0929–314 185 0.73 0.0083 C/O WD [8, 9, 10]

XTE J1807–294 190 0.67 0.0066 C/O WD [11, 12, 13, 14, 15]

XTE J1814–338 314 4.27 0.17 MS [16, 17]

IGR J00291+5934 599 2.46 0.039 BD [18, 19, 20, 21, 22, 23]

HETE J1900.1–2455 377 1.39 0.016 BD [24]

Swift J1756.9–2508 182 0.91 0.007 He WD [25, 26]

Aql X–1 550 18.95 0.6 MS [27, 28]

SAX J1748.9–2021 442 8.77 0.1 MS/SubG ? [29, 30]

NGC 6440 X–2 206 0.95 0.0067 He WD [31]

IGR J17511–3057 245 3.47 0.13 MS [32, 33]

Swift J1749.4–2807 518 8.82 0.59 MS [34]

IGR J17498–2921 401 3.84 0.17 MS [35]

IGR J18245–2452 254 11.03 0.17 MS [36, 37]

MAXI J0911–655 345 0.74 > 0.024 WD/BD? [38]

IGR J17379–3747 476 1.9 >0.06 BD [39]

IGR J17591–2342 526 8.8 0.42 MS [40, 41, 42, 43]

IGR J17062–6143 164 > 0.3 > 0.004 ? [44, 45, 46]

IGR J16597–3704 105 0.75 > 6.5× 10−3 ? [47, 48]

IGR J17494–3030 376 1.25 > 0.015 ? [49]

Table 1.1: Known accretion-powered millisecond pulsars. νspin is the spin period, P is the
orbital period, Mc is the companion star mass. Table adapted from Patruno and Watts
(2012), with new sources added.
[1] Patruno et al. (2012); [2] Galloway and Cumming (2006); [3] Chakrabarty and Morgan (1998); [4] Goodwin et al. (2020a); [5] in ’t Zand et al. (1998) ;
[6] Markwardt et al. (2002); [7] Papitto et al. (2008) ; [8] Remillard, Swank and Strohmayer (2002); [9] Galloway et al. (2002); [10] Nelemans, Jonker and
Steeghs (2006); [11] Markwardt, Smith and Swank (2003); [12] Kirsch et al. (2004); [13] Chou et al. (2008); [14] Tasheva and Stefanov (2019); [15] Riggio

et al. (2008); [16] Papitto et al. (2007); [17] Strohmayer et al. (2003); [18] Bult, van Doesburgh and van der Klis (2017); [19] Ferrigno et al. (2017); [20]
Sanna et al. (2017); [21] Baglio et al. (2017); [22] De Falco et al. (2017a); [23] Lewis et al. (2010); [24] Kaaret et al. (2006); [25] Krimm et al. (2007); [26]

Rai and Paul (2019); [27] Zhang et al. (1998); [28] Casella et al. (2008); [29] Altamirano et al. (2008); [30] in ’t Zand et al. (1999); [31] Bult, Patruno and
van der Klis (2015); [32] Falanga et al. (2011); [33] Papitto et al. (2010); [34] Ferrigno et al. (2011); [35] Falanga et al. (2012); [36] De Falco et al. (2017b);
[37] Ferrigno et al. (2014); [38] Bult (2017); [39] Sanna et al. (2018c); [40] Kuiper et al. (2020); [41] Tse, Chou and Hsieh (2020); [42] Sanna et al. (2020);
[43] Sanna et al. (2018b); [44] Degenaar et al. (2013); [45] Strohmayer and Keek (2017); [46] Keek et al. (2017); [47] (Tetarenko et al., 2018a); [48] Sanna

et al. (2018a); [49] Ng et al. (2020)
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1.5.0.1 Millisecond Variability

Interestingly, persistent pulsations are not the only kind of millisecond variabil-
ity that is observed in the X-ray emission from AMSPs. There are three different
kinds of millisecond variability: kilohertz quasi-periodic oscillations, X-ray burst
oscillations, and persistent accretion-powered pulsations (Chakrabarty, 2005).

Kilohertz and millihertz quasi-periodic oscillations (QPOs) were first discovered
by Klis et al. (1996). They used RXTE to observe sub-millisecond quasi-periodic
oscillations in the X-ray flux of Scorpius X–1, a luminous low mass X-ray binary
containing a neutron star with a weak magnetic field. The cause of QPOs is not
well known, but it has been suggested that they could be caused by marginally
stable burning in the accreted fuel layers (e.g. Tse, Chou and Hsieh, 2020).

X-ray burst oscillations are nearly coherent millisecond oscillations that occur
during some X-ray bursts (Chakrabarty, 2005), and are thought to be caused by
asymmetries in the temperature or nuclear burning on the surface of the neutron
star (see Watts, 2012, for a review). They were first detected by Strohmayer et al.
(1996) with the proportional counter aboard the RXTE when they observed milli-
second variability in the X-ray emission from the LMXB 4U 1728–34. Burst oscilla-
tions were deteced in some bursts in the 2002 outburst of SAX J1808.4-3658 at the
known spin frequency of the pulsar (401 Hz), which led (Chakrabarty et al., 2003)
to conclude that burst oscillations as nuclear-powered pulsations approximately
trace the spin of accreting neutron stars.

Finally, the persistent emissions of accretion-powered low mass X-ray binary
systems contain coherent millisecond pulsations that track the neutron star spin
period (Chakrabarty, 2005). These pulsations were discovered by Wijnands and
Klis (1998) in SAX J1808.4–3658 and are the type of pulsations predicted by the
"recycling scenario".

1.6 thermonuclear x-ray bursts

An important phenomenon that can occur in accreting neutron star systems is ther-
monuclear X-ray bursts; the most frequently observed thermonuclear-powered ex-
plosions in the Universe. In the early 1970s it was discovered that accreted material
on the surface of a neutron star can undergo nuclear fusion, and thermonuclear
runaways (Woosley and Taam, 1976; Hansen and van Horn, 1975; Rosenbluth et
al., 1973; Ayasli and Joss, 1982). Nuclear fusion of accreted hydrogen on the sur-
face of a neutron star can release ≈ 7MeV per nucleon, and will occur in accreted
layers due to compression caused by the density and pressure of the accreted atmo-
sphere (Hansen and van Horn, 1975). Under certain conditions, with temperatures
> 107K, this nuclear burning can become unstable and a thermonuclear runaway
can occur, initiating the rapid proton capture (rp) process (Woosley and Taam,
1976). Type I thermonuclear X-ray bursts are short (∼10 s), bright (L∼ 1038 erg s−1)
explosions on the surface of accreting neutron stars caused by thermonuclear run-
away of the accreted fuel (e.g. Galloway and Keek, 2017). Type II X-ray bursts,
which are not discussed in this thesis, are thought to be caused by accretion in-
stabilities (e.g. Lewin, van Paradijs and Taam, 1993). In this thesis any reference to
X-ray bursts refers to Type I bursts, unless otherwise specified.
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Depending on the rate at which matter accretes onto the neutron star’s surface,
its composition, the base temperature of the neutron star, and the surface gravity
of the neutron star, X-ray bursts may be observed with specific energies, recurrence
times, and durations. Some accreting neutron star systems have not been observed
to produce X-ray bursts while in outburst, some have been observed to produce
a couple of X-ray bursts during an outburst, and others have been observed to
produce frequent bursts every outburst. The large range in observed properties of
X-ray bursts may be attributed to the broad range in individual system properties,
as well as limited and non-continuous observations of accreting neutron stars in
outburst.

It is now widely understood that in low mass X-ray binary systems, fuel (H/He)
for the Type I burst is accreted onto the neutron star and accumulates on the sur-
face, forming a layer that can be several meters thick (Galloway and Keek, 2017).
The accreted material is compressed and heated hydrostatically, and eventually the
temperature and density at the base of the accreted layer becomes high enough that
the fuel ignites. This causes unstable and rapidly spreading burning that devours
all of the available fuel in seconds, causing a short and energetic flash (e.g. Gallo-
way et al., 2008). There are many comprehensive reviews available that describe the
theory and observations of thermonuclear X-ray bursts (e.g. Galloway and Keek,
2017; Cumming, 2004; Strohmayer and Bildsten, 2003; Bildsten, 2000).

1.6.1 Nuclear Burning in Thermonuclear X-ray Bursts

The nuclear reactions that occur during X-ray bursts determine the observed shape
of lightcurves, duration of bursts, and frequency of bursts. The primary parameter
that influences the nuclear reactions that occur is the fuel composition, but the
temperature, density, and pressure of the environment are also important. Current
theory suggests there are five main nuclear reaction pathways involved in the ac-
creted fuel on the surface of a neutron star before and during a thermonuclear
X-ray burst. These include the (hot) CNO cycle, the 3α-process, the α-process, the
αp-process, and the rp-process (e.g. Bildsten, 1998).

The nuclear burning can be separated into steady burning that occurs in the
accreted fuel prior to the X-ray burst ignition, and the unstable thermonuclear
runaway that occurs during an X-ray burst. The different nuclear reactions and
their pathways are shown in Figure 1.5.

The (hot) CNO cycle and the 3α-process can occur during steady burning. The
(hot) CNO cycle burns hydrogen into helium, involving two β-decays. The 3α-
process burns helium into carbon, requiring slightly hotter temperatures than the
CNO cycle (T∼ 108K), and is thought to be the primary cause of X-ray burst ig-
nition (Joss, 1978). Above temperatures of ∼ 109K during thermonuclear runaway,
the α-process forms heavier elements from the products of the CNO cycle and
the 3α-process (e.g. Fujimoto, Hanawa and Miyaji, 1981). Similarly, the αp-process
also forms heavier elements from the products of the CNO cycle and 3α-process,
but the reactions are catalysed by protons, and thus forms nuclei on the proton
rich side of the stability. Finally, the rapid-proton capture process (rp-process) be-
gins with the products of the previous nuclear reaction pathways and is a suc-
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cessive chain of proton captures and β-decays, easily producing elements beyond
56Fe (Wallace and Woosley, 1981). The stopping point of the rp-process is not well
known, but is thought to be somewhere around Tellurium (Schatz et al., 2003).

If the fuel burning in a burst is proton rich, there can be extended rp-process
burning, resulting in longer X-ray bursts, with the lightcurves appearing to have
extended tails. Conversely, if the fuel is helium rich, and proton deficient, there is
no extended rp-process burning, and the bursts are generally brighter, but shorter.

There are a few important parameters that describe X-ray bursts. These include:

• Eb: the burst fluence. This is the time integrated flux of the burst. Unit: erg.

• Fp: the persistent flux. This represents the flux from accretion onto the neut-
ron star, and can be used to constrain the accretion rate if other system para-
meters are known.

• ∆t: the recurrence time of the bursts. Often the observed recurrence time
is not representative of the intrinsic recurrence time since observations are
rarely continuous, and recurrence times can range from ≈ 1hr to many days.
Unit: hour.

• α: the ratio between the persistent flux and the burst flux, which represents
the ratio between the gravitational energy and nuclear energy in the system.
Unit: no units.

• ṁ : the accretion rate onto the neutron star. This represents the rate at which
material is transferred from the accretion disk to the neutron star. Unit: in
cgs g s−2, but often given in units of the Eddington accretion rate3.

• τ: the decay time. This represents the time taken for the burst to decay from
its maximum luminosity to return to the non-burst flux level. Unit: seconds.

• M and R: the neutron star mass and radius.

• g and 1+ z: the surface gravity and gravitational redshift.

• X and Z: the composition of the accreted fuel. X is the hydrogen abundance
and Z is metallicity, often assumed to be the abundance of CNO elements.

• Qb: the base flux or base heating of the neutron star on top of which the
accreted layer accumulates. Usually assumed to be 0.1–0.15 MeV/nucleon

1.6.2 Observations of Thermonuclear X-ray Bursts

The first X-ray burst was observed in 1975 from the X-ray source 4U 1820–30. Grind-
lay et al. (1976) observed two bursts in the 1–30 keV X-ray energy range with the
ANS observatory that were characterised by a sharp increase in flux by a factor of
20–30 over ≈1 s, then an ≈8 s exponential decay. They classified these events as a
new kind of X-ray emission: X-ray bursts. They deduced that the events may imply

3 The Eddington accretion rate is given by ṀEdd = 0.7
1+X × 10

−8M� yr−1, where X is the H mass
fraction.
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the existence of a collapsed core in the globular cluster NGC 6624 they were asso-
ciated with. However, they implied the source could be a 103M� black hole, but
we now know that fuel cannot build up on the surface of a black hole, and thus
we do not observe X-ray bursts from black holes. 4U 1820–30 is a helium-accreting
X-ray bursting neutron star (e.g. Suleimanov et al., 2017), which explains why the
X-ray bursts were relatively short.

Now, 45 years later, we have observed thousands of X-ray bursts from hundreds
of bursting neutron star binaries. Galloway et al. (2020) provided the most com-
plete public archive of X-ray burst observations to date. MINBAR lists 7083 bursts
from 85 sources, consisting of observations from proportional counters aboard the
Rossi X-ray Timing Explorer (RXTE), BeppoSAX, and INTEGRAL space telescopes
between 1996 and 2012.

Typical bursts are short-lasting (∼10–100 s), and energetic (∼10
39–10

40 ergs). The
X-ray spectra of Type I bursts exhibit a characteristic short (∼1 s) rise time and
longer tail (∼30 s), as seen in Figure 1.6. In Figure 1.6 it is clear that burst profiles
are diverse in shape and duration, which can be attributed to differences in system
parameters, such as fuel composition (e.g. Galloway et al., 2008).

Photospheric radius expansion occurs when the luminosity reaches the Edding-
ton limit (i.e. when the gravitational force inwards balances the radiation pressure
outwards), which causes the radiation pressure to lift the surface layers of the star.
Double-peaks sometimes observed in the ligtcurves of bursts are thought to indic-
ate the occurrence of photospheric radius expansion (Lewin, Vacca and Basinska,
1984). This is an important observational phenomenon, as the Eddington limit is
fixed, so it enables Type I X-ray bursts to be used as "standard candles", and the
distance to some sources estimated (e.g. Kuulkers et al., 2003; Basinska et al., 1984).

A selection of X-ray burst lightcurves from two sources are plotted in Figure 1.7,
demonstrating the variability in lightcurves of bursts, even from the same source.
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Figure 1.4: A diagram of the formation pathway of an accreting pulsar. Figure reproduced
with permission from Tauris and van den Heuvel (2006).
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Figure 1.5: The different nuclear reactions that occur during an X-ray burst, and the path-
ways through which heavier elements are created. Figure reproduced with permission
from Schatz et al. (2003) Figure 1.
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Figure 1.6: Example light curves of 3 bursts observed by RXTE. The source for each burst
is listed in the top right hand corner of the frame and the persistent emission has been
subtracted (dotted line). Note the diversity in the shape of the lightcurves, primarily attrib-
uted to differences in fuel composition. Figure reproduced with permission from Galloway
et al. (2008), Figure 1.
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Figure 1.7: A collection of thermonuclear X-ray burst observed lightcurves from 4U
0513–40 and EXO 0748–676. Each panel shows the bolometric burst flux in units of
10−9 erg cm−2 s−1. Figure reproduced with permission from Galloway et al. (2008), Fig-
ure 9.
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case ṁEdd stable burning bursts ref .

3/V . 0.01 stable He Deep H flash [1,2]

2/IV 0.01 – 0.1 stable H Deep He flash and shallow H flash [3,4]

-/- 0.04 – 0.08 stable H He [4,5,6]

1/III 0.08 – 0.11 stable H/He none [7]

-/II 0.11- 1.0 marginally stable H/He mixed H/He [8,9]

0/I & 1.0 stable H/He none [10]

Table 1.2: Burning regimes in the accreted layers on the surface of accreting neutron stars.
Table adapted from Galloway et al. (2008), Keek and Heger (2016), and Galloway, Goodwin
and Keek (2017). Note that the Roman numeral ordering is reversed in Galloway, Goodwin
and Keek (2017), and the Arabic numbers refer to the cases described by Fujimoto, Hanawa
and Miyaji (1981).
References: 1. Peng, Brown and Truran (2007); 2. Cooper and Narayan (2007); 3. Galloway and Cumming (2006); 4. Woosley et al. (2004); 5. Galloway
et al. (2004b); 6. Fisker, Schatz and Thielemann (2008); 7. Keek and Heger (2016); 8. Narayan and Heyl (2003); 9. Heger, Cumming and Woosley (2007);

10. Schatz et al. (2001)

1.6.3 Burning Regimes

Depending on the accretion rate and composition of the fuel, different burning
regimes can be defined that describe the type of stable burning that can occur in
the accreted fuel layers, and the primary composition of the burst, if burst con-
ditions can be reached. Fujimoto, Hanawa and Miyaji (1981) initially described
four different cases of burning: high accretion rates, where the accreted fuel burns
stably (case I), lower accretion rates, where hydrogen burns unstably and bursts
with much longer tails due to the rp-process are observed (case II/III), and finally
even lower accretion rates, where hydrogen burns to helium stably in the lower
layers of the atmosphere and unstable helium ignition is the primary source of the
bursts (case IV). Keek and Heger (2016) proposed an additional burning regime,
and described the burning regimes as outlined in Table 1.2.

It is clear that there can be some strange behaviour where stability is reached for
specific accretion rates. Since the accretion rate can vary for an individual source
across an outburst, it is thought that some systems may only exhibit bursts for
short periods, then return to stable burning of the accreted fuel.

1.6.4 Models of Thermonuclear X-ray Bursts

Since the discovery of X-ray bursts, modelling of these energetic events has played
a significant role in our understanding. Models can predict observed burst rise
times, durations, energies and recurrence times, and can be compared to obser-
vations. Models are useful because they also allow constraints on non-observable
parameters, such as the composition of the accreted fuel, that enable us to gain a
greater understanding of the physics underlying these extraordinary explosions,
as well as insight into the evolution of LMXBs.

Early models (e.g. Woosley and Taam, 1976; Fujimoto, Hanawa and Miyaji, 1981;
Taam, 1980; van Paradijs, Penninx and Lewin, 1988; Cumming and Bildsten, 2000)
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exploit the correlation between burst energies and recurrence times using analytic
or semi-analytic approaches to integrate a time-independent ignition column un-
der simple assumptions. More recent models (e.g. Woosley et al., 2004; Paxton et al.,
2011) focus more heavily on the nuclear physics driving the bursts, implementing a
deeper understanding of the nuclear reactions that occur to predict burst energies
based on fuel composition and accretion rates. The most advanced of these models,
KEPLER (Woosley et al., 2004) and MESA (Paxton et al., 2011), use time-dependent ad-
aptive nuclear reaction networks to model the burning before, and during a burst
in more detail, as well as solving the full hydrostatic stellar structure equations,
at the cost of longer run times. However, even the most advanced models are still
one-dimensional. More details on specific models of X-ray bursts are provided in
Chapter 2.

X-ray bursts are a complex phenomenon, and there are many challenges to de-
veloping a comprehensive model that encompasses all of the underlying physics.
Woosley et al. (2004) described four challenges that simulations of X-ray bursts
face.

The first challenge they describe is the geometry of accretion, the distribution
of accreted fuel, and the location of the ignition of a burst: "Is the accretion uni-
formly distributed over the surface of the neutron star prior to runaway and does the
burst commence almost simultaneously over that surface?". These questions are, per-
haps surprisingly, quite difficult to obtain a definite answer. The observation of
burst oscillations during X-ray bursts that usually drift around the spin period of
the neutron star have motivated scientists to suggest that they could be caused
by the burning front of an X-ray burst as it spreads around the neutron star, or
temperature/burning asymmetries on the surface of the neutron star. This sugges-
tion would imply that X-ray bursts do not burn uniformly on the surface of the
neutron star, and that rotation plays a key role in the ignition, and spreading of
flame fronts (see Strohmayer and Bildsten, 2003, for a review). Since most burst
models are one-dimensional, they assume spherical symmetry, and do not model
these kinds of effects. Recently, there have been attempts at modelling the flame
front and spreading during the ignition of a burst in two and three-dimensions,
most notably by Cavecchi and Spitkovsky (2019). The presence of hotspots on the
surface of AMSPs has motivated suggestions that these are caused by magnetic
channelling of the accreted fuel as it is transferred from the accretion disk to the
neutron star. The question remains, however, if a hotspot on the surface of a neut-
ron star could induce X-ray burst ignition preferentially at the hotspot, or if the
fuel spreads over the surface of the star before ignition conditions are reached.

The second challenge Woosley et al. (2004) describe is that "the nuclear physics is
complex, with no single or even several reactions governing the energy generation rate".
There are over a thousand nuclear reactions that may occur during unstable burn-
ing and the rp- and αp-processes, and a comprehensive model must individually
calculate the energy release of each of these reactions in order to obtain an accur-
ate measure of the energy released during a burst. Both KEPLER and MESA include
nuclear reaction networks, however, many nuclear reaction rates are still quite un-
certain, and we rely on experimentalists to provide more precise measurements.
Nevertheless, it is not always possible to calculate a full nuclear reaction network
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as these models are computationally expensive, and so we rely on approximations
to the energy generations in simpler X-ray burst models.

The third challenge described by Woosley et al. (2004) is that a comprehensive
model must simulate an entire train of bursts, rather than a single burst that most
simple models are able to simulate. Consecutive bursts likely ignite in the ashes of
previous bursts, which creates thermal and compositional "inertia" (Taam, 1980),
and can affect the properties of subsequent bursts. Again, KEPLER and MESA solve
the full set of hydrostatic equations of stellar structure, and thus are able to track
the accumulation of fuel, and the conditions of the accretion column in subsequent
bursts as they ignite in the ashes of previous bursts.

The final challenge that Woosley et al. (2004) describe is the comparison of pre-
dicted and observed X-ray burst spectra. Often simulated burst spectra cannot
be directly compared to observed burst spectra, but discovering ways in which
this is possible will enable a deeper understanding of the physics that drives the
burst rise times, lightcurve shape, and exponential decay times. Recently, John-
ston, Heger and Galloway (2018) modelled an observed burst train of the AMSP
SAX J1808.4–3658 using KEPLER, and provided a comparison of the observed and
modelled burst lightcurves, shown in Figure 1.8.

Figure 1.8: Observed (black) and modelled (green) X-ray burst lightcurves for the source
SAX J1808.4–3658. Figure from Johnston, Heger and Galloway (2018), Figure 4.
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1.7 models of accreting neutron stars

1.7.1 The Disk Instability Model

The thermal-viscous disk instability model (DIM) is the current prevalent theory
that describes outbursts of dwarf novae and LMXBs see Hameury, 2020; Dubus,
Hameury and Lasota, 2001; Lasota, 2001, for reviews. Outbursts in dwarf novae
and transient LMXBs are characterised by an abrupt increase in luminosity of
several orders of magnitude over a few days, followed by an exponential de-
cay on a timescale of a month before the system returns to its low luminosity
(L ∼ 1033 erg s−1) quiescent state.

The first observational record of a dwarf nova (or U Geminorum-type variable
star) is U Geminorum in 1855 (Pogson, 1857). U Geminorum is a classic example of
a dwarf novae system, in which a white dwarf is in a close orbit with a red dwarf
star, and undergoes outburst every few months. A century after U Geminorum
was discovered, Hōshi (1979) suggested a mechanism for the periodic outbursts:
they described a scenario in which the surface density of the accretion disk in-
creases by continual mass transfer until a certain critical value is reached, at which
time a thermal instability occurs inside the disk, raising the temperature by more
than a factor of 10. The material in the disk then travels inward to the white dwarf
due to angular momentum transport, triggering a luminous accretion episode. The
discovery that models of accretion disks were unstable at temperatures correspond-
ing to the ionisation of hydrogen (e.g. Meyer and Meyer-Hofmeister, 1981) further
solidified the thermal-viscous disk instability model as the mechanism behind out-
bursts.

Now, more than 40 years later, the DIM has evolved, and various key compon-
ents have been added, including the effects of irradiation. Whilst the DIM was
initially developed to explain outbursts of dwarf novae-type systems, the similar-
ity in the fast-rise exponential-decay behaviour between these outbursts and those
of transient LMXBs has motivated the same underlying mechanism of outburst to
be proposed for both types of systems (e.g. van Paradijs, 1996; Cannizzo, Wheeler
and Ghosh, 1985). However, significant modifications have to be introduced in
order to explain some of the fundamental observational properties of transient
LMXBs, including disk truncation and irradiation (van Paradijs, 1996).

According to the DIM, the outburst-quiescence cycle of an LMXB or nova may
proceed as follows: first, during quiescence, mass accumulates into a cold disk via
Roche-Lobe overflow from the companion. Material does not transfer directly to
the compact object, since it has angular momentum from the companion star be-
ing in orbit, and thus forms an accretion disk instead. Matter accumulates until
the disk reaches a critical radius or surface density, and the disk temperature rises
to the critical value required to ionise hydrogen. This causes a heating front to
propagate through the disk, bringing it to a hot, bright state, and commencing the
outburst (e.g. Hameury, 2020). The outburst lasts on the order of a month, dur-
ing which time accretion onto the compact object gives rise to X-ray emission. The
outburst then follows an exponential decay in luminosity as the disk cools, and
the system returns to quiescence to begin building up mass in the disk for the
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next outburst. This explanation is a very simplified picture of what is happening
during an outburst of an LXMB, and there is variation observed in the behaviour
of many systems. One key property is the time delay between when the disk in-
stability first occurs, and the heating front begins to propagate in the disk, and
when the outburst commences, and accretion luminosity onto the compact object
is observed.

Dubus, Hameury and Lasota (2001) describe two different kinds of outburst, de-
pending on how long it takes for the heating front to propagate in to the inner
disk. In the standard DIM, two heating fronts are formed at the point of ignition,
and they propagate both inwards and outwards from the ignition radius (Menou,
Hameury and Stehle, 1999). In “inside-out" outbursts, the ignition occurs at a small
radius, and the inward propagating front reaches the inner disk much faster than
the outward propagating front reaches the outer disk. In “outside-in" outbursts,
the ignition occurs at a larger disk radius, and can take much longer for the heat-
ing front to reach the inner disk. Dubus, Hameury and Lasota (2001) describes the
primary difference between “inside-out" and “outside-in" outbursts: that during
quiescence the density profile of the disk is approximately linearly proportional to
the radius, which implies that “outside-in" heating fronts always progress through
regions of decreasing surface density. Whereas, in “inside-out" outbursts, the out-
ward front can encounter regions of higher densities, and if the front does not
transport enough matter to raise the density, it stalls and a cooling front can de-
velop. Thus “inside-out" outburst fronts propagate slowly, leading to slower rise
times than “outside-in" outbursts. When irradiation is accounted for, it does not
change the structure of the heating front, but it does change the maximum radius
to which an “inside-out" outburst can propagate.

The location of ignition of the heating front is thought to depend on the mass
transfer rate from the secondary and the disk’s size (Smak, 1984; Hameury et al.,
1998). For low mass transfer rates, the accreted matter will drift down the cold disk,
and the maximum surface density will accumulate in the inner disk, giving rise to
inside-out outbursts. If the mass transfer rate is high, the mass accumulation time
at the outer radius can become lower than the drift time, and an outside-in outburst
will be triggered by the higher surface density in the outer disk. Dubus, Hameury
and Lasota (2001) found that the mass transfer rate required for an outside-in
outburst to occur in their model of a LMXB was higher than the accretion rate for
which the disk was stable, thus indicating that inside-out outbursts are more likely
for this kind of system. They conclude that ignition near the outer edge of a large,
irradiated disk is difficult to obtain.

There is evidence that the viscosity of the accretion disk in CVs changes when
the disk goes from the low state (quiescent, accreting state) to the high state (un-
stable, outburst state). In order to generate a model that matches the amplitude
and cycle frequency of dwarf novae systems, the disk requires a lower viscosity
in quiescence than in outburst (Smak, 1984; Lin, Papaloizou and Faulkner, 1985).
This is known as a “two-α” model, since there are two viscosities; αc for during
quiescence and αh for during outburst.

According to Dubus, Hameury and Lasota (2001), the DIM fails to describe 3

fundamental observational properties of soft X-ray transient outbursts. These are:
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the long recurrence time of outbursts, in which it can be years between outbursts
in certain systems; the fact that the tail of outbursts are not dominated by reflare
episodes, which are observed only in a few systems; and the luminosities observed
are brighter than expected if the accretion disk reaches down to the compact object.
Thus it was evident that some key modifications were required of the classic DIM
for soft X-ray transient systems. These include: inner disk truncation (caused by a
strong magnetic field of the neutron star), accretion disk and donor star irradiation
(caused by luminosity from the central regions of the disk or a corona), evapora-
tion during quiescence, mass transfer variations, and the existence of winds and
outflows that can exert a torque on the accretion disk. Menou et al. (2000) in-
cluded a truncated disk in their models, however, required much lower αs than
CVs (α ≈ 0.01), and could not reproduce the observed short rise times of LMXB
outbursts. Dubus, Hameury and Lasota (2001) included a truncated disk, evapora-
tion during quiescence, and irradiation during outburst and found that they could
generate an adequate model of an LMXB with similar viscosities to those used in
CV models.

Despite the numerous improvements, modifications, and observational tests the
DIM has been subject to since it was first proposed in the 1970s, it still does not
perfectly encapsulate everything about an LMXB outburst, since there is so much
variation in observational properties from system to system.

1.8 thesis outline

This research aims to further understand accreting neutron star systems by using
computer models and observations. We study how the strong gravitational field of
the neutron star affects its environment, the thermonuclear explosions that occur
on their surface, and the geometry and structure of the accretion disk and accretion
flow around a neutron star. This thesis answers four broad questions:

1. What causes the onset of accretion outbursts and how does observational
data constrain the current theory that describes accretion disk structure?

2. How much energy does an X-ray burst release and on what factors does it
depend?

3. Can a hotspot on the surface of a neutron star induce off-equator ignition of
X-ray bursts?

4. Can observations of accreting neutron stars be combined with models to infer
system parameters, such as neutron star mass and radius, that we cannot
observe?

5. How do accreting neutron star systems evolve, how did they begin, and how
will they end?

In this thesis, we present a combination of observations and models that explore
accreting neutron star systems. In Chapter 2 we provide more detail into the meth-
ods and modelling techniques used in this work. In Chapter 3 we present two
published works on modelling X-ray bursts and the affect of accretion hotspots on
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the surface of a neutron star. In Chapter 4 we present two observational papers,
the first presenting the discovery of X-ray bursts from XMMU J181227.8–181234 in
archival data, and the second presenting an observational campaign we led in 2019

that provides the first comprehensive observations of the rise to outburst of an ac-
creting neutron star system. In Chapter 5 we present software that we developed
to match observations of an accreting neutron star in outburst with a model, to
predict parameters we can not observe, applied to the AMSP SAX J1808.4–3658. In
Chapter 6 we present evolutionary track calculations we performed using MESA of
the AMSP SAX J1808.4–3658, given the system has been observed to have peculiar
orbital period evolution. Finally, in Chapter 7 we present a summary of this work,
and future outlook.



2
M E T H O D S

In this chapter we outline the methods used in each of the papers presented in this
thesis in an overarching way. We focus on the specific models and software used,
observational techniques, and parameterisation of the problems addressed in this
work.

2.1 models

Models of accreting neutron stars cover a broad range of phenomenon, including
binary evolution, thermonuclear X-ray bursts, the neutron star equation of state, ac-
cretion disk structure and stability, and accretion flows. Models of the binary evol-
ution of accreting neutron stars often treat the neutron star as a point mass, and
perform calculations of the evolution of the companion star and the orbit. Models
of thermonuclear X-ray bursts range from full time-dependent hydrodynamical
simulations to analytic studies of the accretion column. Full time-dependent calcu-
lations are advantageous as they enable thermal and compositional inertia to be
modelled, in which the changes in composition and temperature due to previous
bursts are tracked and accounted for. Analytic calculations, whilst often contain-
ing considerably less physics, are useful as they are less computationally expensive
to run whilst still allowing extended parameter studies. Most current models of X-
ray bursts do not consider complex questions that are currently poorly understood,
such as how the burning front spreads across the star after ignition occurs, what
determines the number of hotspots on the surface of the star, or the cause of asym-
metry near the end of the burst as the material is cooling. There are recent studies,
however, that use simplified nuclear reaction networks to explore flame spread-
ing on the surface of a neutron star during a burst (e.g. Cavecchi and Spitkovsky,
2019).

2.1.1 Settle

Settle is a semi-analytic ignition code developed by Cumming and Bildsten (2000)
that models the atmosphere of an accreting neutron star to find the ignition con-
ditions for a thermonuclear Type I X-ray burst. Whilst models such as Kepler

are designed to comprehensively model X-ray bursts, they are very computation-
ally expensive to run, as they often require large nuclear reaction networks. Semi-
analytic models such as Settle, are simpler and computationally less expensive to
run. Studies have applied Settle to observations of regular Type I bursters, such
as 4U 1820–30 (Cumming, 2003), GS 1826–24 (Galloway et al., 2004a) and SAX
J1808.4–3658 (This work, Chapter 5 Galloway and Cumming, 2006).

Modelling the burning layer during a burst involves complex physics and simple
models such as Settle must make many assumptions during the modelling pro-

33
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cess. Settle uses one-dimensional hydrostatic models of the neutron star atmo-
sphere, assuming the hot burning material decouples from the cooler underlying
ashes during a burst. The model does not include thermal or compositional inertia,
due to the lack of time-dependence in the calculations.

The column depth, y, is defined such that dy = −ρdz, where z is the radial
coordinate in the star. The pressure in Settle obeys dP/dz = −ρg where ρ is the
density and g is the surface gravity.

The temperature profile of the accumulating fuel layer is calculated given the
accretion rate, and the accreted layer is allowed to build up until the one-zone
condition for a thermal runaway is satisfied at the base of the layer. This ignition
condition is simply given by (Fushiki and Lamb, 1987a)

dε3α
dT

>
dεcool

dT
(2.1)

where ε3α is the energy production rate of helium burning via the triple-α re-
action and εcool is the effective local cooling rate. ε3α can be approximated by
(Fushiki and Lamb, 1987b)

ε3α = 5.3× 1021f
ρ25Y

3

T38
exp

(
−44

T8

)
ergs g−1 s−1 (2.2)

where f is the screening factor, Y is the helium mass fraction, T8 is T/108 (K), and
ρ5 is ρ/105 (g cm−3).

The effective local cooling rate can be approximated by (Cumming and Bildsten,
2000)

εcool ≈
acT4

3κy2
(2.3)

Effectively, the ignition condition in Equation 2.1 states that a burst (triggered by
thermal instability) will occur when the local heating rate is greater than the local
cooling rate. Unfortunately, Settle does not account for heating due to additional
nuclear reactions that can occur in the accreted fuel layer or compressional heating,
however, it is well understood that bursts are usually triggered by the heating due
to the triple-α reaction (e.g., Bildsten, 1998).

Hydrogen is assumed to burn via the hot CNO cycle during accumulation,
which provides an energy generation rate of (Cumming and Bildsten, 2000)

εH = 5.94× 1013
(
ZCNO
0.01

)
ergs g−1 s−1 (2.4)

where ZCNO is the mass fraction of CNO nuclei.
Since hydrogen burns at a constant rate in the beta-limited CNO cycle, the time

to burn all of the hydrogen (tH) is dependent only on Z and the initial hydrogen
abundance, X0. Cumming and Bildsten (2000) calculated tH to be

tH ≈ 11(
0.02
ZCNO

)(
X

0.71
) hr (2.5)
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Other studies, such as Lampe, Heger and Galloway (2016), however, show that
tH is

tH = 9.8(
X

0.7
)(
0.02
ZCNO

) hr (2.6)

which agrees within the precision of a similar derivation by Fujimoto, Hanawa and
Miyaji (1981), in which they derived:

tH = 9.7(
0.02
ZCNO

) hr (2.7)

for X = 0.7.
Lampe, Heger and Galloway (2016) deduced that the discrepancy in Cumming

and Bildsten (2000)’s depletion time for hydrogen could be attributed to the deriva-
tion by Cumming and Bildsten (2000) failing to incorporate neutrino energy losses
in the CNO cycle.

A burst is triggered when helium burning becomes unstable at the base of the
accumulated layer, which occurs at a temperature of ≈ 2× 108 K and densities of
∼ 105 − 106 g cm−3. The composition of the burst, and thus many of its properties,
is dependent on the accumulation time before ignition conditions are met at the
base of the accreted column. In general, when the accretion rate is higher (ṁ &
0.03ṁEdd), helium burning becomes unstable before hydrogen has depleted in the
ignition column, and the bursts ignite in a hydrogen rich environment. Conversely,
if the accretion rate is lower, the burst will ignite in a pure helium environment
since there is time for all of the hydrogen to be converted to helium prior to the
burst igniting. In the code this is implemented by defining the column depth at
which hydrogen runs out (yd)

yd = 6.8× 108( ṁ

0.01ṁEdd
)(
0.01
ZCNO

)(
X0
0.71

) g cm−2 (2.8)

and if ignition conditions are met at a column depth y < yd, a mixed H/He
burst occurs, otherwise the burst ignites in a pure helium environment.

As outlined in Cumming and Bildsten (2000), the thermal profile of the accreted
layer is given by the heat equation

dT
dy

=
3κF

4acT3
(2.9)

where κ is the opacity, and F is the outward heat flux.
In Settle, the entropy equation is assumed to be

ε = −
dF
dy

(2.10)

The temperature profile is found by integrating Equations 2.9 and 2.10 from
the top (fixed to y = 5 × 104 g cm−2) to the base of the accreted column using
an adaptive step-size Runge-Kutta integration method (see Vetterling et al., 2002,
p.721). ε is set to εH for y < yd and 0 for y > yd. The ignition depth (yb) is found
by integrating iteratively until the ignition condition (Eq. 2.1) is met.

The input parameters for Settle include: NS mass (M), radius (R), composition
of the accreted fuel (X and Z), accretion rate (ṁ), and base flux (Qb). The neutron
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star mass and radius set the gravitational redshift and surface gravity. The compos-
ition of the accreted fuel sets the composition of the burst based on the time taken
for ignition conditions to be met. Once the ignition depth is found, the accretion
rate, metallicity, and calculated ignition depth (yb) set the predicted recurrence
time of bursts via

∆t =
(1+ z)yb

ṁ
(2.11)

where 1+ z is the redshift correction to convert the recurrence time from the neut-
ron star frame to the observer frame.

The fluence (Eb) and α values of the burst are calculated using

Eb =
4πR2ybQnuc

1+ z
(2.12)

α =
Qgrav

Qnuc
(2.13)

where Qgrav ≈ GM/R ≈ 290MeV nucleon−1 is the gravitational energy, M is the
neutron star mass, R is the neutron star radius, and Qnuc is the total energy gener-
ation of the burst, which originally was given by Cumming and Bildsten (2000) to
be

Qnuc = 1.4+ 4X̄ MeV/nucleon (2.14)

where X̄ is the average hydrogen mass fraction of the ignition column, X̄ = X(1.0−
0.5yb
yd

).
In Chapter 3, however, we re-calibrate this relation using Kepler and find that

the total energy generation of a burst is more accurately given by

Qnuc = 1.35+ 6.05X̄ MeV/nucleon (2.15)

In this work we have updated the CNO energy generation rate (Equation 2.4), the
time to burn hydrogen 2.5, and the nuclear energy generation of a burst (Equation
2.15) from the original values used in Cumming and Bildsten (2000). In Chapter
5 we present a comparison of Kepler and Settle burst predictions, and provide
details on a correction applied to Settle to account for differences.

2.1.2 KEPLER

Kepler is a 1-dimensional, multi-zone, implicit hydrodynamics Lagrangian stel-
lar evolution code that has a wide range of applications from modelling stellar
evolution, to supernovae, to X-ray bursts on accreting neutron stars (Weaver, Zi-
mmerman and Woosley, 1978). It integrates the time-dependent equations of con-
servation of momentum, mass, and energy, in spherical symmetry, as outlined by
Weaver, Zimmerman and Woosley (1978). The version of Kepler used in this work
does not model rotation or magnetic fields. It allows for a general mixture of ra-
diation, ions, and degenerate or relativistic electrons and implements the Ledoux
criterion for convection. Accretion is treated as in Taam, Woosley and Lamb (1996).
Whereas Kepler can include post-Newtonian approximation, we do not use this
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here as the accretion layer is usually much thinner than its radius and the domain
is well approximated as a local Newtonian frame. Corrections must be applied to
compare the results obtained with observations in the observer reference frame
for different assumptions of neutron star radius and mass. What matters for the
bare simulations is the gravitational acceleration in the rest-frame of the simulated
layer.

When modelling X-ray bursts, Kepler is able to simulate chains of bursts, track-
ing changes in composition in the accreted layer during accretion, the bursts, and
the ashes that consequent bursts may ignite in. It calculates the nuclear energy gen-
eration and composition changes at each timestep during accretion, and the code
checks if the Ledoux criterion for instability is satisfied at each timestep, enabling
episodes of convection and thermohaline mixing between bursts (Woosley et al.,
2004). In practice, only the outer ≈ 2× 1025 g (. 10m, excluding the ≈ 60m sub-
strate) of the neutron star crust is simulated, which is orders of magnitude larger
than the mass accreted during a simulated outburst, and the layer is able to act
as a repository for thermal inertia. The "substrate" is usually set to consist of pure
iron (or other non-nuclear-reactive substances), and the luminosity at the base of
the substrate (or the base flux) can be manually set in the generator file. Before
accretion is switched on the substrate is given time to relax to a thermal steady
state.

The adaptive nuclear reaction network implemented in Kepler for simulating X-
ray bursts tracks up to 1300 isotopes ranging from Z = 1 to Z = 84, as described in
Woosley et al. (2004). Reaction rates are taken from either experiment, shell model,
or statistical model calculations. Most reaction rates are taken from the Hauser-
Feshbach NON-SMOKER code (Rauscher and Thielemann, 2000), excepting nuclei
with mass A = 44− 63, where rates are experimentally undetermined, the (p, γ)
rates are taken from shell model calculations by Fisker et al. (2001). Kepler adopts
experimentally determined rates wherever possible1.

An example train of X-ray bursts simulated by Kepler is shown in Figure 2.1
(Woosley et al., 2004), highlighting the detail able to be obtained in Kepler models,
as well as the importance of modelling trains of bursts to account for compositional
and thermal inertia.

1 see http://www-pat.llnl.gov/Research/RRSN/

http://www-pat.llnl.gov/Research/RRSN/
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Figure 2.1: A Kepler simulated X-ray burst train for model with parameters H mass frac-
tion X = 0.759, CNO metallicity Z = 0.05Z�, and accretion rate ṁ = 17.5×10−10M� yr−1.
Top panel: The lightcurve of the simulated bursts. Note that the first burst is almost always
significantly brighter than subsequent bursts. Bottom panel: A Kippenhahn diagram of the
bursts. Blue shading indicates net energy generation and pink shading indicates net energy
losses. The heat flow and burning in the ashes of previous bursts is clearly visible. Figure
reproduced with permission from Woosley et al. (2004).
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In this work we use Kepler for two separate purposes. Firstly, in Chapter 3,
we use Kepler to simulate the total energy generation (and other properties) of
X-ray bursts for a range of initial compositions and accretion rates. We perform
calculations of a grid of 84 Kepler models and analyse the properties of the bursts
produced. We also use Kepler in Chapter 3 to extract an opacity table that gives
the value of opacity for different temperature and density combinations, to extract
a density and temperature distribution for use in a our 2D model of the heat
transport mechanisms in the accreted layers on the surface of an accreting neutron
star, as well as for 1D models of the effect of a hotspot on the surface.

The Kepler generator files used to perform both sets of calculations in Chapter
3 are available in Appendix A.

2.1.3 MESA

Modules for Experiments in Astrophysics (MESA, Paxton et al., 2011, 2013, 2015,
2018, 2019)2 is a publicly available 1-dimensional stellar evolution code that has
the capability of modelling a wide range of stellar evolutionary scenarios, from low
mass to massive stars, binary evolution, and even accreting neutron stars and X-
ray bursts. It was developed by Paxton and co-authors in the early 2000s, with the
primary goal of creating a publicly available, open source resource for education,
research, and outreach purposes. MESA has been used widely in the Astrophysics
literature to model an enormous range of phenomenon; here we focus on the usage
and setup of MESA for the applications relevant to this work.

In general terms, MESA solves the stellar structure equations numerically in For-
tran, with automatic mesh refinement, analytic Jacobians, and coupled solution
of the structure and composition equations. It assumes spherical symmetry, and
divides the structure into cells, the number of which depend on the complex-
ity of nuclear burning, composition, gradients of state variables, etc. MESA solves
the coupled composition and structure equations for each cell using a Newton-
Raphson scheme, and converges on a solution at each timestep by iteratively im-
proving on the trial solution (for which it uses the previous model from the previ-
ous timestep). The convergence criteria are numerous and can be manually altered
by a user, or automatically adjusted by MESA during a computationally expensive
calculation (e.g. during the He core flash phase of stellar evolution). The Henyey,
Vardya and Bodenheimer (1965) prescription for convection is adopted using the
mixing length theory, and is time dependent.

The nuclear reaction network implemented by MESA involves over 300 rates for
elements up to nickel, and includes the weak reaction rates for hydrogen burning.
There are multiple network options, including net, which uses nuclear reaction
rates from publicly available code3, including a basic network of eight isotopes:
1H, 3He, 4He, 12C, 14N, 16O, 20Ne, and 24Mg, as well as extended networks.
Alternatively, one can use the JINA Reaclib database for thermonuclear reaction
rates (Rauscher and Thielemann, 2000; Cyburt et al., 2010), which covers more
than 76,000 nuclear reactions with more than 4500 isotopes.

2 http://mesa.sourceforge.net

3 http://cococubed.asu.edu/code_pages/codes.shtml

http://mesa.sourceforge.net
http://cococubed.asu.edu/code_pages/codes.shtml
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MESA has 2 main modules, MESAstar and MESAbinary. MESAstar can be used on
its own to evolve a single star, and MESAbinary uses MESAstar to evolve two stars
in a binary, or a compact object (point source) and a star in a binary.

2.1.3.1 Application to binary evolution

MESAbinary has been used extensively to model binary evolution, including accret-
ing neutron star binary systems (e.g. Jia and Li, 2016; Chen, 2017; Fragos et al.,
2019). Usually in these simulations the neutron star is assumed to be a point mass,
and mass transfer is calculated using the Ritter (1988) scheme and the Eggleton
(1983) Roche Lobe overflow scheme. Orbital angular momentum changes are at-
tributed to the Peters (1964) gravitational radiation prescription, the Rappaport,
Verbunt and Joss (1983) magnetic braking prescription, and mass ejected from the
system. The mass ejected can be manually adjusted to include mass ejected from
the donor, accretor, and circumbinary coplanar toroid, with ejection from each
location causing different changes to the orbital angular momentum. During ac-
cretion episodes in MESAbinary, small amounts of mass are added to the model’s
outer layer, and the stellar structure is readjusted (Paxton et al., 2011). The amount
of mass accreted is calculated using the Eggleton (1983) scheme for Roche-Lobe
overflow.

2.1.3.2 Application to X-ray bursts

MESAbinary can be used to model X-ray bursting accreting neutron star systems,
as in Paxton et al. (2015) and Meisel (2018). Parameters such as accretion rate, Ṁ,
base flux, Qb, metallicity, Z, and H mass fraction, X, can be set, similar to Kepler.
Nuclear reaction rates can be set to the JINA Reaclib database, using 304 isotopes
of Fisker, Schatz and Thielemann (2008). In the X-ray burst calculations performed
by Meisel (2018) they use a neutron star envelope 0.01 km thick, and an inner
boundary of mass 1.4 M� and radius 11.2 km. The envelope contains ∼1000 zones
and the local gravity of each zone is corrected for general relativistic effects using a
post-Newtonian correction. Some example burst trains and lightcurves from MESA

models of a helium accretor are shown in Figure 2.2. Qualitatively it seems Kepler
and MESA simulations of X-ray bursts produce similar results, however there has
been no thorough quantitative comparison.

In this work we use MESA to evolve a low mass neutron star X-ray binary. We
use MESAbinary and evolve one star, with the other (the neutron star) being a point
mass. We allow for mass transfer, and wrote additional modules to include the
effects of evaporation and irradiation on the internal structure of the donor star,
and the orbit. We also wrote an additional module to allow for mass ejected at
the inner Lagrangian point of the binary system, for reasons outlined in Chapter 6.
These routines are incorporated into MESA using the extras functionality. The MESA

inlists we used to perform the calculations in Chapter 6 are available in Appendix
A, as well as the extras routines.
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Figure 2.2: MESA simulated X-ray burst trains for a helium accreting model with accretion
rate 3× 10−8M� yr−1. The bottom left panel shows the X-ray burst lightcurve, where 3

bursts have been simulated. The top right panel shows the abundance of different elements
with column depth.

2.2 observational techniques

Processing and reduction of X-ray observations is necessary in order to extract
useful information, such as fluxes, from the data. In this work we analysed both
RXTE/PCA and Swift/XRT telescope data using the HEASoft xspec package.

2.2.1 HEASoft

HEASoft4 is a collection of tools and software packages for use in analysing ob-
servational data from many instruments. In this work, we analyse X-ray data from
RXTE and Swift, primarily using the HEASoft package xspec to carry out spectral
fitting.

When we obtain spectral observations of a source, the telescope measures the
photon counts, C, within specific instrument channels, I. As discussed in detail by
Ingham and Arnaud (The Xselect User’s Guide), the observed spectrum is related to
the actual spectrum (f(E))of the source via

C(I) =

∫
f(E)R(I,E)dE (2.16)

4 https://heasarc.gsfc.nasa.gov/docs/software/heasoft/
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Figure 2.3: Example spectrum extracted from xspec for RXTE data of XTE J1814–338 in
outburst, as presented in Chapter 3. Top panel: the scatter points indicate the raw observa-
tional data and the line shows the model fit, in this case an absorbed blackbody. Bottom
panel: the residuals of the model fit from the raw data.

where R(I,E) is the instrumental response, proportional to the probability of an
incoming photon with energy E being detected in channel I.

Usually, a model spectrum, f(E), is chosen that can be described by a few para-
meters (f(E,p1,p2, ..)) and is fit to the observed telescope data. Finding the "best-
fit" model spectrum can be done in multiple ways, the most common of which
uses a χ2 minimisation technique.

One can choose the parametrised model spectrum to represent what may be
expected based on the type of source observed. When modelling accreting neut-
ron stars, we often choose to fit the spectrum with a blackbody or powerlaw, or
multiplicative components.
xspec allows for many different types of model spectrum, including absorbed

blackbodies, powerlaws, as well as modifying additive components by energy-
dependent factors, for example for photoelectric absorption.

2.3 bayesian analysis and markov chain monte carlo methods

At the core of Bayesian theory is the concept of using prior information to inform
probabilities. Bayes’s theorem states that for two random quantities, θ and y,

p(θ|y) =
p(y|θ)p(θ)

p(y)
(2.17)

where p() is a probability distribution and p(|) is a conditional distribution (e.g.,
Berger, 1985; Joyce, 2003).

Bayesian analysis involves combining prior information, p(θ), with some sample
information, y, into a posterior distribution of θ given y, p(θ|y) from which infer-
ence can be made. The sample information may be in the form of a likelihood,
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p(y|θ). In the case of Chapter 5 in this work, the sample information (p(y|θ)) cor-
responds to a likelihood function that assesses how well observations (y) of a burst
train match predictions from Settle for a certain set of θ parameters. We define y
as the observed recurrence time, energy, and α values of the bursts, and p(y|θ) is a
likelihood function that is largest when the observations exactly match the predic-
tions from Settle. The θ parameters include the composition of the accreted fuel,
the accretion rate, the base flux, the NS mass, radius, and other model paramet-
ers. We define priors for each of the θ parameters, that represent expectations of
what the probability distribution for each of these parameters should be, without
considering the specific observations we are matching. The θ parameters are what
we are interested in obtaining constraints on, and through using Bayesian infer-
ence we are able to obtain posterior distributions for each of these parameters.
The posterior distributions thus provide a posterior probability distribution for θ
by combining the prior beliefs about θ with information contained in the sample
information (e.g. Berger, 1985).

However, as explained by Berger (1985), determining the prior information is
not always straightforward, and it can be heavily affected by our beliefs. A prior is
defined as the probability distribution of a certain quantity that contains one’s be-
liefs about the quantity before any data is considered. Priors can be uninformative
and uniform, where upper and lower bounds are chosen for parameters in θ and
a uniform probability distribution is assumed between those bounds. Or, a more
informed prior probability distribution can be implemented, which takes into ac-
count some understanding of the expected distribution of the quantity. Usually
priors are informed by past information (experiments), or could be deduced from
a purely subjective understanding of the quantity. If there is no relevant expecta-
tion of the probability distribution a quantity may have, an uninformative prior
may be used. For example, in Chapter 5, we use a probability distribution as a
prior for metallicity, Z, where we obtain the probability distribution from a model
of the galaxy at the location of the source we are interested in. In this case, the
prior distribution is non-uniform and we are using previous knowledge about the
possible values for the metallicity, before considering the values of metallicity the
evidence (or our model) finds likely. Conversely, for the hydrogen mass fraction, X,
we have no a priori expectation of the probability distribution except that it cannot
be less than 0 or more than the value of X for the Universe at the time of the Big
Bang. In this case we thus use a uniform prior with bounds 0 < X < 0.76.

2.3.1 Markov Chain Monte Carlo methods

Markov Chain Monte Carlo (MCMC) is a numerical method for sampling from a
probability distribution to obtain posterior distributions. In Bayesian inference, it
enables the posterior distribution to be computed through exploration of the para-
meter space. MCMC methods are particularly useful if the likelihood (or model) is
computationally expensive to compute, as they are designed to efficiently sample
the posterior probability distribution, without requiring a full calculation of the
posterior. An MCMC method generates samples, x, from a given probability dis-
tribution, p(x), which is the target density (e.g. Foreman-Mackey et al., 2013). In
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so doing, the target probability distribution can be inferred, without needing to
evaluate p(x) everywhere. Furthermore, the accuracy of an MCMC estimate de-
pends only on the variance of θ, and not the dimensionality of the parameter
space (MacKay, 2003).

There are various implementations of MCMC that use different approaches to
sample the posterior probability distribution. In this work we use a particular
MCMC method called the Metropolis-Hastings method (Metropolis et al., 1953),
as outlined in Foreman-Mackey et al. (2013) and below.

The Metropolis-Hastings method involves "walkers" which take "steps" in ran-
dom directions to explore parameter space and sample from the posterior probab-
ility distribution of θ.

The Metropolis-Hastings algorithm begins with the assumption that at a current
state, x, p(x) can be evaluated at any point x, to within a multiplicative constant,
such that a function p∗(x) can be evaluated where

p(x) = p∗(x)/Z (2.18)

where Z is a normalising constant (MacKay, 2003).
The overall goal of the algorithm is to draw samples from the posterior probab-

ility density, to determine where p(x) is biggest, without having to evaluate p(x)
everywhere.

As outlined in detail in MacKay (2003), the algorithm uses a proposal density, Q,
which depends on the current state, x, and can be any fixed density from which
samples can be drawn. Under the assumption that p∗(x) can be evaluated for any
x, a new state is generated from the proposal density Q(x ′; x). The algorithm then
must decide whether to accept or reject the new proposed state. To do this, it
computes

a =
p∗(x ′)

p∗(x)

Q(x; x ′)
Q(x ′; x)

(2.19)

If a > 1, the new state is accepted. If a < 1, the new state is accepted with
probability a. If the step is accepted, then the next step starts with x = x ′, or if the
step is rejected, then the next step starts with x = x (i.e., there is no movement in
parameter space). The algorithm continues taking steps in this manner for as many
steps as the user desires, and there can be multiple walkers which each perform
their own set of steps in parameter space. The process is ideally run until a "chain"
is generated that consists of samples that are effectively independent samples from
p.

Determining the number of steps required in order for the algorithm to effect-
ively sample the target posterior distribution p(x), however, is not straightforward.
This is where we consider convergence of the MCMC chains. As the number of
steps taken approaches infinity, the probability distribution of x will approach
p(x) = p∗(x)/Z for any positive Q. It can be difficult to assess whether the gen-
erated samples are effectively independent samples of p, since successive samples
are dependent in this algorithm. Foreman-Mackey et al. (2013) suggest the autocor-
relation time and acceptance fraction can be useful measures of the convergence
and performance of the chains.
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The acceptance fraction is simply the number of proposed steps that were accep-
ted (e.g. Foreman-Mackey et al., 2013; Rosenthal, 2011). It can be a reliable measure
of whether the samples are representative of the target density. If the acceptance
fraction is ∼ 0, almost all proposed steps were rejected, and the chain will thus
have only a few independent samples, and not be representative of the target dens-
ity. Conversely, if the acceptance fraction is very high (∼ 1), almost all proposed
steps were accepted, and the algorithm is simply performing a random walk in
parameter space without converging on a region of higher probability, where the
target density may be. Most studies agree that the acceptance fraction should be
between 0.2 to 0.5, however, there is some uncertainty in this, since it can also de-
pend on how big steps are in parameter space; if a walker takes very small steps
the acceptance fraction will likely be very high, but is not representative of the
target density, or if the walker takes steps that are too large the acceptance fraction
will likely be very low and the walker may never move from its initial position
(e.g., Rosenthal, 2011).

The autocorrelation time is a measure of the number of evaluations of the pos-
terior probability distribution necessary to produce independent samples of the
target density (e.g., MacKay, 2003). If the autocorrelation time is long, then more
samples must be generated in order to obtain a representative sampling of the
target density.

2.3.2 emcee

In Chapter 5, we use a Python implementation of MCMC, called emcee5 (Foreman-
Mackey et al., 2013), to combine observations of X-ray bursts with the Settle

model to determine system parameters we cannot observe directly. We call this soft-
ware Bayesian Estimation of Accreting Neutron Star parameters (BEANS)6. emcee
implements the affine invariant ensemble sampler (meaning it is insensitive to cov-
ariances among parameters as it performs equally well under all linear transform-
ations) proposed by Goodman and Weare (2010), based on a Metropolis-Hastings
algorithm.

The likelihood function, prior probability distributions, model, and the observed
data can all be easily input into emcee, as well as the number of walkers and steps
desired for the MCMC algorithm. The posterior distribution of θ is then sampled
and values for the parameters within θ can thus be obtained, with uncertainties.

Figure 2.5 shows an example usage of emcee, for a simple straight line model,
y = mx+ b, and some randomly generated synthetic data (Figure 2.4) to simulate
fitting a straight line to some scatter points. The θ model parameters include m, b
and f (where f is some fractional amount the variance in the Gaussian likelihood
is underestimated by).

For this simple case, a Gaussian likelihood function was used where

lnp(y|x,σ,m,b, f) = −
1

2

∑
n

[
(yn −mxn − b)2

s2n
+ ln(2πs2n)] (2.20)

5 https://emcee.readthedocs.io/en/stable/

6 What is an Astronomy project without a terrible acronym?

https://emcee.readthedocs.io/en/stable/
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Figure 2.4: Synthetic dataset (circles) and model (line) for the simple emcee example.
Figure generated from an example presented on https://emcee.readthedocs.io/en/

stable/.

where s2n = σ2n + f2(mxn + b)2, σ is the variance of the Gaussian distribution
and f is some fractional amount the variance is underestimated by.

Uniform prior distributions were assumed such that

− 5.0 < m < 0.5 (2.21)

0.0 < b < 10.0 (2.22)

− 10.0 < ln f < 1.0 (2.23)

The two dimensional projections of the posterior probabilities obtained for each
of the three θ parameters are shown in Figure 2.5.

In this case there is a clear correlation between b and m, as is expected since
they are dependent in the straight line model, as can be easily seen in the 2D
visualisation in Figure 2.5.

https://emcee.readthedocs.io/en/stable/
https://emcee.readthedocs.io/en/stable/
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Figure 2.5: Example posterior distributions estimated by emcee for marginalisation over
three parameters to fit a straight line to some synthetic data. Blue lines indicate the true
value for each parameter. Figure generated from an example presented on https://emcee.

readthedocs.io/en/stable/.

https://emcee.readthedocs.io/en/stable/
https://emcee.readthedocs.io/en/stable/
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M O D E L S O F A C C R E T I N G N E U T R O N S TA R S

Modelling of accreting neutron star systems is important in deepening our un-
derstanding of the physics of these systems, as well as signalling where our un-
derstanding of the physics may fail to reproduce observed phenomenon. In this
chapter we present two published works of studies that involve modelling of X-
ray bursts on the surface of accreting neutron star systems.

3.1 neutrino losses in type i thermonuclear x-ray bursts : an im-
proved nuclear energy generation approximation

Analytic models of X-ray bursts that do not perform full nuclear reaction network
calculations must make assumptions about the total energy released during a burst.
Analytic models are useful as they are less computationally expensive than the
more robust models, and thus can be used in scenarios that require many model
runs, for example, a Markov Chain Monte Carlo algorithms (see Chapter 2). In the
first study presented in this thesis chapter we address the problem of providing
a simplified energy generation rate of an X-ray burst based on the hydrogen con-
tent of the ignition column that may be used in these simple analytic calculations,
as well as to infer hydrogen fraction from observations of X-ray burst energies.
We also provide estimates of the total amount of energy released in the form of
neutrinos during a burst, and find it is significantly less than assumed in previous
studies.

Published in:
A. J. Goodwin, A. Heger and D. K. Galloway (Jan. 2019). ‘Neutrino Losses in Type
I Thermonuclear X-Ray Bursts: An Improved Nuclear Energy Generation Approx-
imation’. ApJ 870.2, 64, p. 64. doi: 10.3847/1538-4357/aaeed2. arXiv: 1808.02225
[astro-ph.HE]
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ABSTRACT
Type I X-ray bursts are thermonuclear explosions on the surface of accreting neutron stars. Hydrogen rich

X-ray bursts burn protons far from the line of stability and can release energy in the form of neutrinos from
β-decays. We have estimated, for the first time, the neutrino fluxes of Type I bursts for a range of initial conditions
based on the predictions of a 1D implicit hydrodynamics code, Kepler, which calculates the complete nuclear
reaction network. We find that neutrino losses are between 6.7×10−5 and 0.14 of the total energy per nucleon,
Qnuc, depending upon the hydrogen fraction in the fuel. These values are significantly below the 35 % value
for neutrino losses often adopted in recent literature for the rp-process. The discrepancy arises because it is
only at β-decays that ≈ 35 % of energy is lost due to neutrino emission, whereas there are no neutrino losses in
(p, γ) and (α, p) reactions. Using the total measured burst energies from Kepler for a range of initial conditions,
we have determined an approximation formula for the total energy per nucleon released during an X-ray burst,
Qnuc = (1.31+ 6.95 X − 1.92 X

2)MeV nucleon−1, where X is the average hydrogen mass fraction of the ignition
column, with an RMS error of 0.052 MeV nucleon−1. We provide a detailed analysis of the nuclear energy output
of a burst and find an incomplete extraction of mass excess in the burst fuel, with 14 % of the mass excess in the
fuel not being extracted.

1. INTRODUCTION
Since the discovery of bright, energetic explosions from

compact objects, known as thermonuclear X-ray bursts
(Grindlay et al. 1976), observers have used these events
as laboratories for nuclear physics experiments that can-
not be replicated on Earth. Type I X-ray bursts are highly
energetic (∼ 1038 erg) thermonuclear flashes observed ra-
diating from the surface of an accreting neutron star (e.g.,
Lewin et al. 1993). They are the most frequently observed
thermonuclear-powered outbursts in nature and can be used
to constrain fundamental information about matter of super-
nuclear density and the nuclear reactions and processes that
can occur in extreme environments.
Thermonuclear X-ray bursts occur at high (> 107 K) tem-

peratures. They are powered by nuclear reactions, with cur-
rent theory suggesting five main nuclear reaction pathways
involved in the burning in the lead up to a burst, as well as

Corresponding author: Adelle Goodwin
adelle.goodwin@monash.edu

during a burst. These are: the (hot) CNO cycle, the 3α-
process, the α-process, the αp-process, and the rp-process
(e.g., Galloway & Keek 2017; Bildsten 1998).
The hot CNO cycle burns hydrogen into helium. The pro-

cess involves two β-decays, releasing 2 neutrinos which carry
away a total of ∼ 2MeV, and is usually responsible for the
steady hydrogen burning between bursts, and could be respon-
sible for burst ignition at very low accretion rates (Fujimoto
et al. 1981). The triple-α process is the pathway by which
helium burns to carbon and is thought to be the primary cause
of burst ignition (e.g., Joss 1978). The α-process forms heav-
ier elements from the products of the previous two processes
and occurs at temperatures & 109 K (Fujimoto et al. 1981).
The αp-process is similar to the α-process, but the reaction is
catalysed by protons. The rp-process (rapid-proton capture
process) is a chain of successive proton captures and β-decays,
beginning with the products of the previous nuclear reaction
chains, and quite easily producing elements beyond 56Fe (see
Wallace &Woosley 1981). Each β-decay releases a neutrino.
The primary source of neutrinos during a burst is the β-

decays, where typically ≈ 35% of energy is lost as neutrinos
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(Fujimoto et al. 1987), depending on weak strength distribu-
tion, and can be quite different for electron captures. In recent
X-ray burst literature, this is oftenmisinterpreted tomean neu-
trino energy release for the entire rp-process is 35 % (e.g., in’t
Zand et al. 2017; Cumming & Bildsten 2000). To emphasise
this point, again, it is only for the β-decays that 35 % of the
energy is lost as neutrinos and β-decays do not dominate the
total energy release.
Modelling of Type I thermonuclear X-ray bursts has played

a significant role in our understanding of their observational
properties. Understanding of Type I X-ray bursts must com-
bine theory and observations to comprehensively predict ob-
served burst parameters. Early models (e.g., Fujimoto et al.
1981; Taam 1980; van Paradijs et al. 1988; Cumming & Bild-
sten 2000), focus on the correlation between burst energies
and recurrence times, to varying success, using an analytic or
semi-analytic approach to integrate an ignition column using
simple assumptions. More recent models (e.g., Woosley et al.
2004; Fisker et al. 2008, 2004) have a heavier focus on the nu-
clear physics driving the bursts, predicting fuel compositions
and accretion rates by implementing a deeper understanding
of the nuclear reactions that produce the observed energy gen-
eration rates. The most advanced of these models, Kepler
(Woosley et al. 2004), uses an adaptive nuclear reaction net-
work to model the burning before, and during a burst in more
detail.
Based on an incorrect expression for neutrino losses during

the αp- and rp-process, the energy generation of Type I bursts
(Qnuc) in simple models has often been given by the relation
Qnuc = (1.6+4 X)MeV nucleon−1, where X is the average hy-
drogen mass fraction of the ignition column (e.g., Cumming
& Bildsten 2000). The formula accounts for helium burning
to iron group with an energy release of 1.6 MeV nucleon−1

and hydrogen burning to iron group with an energy release
of 4 X MeV nucleon−1. Qnuc is directly related to the energy
of a burst by multiplying by the number of nucleons (mass)
burnt in the burst. As such, this expression for Qnuc can be
used to infer the energy of a simulated burst, given some
composition and accretion rate (and hence ignition depth) in
simple analytic models (such as Cumming 2003). Observers
also use this approximation to infer the average hydrogen
fraction at ignition, and thus composition of the fuel burnt
in the burst from observations of energy (e.g., Galloway &
Cumming 2006; Chenevez et al. 2016; Galloway et al. 2008,
2004a).
In this work we measure the neutrino fluxes of Type I X-ray

bursts based on the predictions of the advanced modelling
code Kepler (Woosley et al. 2004), and develop a new nu-
clear energy generation approximation using these neutrino
estimates. We also examine themetallicity dependence on the
neutrino losses and the incomplete burning of the burst fuel.
In Section 2 we outline the methods and describe the Kepler

code used in this work, in Section 3 we present the results,
giving the expected neutrino losses for Type I X-ray bursts
and in Section 4 we discuss the results and provide a case
study on the effect that overestimating the neutrino losses has
had on composition predictions. Our conclusions are given
in Section 5.

2. METHODS
Kepler is a one-dimensional implicit hydrodynamics code

that allows for a general mixture of radiation, ions, and de-
generate or relativistic electrons (Woosley et al. 2004). It pro-
vides a detailed treatment of the nuclear physics and energy
generation using a large nuclear reaction network. Reaction
rates for nuclei in the mass range A = 44–63 are taken from
shell model calculations by Fisker et al. (2001) and all other
reaction rates are calculated using the Hauser-Fashbach code
NON-SMOKER (Rauscher & Thielemann 2000). It is worth
noting that there are some uncertainties inherent in the cal-
culation of rates near the proton drip line, as discussed by
Fisker et al. (2001). Calculations include electron capture,
nuclear β+-decays (positron emission) and neutrino energy
losses (Woosley et al. 2004).
Neutrino losses during weak decays are significant, typi-

cally taking away ≈ 35 % of the energy available in a decay
(Woosley et al. 2004). Kepler estimates the energy taken
away by neutrinos during a burst using the neutrino energy
loss rates ofweak decay reactions fromLanganke&Martínez-
Pinedo (2001) or Fuller et al. (1982), or using experimentally
determined ground state weak strength distributions for a few
light nuclei, or by taking the product of the weak decay rate
and the average neutrino energy of predictions from a code
from Petr Vogel (see Woosley et al. 2004). Woosley et al.
(2004) note that since phase space heavily favours the tran-
sitions with the most energetic outgoing neutrinos, empirical
strength distributions can do a fair job at estimating average
neutrino energies despite the fact they cannot reliably repro-
duce ground state decay rates.
We computed 84 Kepler models of a system that exhibits

Type I X-ray bursts for initial hydrogen mass fractions of 0.2–
0.8, metallicity mass fractions of 0.1, 0.02, and 0.005 and
accretion rates of 0.3, 0.2, 0.1, and 0.01 Ûmedd, where Ûmedd
is the Eddington accretion rate, 8.8 × 10−4 1.7

(X+1) g cm
−2 s−1.

We use the same setup as in Johnston et al. (2018): a neutron
star radius of 10 km, a neutron star mass of 1.4 M�. We
start accretion on top of an iron substrate of mass 2×1025 g
and use a base heating rate of 0.1 MeV nucleon−1. Since the
layer considered is thin compared to the neutron star radius
(∼ 10m) and we are only interested in the gravity of the
local frame, we just use Newtonian gravity. The local gravity
corresponds to a general relativistic case of same gravitational
mass but radius of 11.2 km. All accretion rates, time scales,
energies, and luminosities in this paper are given in the local
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Newtonian frame. For clarity, we have provided a table of
key definitions of terms used in this paper in Table 1.
For simplicity we use a simplified composition setup that

uses 14N as the only metal plus 1H and 4He. That is, we
use the 14N mass fraction synonymous for “metallicity.” The
initial abundance of CNO isotopes is the key aspect of metals
affecting the bursting behaviour. The reader may note that in
solar composition there is other metals as well, and hence in
such a mix the metallicity would need to be higher to have
the same CNO number abundance as in the models presented
here. Hydrogen fractions higher than 0.8 are not observed
and hard to achieve due to Big Bang Nucleosynthesis, and so
are not explored in this work. Likewise, metallicities lower
than 0.005 and higher than 0.1 are unlikely in the systems
studied here, with metallicity usually assumed to be around
solar (0.02) so we do not explore metallicities outside those
ranges.
The accretions rates explored in this grid correspond to

Cases 2–4 burning (as defined by Keek & Heger 2016), or
Case III and IV burning (as defined by Fujimoto et al. 1981).
In these cases we expect to find hydrogen/helium rich bursts.
This is discussed in Section 3.5. Each run produced multiple
bursts. We calculated burst energies by taking the average of
the simulated bursts, excluding the first. Uncertainties were
taken as the standard deviation of the burst energies. We
exclude any model runs that produces one or fewer bursts,
as these cannot give a reliable energy estimate because the
first burst does not have the "chemical inertia" (ashes layer)
of the later burst in a sequence (Woosley et al. 2004). We
measured the neutrino flux by taking the neutrino flux of ev-
ery burst from Kepler. Because the neutrino fluxes of bursts
in individual runs varied from burst to burst, we did not just
take an average for the entire run, but instead look at the
results for each burst separately. To calculate energy genera-
tion per nucleon, the ignition column of the burst was found
by assuming this was the accreted fuel since the last burst,
though in our models ignition may occur above or below this
point, in or above the ashes of the previous burst. The exact
point of ignition of the thermonuclear runaway is difficult to
extract from a multi-zone model as it depends on the exact
definition of what ignition actually is: whether one defines
a temperature, convection, luminosity threshold, or similar.
Therefore we use this simple approach that is consistent with
definitions used in other models which assumes that all the
accreted fuel is burnt in the burst, and no residual ashes are
accounted for. We calculated the total burst energy, i.e., nu-
clear energy release less neutrino losses, and the total neutrino
energy release for a range of X values. And X was defined as
the hydrogen present in the zones above the assumed ignition
depth at ignition time.

3. RESULTS

3.1. Neutrino Losses in Type I X-ray Bursts
We extracted the neutrino losses for each run from our

multi-zone calculations and find neutrino losses range from
6.7×10−3 % (X ≈ 0) to 14.2 % (X ≈ 0.75). See Figure 1.
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Figure 1. The ratio of neutrino energy (Eν) to total burst energy (Etot
= Eb + Eν) for a range of initial hydrogen fractions and metallicities
(Z). X is the average hydrogen mass fraction of the ignition column.
Yellow points correspond to Z = 0.1, red points to Z = 0.02 and
blue points to Z = 0.005.

When more hydrogen is present, more rp-process burning
occurs and thus more energy is lost in the form of neutrinos
from β-decays. One can see clearly that there is never asmuch
as 35 % energy lost as neutrinos for any amount of hydrogen
present. There are differences in neutrino energy for the 3
different metallicities explored, as we discuss in Section 3.4
below.

3.2. A New Nuclear Energy Generation Estimate
In Figure 2 we show the nuclear energy generation of the

bursts as a function of the average hydrogen fraction of the
ignition column, X . Both the burst energy (nuclear energy
less neutrinos) and the neutrino energy deviate significantly
from Qnuc = (1.6 + 4 X)MeV nucleon−1 due to the overesti-
mation of the neutrino losses and reduced energy release (see
Section 3.3 below).
Fitting the multi-zone model data points using a χ2 min-

imisation method gives a new relation: Qnuc = (1.31 +
6.95 X − 1.92 X

2)MeV nucleon−1, with a reduced χ2 value
of 2.32 for 57 degrees of freedom (nobs − 3) and root mean
square error (RMS) of 0.052 MeV nucleon−1, as shown in
Figure 2. We require a second order polynomial to ac-
count for a trend observed in the residuals of a first order
fit, Qnuc = (1.35 + 6.05 X)MeV nucleon−1, which has a re-
duced χ2 value of 3.55 for 58 degrees of freedom and a RMS
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Figure 2. Kepler Qnuc predictions (circles) for a range of metallicities, Z , and initial hydrogen fractions, X , compared to the approximation
Qnuc = (1.6+4 X)MeV nucleon−1 (dashed black). Yellow points correspond to Z = 0.1, red points to Z = 0.02 and blue points to Z = 0.005. The
best fit to theKepler data is given byQnuc = (1.31+6.95 X−1.92 X

2)MeV nucleon−1 (grey curve). Afirst order approximation is given byQnuc =

(1.35 + 6.05 X)MeV nucleon−1 (green line). The residuals (Qnuc,obs − Qnuc,exp, where Qnuc,exp = (1.31 + 6.95 X − 1.92 X
2)MeV nucleon−1)

are shown in the bottom panel.

of 0.15 MeV nucleon−1. We find there is a statistical signifi-
cance in going to a second order polynomial according to the
F-test (Rawlings et al. 2001). We find there is no statistical
significance in going to a 3rd order polynomial according to
the F-test.
The previous relation of Qnuc = (1.6+ 4X)MeV nucleon−1

has a reduced χ2 of75.4 andRMSerror of0.5 MeV nucleon−1,
and so is a statistically poor fit to the energies predicted by
our multi-zone model. Whilst the reduced χ2 values of any
of the fits are not close to 1, we note that the new relation is
a marked improvement on the old relation, though still being
an approximation to the true full calculation of a multi-zone
model.

3.3. Incomplete Burning of Burst Fuel

This relation for Qnuc corresponds to an energy release of
1.305 MeV nucleon−1 for fuel with no hydrogen. This value
is lower than the expected value of 1.6 MeV nucleon−1, which
is the nuclear mass excess difference in burning 4He all the
way to 56Fe. On examination of some runs with low hydrogen
fraction of the ignition column we found that this discrepancy
is caused by two factors: first, the reaction pathways do not
burn just to 56Fe but also produce other nucleiwith largermass
excess; and second, some helium burns to carbon between
bursts, reducing the total yield when the burst finally ignites.
Figure 3 shows the mass excess per nucleon just before

(dark blue curve) and just after (light blue curve) a burst with
low hydrogen content of the ignition column (X = 0.14).
The dashed line shows the mass excess per nucleon for 56Fe.
We find that the mass excess per nucleon in the ashes (light
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Table 1. Definitions of key terms used in this paper

Symbol Units Definition
Qnuc MeV nucleon−1 Nuclear energy generation per nucleon. The energy released due to nuclear burning per

nucleon burnt. It is computed from the difference in mass excess per nucleon between the start
and end of a burst.

X 1 Average hydrogen fraction of the ignition column. The hydrogen fraction of the material in
the ignition column as measured just before the burst ignites.

yacc g cm−2 Accretion Column. Column of material that is accreted since the previous burst until the
ignition of the current burst.

y g cm−2 Ignition Column. Column of material that is ignited in the burst. For the sake of comparison
with one-zone models, in this paper we define the ignition column as the same column as the
accretion column. In general, however, the ignition point may lie within the ashes from previous
bursts. See discussion in Section 2.

Eb MeV Burst Energy. Energy released in the form of photons from the surface of the neutron star
during a burst.

Eν MeV Neutrino Energy. Energy released during a burst in the form of neutrinos. Measured by
summing the total neutrino energy released between the start and end of the burst.

Etot MeV Total Burst Energy. Energy released during a burst in the form of photons and neutrinos. Etot
= Eb + Eν .
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Figure 3. Mass excess per nucleon as a function of mass accreted
on top of substrate just before and after a burst with very low hy-
drogen content in the ignition column (X = 0.14). The dashed line
corresponds to the mass excess of 56Fe, the most stable nucleus. The
labelled regions are as follows: A: Energy released in burst in the
accretion column; B: Energy released in burst below the accretion
column, in the ashes of the previous burst; C: Energy from fuel in
the accretion column not released in this burst; D: Energy always
missing in the ashes of bursts from not burning all the fuel to just
56Fe (about 0.3 MeV nucleon−1).

blue curve) is greater than that of 56Fe, the nucleus with
the lowest mass excess. Therefore the total energy produced
in the burst is less than would be obtained for burning all
the way to 56Fe. Evaluating the area between the light blue
curve and dark blue curve, Areas A + B in Figure 3, by
integrating over the mass in the ignition column, gives us
the actual total energy produced in the burst. For the case
shown, we find ∼ 2.2 MeV nucleon−1, in agreement with the
2.2 MeV nucleon−1 of ourmulti-zonemodel. Note that for the
total energy input to the model there is also a base heating of
0.1 MeV nucleon−1, however, that is mostly released between
the bursts.
Evaluating the area between the light blue curve and the

56Fe line (Area C), we find the energy missing from not burn-
ing all the way to 56Fe as 0.9 MeV nucleon−1 in the ignition
column. In contrast, if we were burning H to 4He and 4He to
56Fe we would expect to get Qnuc = 1.6 MeV nucleon−1 (he-
lium burning to iron group) + 6.7 X MeV nucleon−1 (hydro-
gen burning to helium) = 2.54 MeV nucleon−1 for the material
in the ignition column. Adding together the missing energy
(Area C) and the energy released in the burst in the igni-
tion column (Area A), we find Qnuc ≈ 1.5 MeV nucleon−1

(burst energy) + 1.1 MeV nucleon−1 (missing energy) =
2.6 MeV nucleon−1. This is very close to the expected value,
but our numerical model will have had some extra burning,
e.g., 3α reactions during the runaway phase of the burst at the
base of the ignition layer.

The missing energy from not burning to iron group ele-
ments is due to two factors: 1) incomplete burning of fuel
leaving elements lighter than 56Fe after the burst; and 2) pro-
duction of heavier elements with higher mass excess by the
rp-process. In Figure 4 we show the mass excess relative to
56Fe as a function of accretion mass and how it is distributed
by nuclear mass number for the ashes of the same burst as
in Figure 4. In this case the mass excess in the ashes is pre-
dominately in elements below 56Fe, giving strong evidence
that this missing energy is caused by incomplete consumption
of mass excess of the fuel, rather than excessive rp-process
burning.
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Figure 4. Mass excess per nucleon relative to 56Fe (colour coding)
as a function of mass accreted on top of substrate (x-axis) and how it
is distributed bymass number (y-axis) for a snapshot taken just after a
burst with low hydrogen fraction of the ignition column (X = 0.14).
This is the same model as the light blue curve in Figure 3. Mass
excess has been truncated at 200 keV nucleon−1.

Furthermore, we found that in the cases where most of the
hydrogen had been burned to helium before ignition condi-
tions for a burst weremet, there was some evidence for helium
burning to carbon before the burst. The resulting ignition
column consists of up to ≈ 10 % 12C, which would also re-
duce the total energy per nucleon available for the burst from
the expected value for pure helium fuel burning to the iron
group. Burning pure carbon produces 0.6 MeV nucleon−1, so
this would reduce the expected energy output, which could
be significant for cases in which almost all the carbon burns
prior to ignition (e.g., Keek & Heger 2016). In the specific
modest case mentioned above, 0.06 MeV nucleon−1 were lost.
Interestingly, we find a significant fraction of the burst en-

ergy (0.6 MeV nucleon−1, 40 % of the total burst energy) is
released from fuel burning below the accretion column, in
the ashes of the previous burst (Area B in Figure 3). We find
that an even higher fraction of fuel (50 %) does not undergo
significant burning in the burst (Area C), leaving some of
this to be burnt in subsequent bursts (where it will become
Area B). Finally, we find that in this case all bursts leave
∼ 0.3 MeV nucleon−1 of mass excess in the ashes (14 % of
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the energy released in the burst) that is not burnt in the burst,
or any subsequent bursts (Area D). In general, there is an
average of 15% mass excess of the material burnt in the burst
in the ashes that is leftover, and not burnt in any bursts, since
the average relation is 15% less than the expected value for
burning 4He to 56Fe.

3.4. Effect of Metallicity and Accretion Rate
We ran models for 3 metallicites: Z = 0.005, 0.02, and 0.1

and find no significant deviation from the relation in Figure 2,
with higher metallicities causing a larger variation in the Qnuc
value for constant X . Likewise, for the 3 accretion rates
explored, we find no significant deviation from the relation,
with higher accretion rates causing a slightly larger scatter
in the data. Whilst there is no significant deviation from
the Qnuc relation with different metallicities, we investigated
the cause of the variations seen and found that bursts with
lower metallicity have more rp-process burning, producing
more neutrinos and higherQnuc values than bursts with higher
metallicities at the same hydrogen fractions.
Bursts ignite with the same X but different metallicities and

produce different neutrino losses as a fraction of total burst
energy. We explored this further and found that, for 3 bursts
with different initial metallicities, igniting with the same X
but producing different neutrino losses, the distribution of
heavy elements just after the burst were different, as seen in
Figure 5.
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Figure 5. The mass fraction of isobars present just after a burst
for 3 models with different metallicities (Z) but the same hydrogen
content (X) of the ignition column. The colours are the same as for
Figures 1 and 2: the yellow line corresponds to Z = 0.1, the red line
to Z = 0.02, and the blue line to Z = 0.005.

We find that for lower metallicity, more rp-process burning
occurs, reaching a higher mass number, and ultimately pro-
ducing more β-decays and so more neutrinos. Conversely,
for higher metallicity, the rp-process burning stops at a lower
mass number, resulting in less neutrinos produced in these
cases. This result confirms that β-decays play an important
role in the amount of neutrinos released during a burst, with
more neutrinos released when the reaction pathways favour

a greater number of β-decays, which corresponds to more
prolonged rp-process burning.
For the purpose of this paper we note that whilst there is

a trend observed with metallicity, the difference in neutrino
losses is only ≈ 2 % (smaller than our percentage difference
in the 3 metallicites we explored) and thus we do not include
a metallicity component in any of our relations. As discussed
above, this introduces some scatter to the Qnuc relation we
have derived, but it remarkably follows a tight relation, with
factors such as accretion rate and Z causing slight shifts up or
down the line.

3.5. Burning Regimes
Keek & Heger (2016) define 5 distinct burning regimes

based on the accretion rate and type of burning that occurs
before and during a burst. In different burning regimes there
are different contributions to the energetics of bursts and a
single formula for Qnuc may not hold. In our model grid
we explored three different burning regimes: 0.1–4 % ÛmEdd
corresponding to He flash (stable H burning), 4–8 % ÛmEdd
corresponding to stable H/He burning and 11–100 % ÛmEdd
corresponding to Mixed H/He flash. (For Fujimoto et al.
(1981)’s burning regimes this corresponds to Case IV pure
He bursts, Ûm = 0.01–0.1 ÛmEdd, and Case III mixed H/He
bursts, Ûm = 0.1–1.0 ÛmEdd). Unfortunately, of the 24 runs
with Ûm < 1 % ÛmEdd we studied, only 4 were usable due to
the low accretion rate and time cut off for the runs causing
most of the runs to only produce one or less bursts, and thus
not a reliable estimate of the energy. As expected, the 4 low
accretion rate runs have very low X of the ignition column,
despite having initially high hydrogen fraction. We have
insufficient data to determine if this different burning regime
causes a significant deviation from the Qnuc relation we have
developed and caution that this relation may only be valid for
burning in the accretion rate range 0.1–1.0 ÛmEdd.

4. DISCUSSION
We find that neutrino losses in Type I X-ray bursts are only

significant (up to 14.2 %) when there is a large amount of
hydrogen present in the ignition column of the burst (mass
fraction > 0.5). We also find that lower metallicity of the ac-
creted fuel results in more energy released in the form of neu-
trinos than higher metallicity compositions. We found that
lower metallicity fuel results in more prolonged rp-process
burning than higher metallicity fuel with the same hydro-
gen content, resulting in slightly more neutrinos produced.
This confirms the obvious, namely that neutrino losses are
only significant at β-decays of the rp-process as according to
Wallace & Woosley (1981); Fujimoto et al. (1987).
The nuclear burning processes and the resulting energy re-

lease in Type IX-ray bursts are complex, withmany non-linear
interaction between burning and the structure. Therefore it
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is not surprising that it may not be reproduced by a simple
relation that depends only on the hydrogen fraction of the
ignition column. There is no physical reason for the burst
energies to be linearly proportional to the hydrogen present
in the ignition column, and thus it is also unsurprising that
we find a non-linear relation best fits the data. The energy
deposited in the star cannot be easily estimated by the mass
excess of hydrogen and helium alone: Depending on the reac-
tion path different amounts of neutrinos will be carried away,
and the ashes are not just pure 56Fe but do contain both heav-
ier and light nuclei, both with large mass excess (Figure 4).
Our results depend on the nuclear data being used, affecting
the reaction rates and the nuclear reaction flow, and on the
details and physics of the multi-zone model used (Kepler),
affecting, e.g., mixing and transport processes.

4.1. Effect on Composition Predictions: A Case Study
We quantify the overall effect of using Qnuc = (1.31 +

6.95 X − 1.92 X
2)MeV nucleon−1 instead of assuming 35 %

neutrino losses with Qnuc = (1.6 + 4 X)MeV nucleon−1 with
a case study of two of the most well known accretion pow-
ered millisecond pulsars: SAX J1808.4–3658 (in ’t Zand
et al. 1998) and GS 1826–24 (Galloway et al. 2004b). Gal-
loway & Cumming (2006) find that the observed α values
(where α is the ratio between nuclear burning energy and
gravitational energy) of ≈ 150 for AX J1808.4–3658 imply
that Qnuc ≈ 2 MeV nucleon−1. From that they infer an aver-
age hydrogen fraction of the ignition column of X ≈ 0.1.
Using Qnuc = (1.31 + 6.95 X − 1.92 X

2)MeV nucleon−1

(Qnuc = (1.35 + 6.05 X)MeV nucleon−1) instead gives X ≈
0.102 (0.107), corresponding to a maximum of 10 % in-
crease in the predicted average hydrogen fraction of the
ignition column for this source. For GS 1826–24, Gal-
loway et al. (2004b) find the observed α values imply
that Qnuc ≈ 3.8 MeV nucleon−1 and infer an average hydro-
gen fraction of the ignition column of X ≈ 0.55. Using
Qnuc = (1.31 + 6.95 X − 1.92 X

2)MeV nucleon−1 (Qnuc =

(1.35 + 6.05 X)MeV nucleon−1) instead gives X ≈ 0.403
(0.405), corresponding to a ≈ 30% decrease in the predicted
hydrogen content of the burst fuel.
We note that the old relation fits better for low hydrogen

fractions but deviatesmore significantly from the new formula
at higher H fractions (see Figure 2) so we expect to see a larger
difference in fuel composition predictions for sources with
higher H fraction, such as GS 1826–24. Overall, using the
correct neutrino losses in the formula for Qnuc corresponds to

a maximum energy produced of 6.34 MeV nucleon−1 for pure
hydrogen fuel, compared to 5.6 MeV nucleon−1 for the old
relation. The theoretical Q value of hydrogen burning by the
β-limited CNO cycle, less neutrinos, is 6.2 MeV nucleon−1,
so the new relation agrees better with classical theory.

5. CONCLUSION
We have shown that neutrino losses in Type I X-ray

bursts range from 6.7×10−3–14.2 % of the total burst en-
ergy, which is significantly less than the often-adopted value
of 35 % during the rp-process. We find that by assum-
ing there is ∼ 35 % neutrino losses in hydrogen burning
during an Type I X-ray burst, the typically adopted esti-
mate for nuclear energy generation in Type I X-ray bursts
of Qnuc = (1.6 + 4 X)MeV nucleon−1 significantly overesti-
mates the neutrino losses by up to a factor of 2. We find that
Qnuc = (1.31+ 6.95 X − 1.92 X

2)MeV nucleon−1, or approx-
imately Qnuc = (1.35 + 6.05 X)MeV nucleon−1, more accu-
rately approximates the nuclear energy generation for Case III
burning (Fujimoto et al. 1981) as predicted by our multi-zone
models. In our models the mass excess of the fuel is incom-
pletely extracted, reducing the energy generation for pure
helium fuel from 1.6 MeV nucleon−1 to 1.35 MeV nucleon−1

as it does not burn to pure 56Fe as is classically assumed. For
the specific case discussed in detail about 0.3 MeV nucleon−1

(14 % of the initial mass excess relative to iron) remains in
the ashes. Interestingly, we found evidence for a significant
fraction of energy (≈ 40 %) released in a burst coming from
burning below the accretion depth, in the ashes of the previ-
ous burst. We also found that the amount of energy carried
away by neutrinos does noticeably depend onmetallicity even
for the same hydrogen fraction of the ignition column. This
indicates that for lowermetallicity there is stronger rp-process
burning and so more neutrinos released by a larger number of
β-decays or reaction pathways with higher-energetic neutrino
emission, than for cases with the higher metallicity.
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Municipality (Grants No.16DZ2260200) and National Natu-
ral Science Foundation of China (Grants No.11655002).

Software: Kepler (Woosley et al. 2004), NON-
SMOKER (Rauscher & Thielemann 2000)

REFERENCES

Bildsten, L. 1998, in NATO Advanced Science Institutes (ASI)
Series C, Vol. 515, NATO Advanced Science Institutes (ASI)
Series C, ed. R. Buccheri, J. van Paradijs, & A. Alpar, 419

Chenevez, J., Galloway, D. K., in ’t Zand, J. J. M., et al. 2016, ApJ,
818, 135, doi: 10.3847/0004-637X/818/2/135

3.1 improved nuclear energy generation approximation for x-ray bursts 56



Neutrino Losses in Type I X-Ray Bursts 9

Cumming, A. 2003, ApJ, 595, 1077, doi: 10.1086/377446
Cumming, A., & Bildsten, L. 2000, The Astrophysical Journal,

544, 453
Fisker, J. L., Rembges, F., Barnard, V., & Wiescher, M. C. 2001, in

Astrophysics and Space Science Library, Vol. 264, The Influence
of Binaries on Stellar Population Studies, ed. D. Vanbeveren, 569

Fisker, J. L., Schatz, H., & Thielemann, F.-K. 2008, ApJS, 174,
261, doi: 10.1086/521104

Fisker, J. L., Thielemann, F.-K., & Wiescher, M. 2004, ApJL, 608,
L61, doi: 10.1086/422215

Fujimoto, M. Y., Hanawa, T., & Miyaji, S. 1981, ApJ, 247, 267,
doi: 10.1086/159034

Fujimoto, M. Y., Sztajno, M., Lewin, W. H. G., & van Paradijs, J.
1987, ApJ, 319, 902, doi: 10.1086/165507

Fuller, G. M., Fowler, W. A., & Newman, M. J. 1982, ApJS, 48,
279, doi: 10.1086/190779

Galloway, D. K., & Cumming, A. 2006, ApJ, 652, 559,
doi: 10.1086/507598

Galloway, D. K., Cumming, A., Kuulkers, E., et al. 2004a, ApJ,
601, 466, doi: 10.1086/380445

—. 2004b, ApJ, 601, 466, doi: 10.1086/380445
Galloway, D. K., & Keek, L. 2017, ArXiv e-prints.

https://arxiv.org/abs/1712.06227
Galloway, D. K., Muno, M. P., Hartman, J. M., Psaltis, D., &

Chakrabarty, D. 2008, ApJS, 179, 360, doi: 10.1086/592044
Grindlay, J., Gursky, H., Schnopper, H., et al. 1976, ApJL, 205,

L127, doi: 10.1086/182105

in ’t Zand, J. J. M., Heise, J., Muller, J. M., et al. 1998, A&A, 331,
L25

in’t Zand, J. J. M., Visser, M. E. B., Galloway, D. K., et al. 2017,
A&A, 606, A130, doi: 10.1051/0004-6361/201731281

Johnston, Z., Heger, A., & Galloway, D. K. 2018, MNRAS, 477,
2112, doi: 10.1093/mnras/sty757

Joss, P. C. 1978, ApJL, 225, L123, doi: 10.1086/182808
Keek, L., & Heger, A. 2016, MNRAS, 456, L11,

doi: 10.1093/mnrasl/slv167
Langanke, K., & Martínez-Pinedo, G. 2001, Atomic Data and

Nuclear Data Tables, 79, 1, doi: 10.1006/adnd.2001.0865
Lewin, W. H., Van Paradijs, J., & Taam, R. E. 1993, Space Science

Reviews, 62, 223
Rauscher, T., & Thielemann, F.-K. 2000, Atomic Data and Nuclear

Data Tables, 75, 1, doi: 10.1006/adnd.2000.0834
Rawlings, J. O., Pantula, S. G., & Dickey, D. A. 2001, Applied

regression analysis: a research tool (Springer Science &
Business Media)

Taam, R. E. 1980, ApJ, 241, 358, doi: 10.1086/158348
van Paradijs, J., Penninx, W., & Lewin, W. H. G. 1988, MNRAS,

233, 437, doi: 10.1093/mnras/233.2.437
Wallace, R., & Woosley, S. 1981, The Astrophysical Journal

Supplement Series, 45, 389

Woosley, S., Heger, A., Cumming, A., et al. 2004, ApJS, 151, 75

3.1 improved nuclear energy generation approximation for x-ray bursts 57



3.2 x-ray burst ignition location on the surface of accreting pulsars 58

3.2 x-ray burst ignition location on the surface of accreting pulsars :
can bursts ignite at the hotspot?

Studies of X-ray burst ignition location on the surface of accreting neutron stars in
general do not consider the effect that a asymmetries in the surface temperature on
the surface may have on the ignition location. It has been shown that burst ignition
should preferentially occur at the equator due to the effect that the fast rotation
of the neutron star has on reducing the surface gravity at the equator (Spitkovsky,
Levin and Ushomirsky, 2002). Hotspots have been observed as persistent pulsa-
tions in the lightcurves of the accreting X-ray pulsars, however it has not been
determined if the hotspot can induce heating down to the depth at which X-ray
bursts may ignite, possibly moving the ignition location of bursts from the equator
to the location of the hotspot. In the second study in this chapter we present 2D
model calculations of the accreted layers and ignition location of bursts, taking into
account the hotspot and lower surface gravity at the equator.

Submitted to Monthly Notices of the Royal Astronomical Society:
A. J. Goodwin et al. (Oct. 2020b). ‘X-ray burst ignition location on the surface of
accreting X-ray pulsars: Can bursts preferentially ignite at the hotspot?’ MNRAS
submitted
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ABSTRACT
Hotspots on the surface of accreting neutron stars have been directly observed via pulsations in
the lightcurves of X-ray pulsars. They are thought to occur due to magnetic channelling of the
accreted fuel to the neutron star magnetic poles. Some X-ray pulsars exhibit burst oscillations
during Type I thermonuclear X-ray bursts which are thought to be caused by asymmetries
in the burning. In rapidly rotating neutron stars, it has been shown that the lower gravity at
the equator can lead to preferential ignition of X-ray bursts at this location. These models,
however, do not include the effect of accretion hotspots at the the neutron star surface. There
are two accreting neutron star sources in which the burst oscillations track exactly the neutron
star spin period, but only when the local accretion rate is high. We analyse whether this could
be due to the X-ray bursts igniting at the magnetic pole of the neutron star, because of heating
in the accreted layers under the hotspot causing ignition conditions to be reached earlier. We
investigate heat transport in the accreted layers using a 2D model and study the prevalence
of heating down to the ignition depth of X-ray bursts for different hotspot temperatures and
sizes. We perform calculations for accretion at the pole and at the equator, and infer that
ignition could occur away from the equator at the magnetic pole for hotspots with temperature
)HS & 1 × 108 K.

Key words: pulsars: general – X-rays: binaries – X-rays: bursts

1 INTRODUCTION

Accretion-powered X-ray pulsars (AXPs) are neutron stars in close
binary orbits (% . 1 d) that accrete from their companion viaRoche-
Lobe overflow (e.g., White et al. 1983; Nagase 1989; Chakrabarty
2005). In some cases the accretion flow from the accretion disk
may be channelled by the magnetic field of the neutron star to the
magnetic poles, causing hotspots to form on the surface. These
hotspots give rise to X-ray pulsations that are observed in the out-
burst lightcurves of these systems (e.g., Wijnands & van der Klis
1998). Detailed timing studies of the pulsations in AXPs provide
insight into the neutron star spin period, spin evolution, the binary
orbit, and the dense equation of state through mass constraints (e.g.,
Chakrabarty & Morgan 1998). Some AXPs rotate very rapidly, at
millisecond spin periods (a & 100Hz), and thus are known as
accretion-powered millisecond pulsars (AMXPs) (see Patruno &

★ E-mail: ajgoodwin.astro@gmail.com

Watts 2012, for a review). AMXPs are pulsars that have been spun
up through the process of accretion over time (Tauris & van den
Heuvel 2006).

Currently, there are 19 known AMXPs that exhibit persistent
pulsations in their X-ray lightcurves during outburst, and an ad-
ditional ∼10 AXPs with spin periods between 0.1–11Hz (for a
review see Patruno & Watts 2012). Observationally, AXPs all ex-
hibit relatively faint outburst luminosities, indicating they accrete
at low rates ( ¤< . 0.1; ¤<Edd is the Eddington accretion rate, given
by ¤<Edd ≈ 1.75 × 10−8 M� yr−1 for hydrogen-accreting sources),
small donor companion stars ("c . 0.2 M�), and short orbital pe-
riods (% . 1 d). They are all transient systems and accrete into an
accretion disk around the pulsar for long periods (∼years). AXPs
exhibit sudden outbursts that last ∼1month, during which time they
become active in X-rays as material is transferred from the disk to
the neutron star.

In some AXPs, when the accreted fuel builds up on the surface
of the neutron star during outburst, it can ignite unstably, producing
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a bright (! ∼ 1038 erg s−1) thermonuclear explosion known as a
Type I X-ray burst (for a review see Galloway & Keek 2017). The
conditions that produce an X-ray burst in the accreted layer de-
pend primarily on the temperature, composition of the fuel, and the
accretion rate. These basic conditions can be simulated in simple
one-dimensional analytic calculations of the accretion column (e.g.,
Bildsten 1998; Cumming & Bildsten 2000).

Some AXPs exhibit thermonuclear burst oscillations, which
are strong oscillations observed in the lightcurve of an X-ray burst
(e.g., Watts 2012). The first observation of this phenomenon was
in 1996 in bursts from 4U 1728–34, where a strong 363Hz signal
was observed in 6 X-ray bursts (Strohmayer et al. 1996). There was
an upwards drift in the frequency of these oscillations, and they
appeared to disappear near the peak of the burst. Strohmayer et al.
(1996) concluded that these oscillations could be caused by rota-
tional modulation of a bright spot on the surface of the neutron star.
We have now observed burst oscillations in many sources and the
prevalent theory is that they are caused by highly asymmetric bright
patches in the surface layers of a burning neutron star (Watts 2012).
Most burst oscillations observed exhibit a frequency drift during
the burst, which could be explained by the brighter-patches location
moving over the star (for examples due to travelling waves/modes
in the ocean). There are 2 known sources (XTE 1814–338 and IGR
J17480–2446), however, in which the burst oscillations during the
burst rise are phase locked with the accretion-powered pulsations
(Watts et al. 2008; Cavecchi et al. 2011).

Under the assumption that the observed hotspots are caused
by channelled accretion onto the surface of the neutron star at the
magnetic pole, the phase locking of burst oscillationswith accretion-
powered pulsations could be explained by burst ignition occurring
at the magnetic pole, and burning being confined to this location
during the phase-locking. This is contrary to the assumption that
ignition should preferentially occur at the equator due to the effect
of fast rotation on reducing the effective gravity at the equator
(Spitkovsky et al. 2002; Cooper & Narayan 2007).

It has been demonstrated that themagnetic fields ofXTE1814–
338 and IGR J17480–2446 are most likely not strong enough to
confine material at the magnetic pole, with magnetic confinement
requiring � & 4×109−3×1010 G (Brown&Bildsten 1998; Cavec-
chi et al. 2011) and the magnetic fields of XTE 1814–338 and IGR
J17480–2446 having been estimated to be 0.16×108−7.8×108 and
∼ 2× 108 − 2.4× 1010 G, respectively (e.g., Mukherjee et al. 2015;
Papitto et al. 2012). Even taking into account dynamical strengthen-
ing of the magnetic field (Heng & Spitkovsky 2009), confinement
could still be difficult due to the occurrence of instabilities like the
"ballooning" instability (e.g. Litwin et al. 2001). What has not been
explored, however, is whether the presence of a hotspot at the sur-
face could induce heating down to the ignition depth of a burst, even
after the magnetic confinement has washed out, first suggested as
a possibility by Watts et al. (2008). Furthermore, in models of the
ignition location of bursts on the surface of accreting neutron stars,
the presence of a hotspot in AXPs is often neglected (Spitkovsky
et al. 2002; Cooper & Narayan 2007; Cavecchi et al. 2017).

In this first paper we investigate the plausibility of heating
caused by a hotspot or accretion stripe (Figure 1) reaching down
to the ignition depth of an X-ray burst, focussing on the case of
hydrogen-free accretion as the effect of external heating is likely the
most prominent there. We analyse whether this could cause bursts
to preferentially ignite under the hotspot in the accreted layers. We
model the surface layers by solving a 2D heat diffusion equation and
exploring the heat transport inside the accretion column, to deter-
mine at what hotspot temperature X-ray bursts would preferentially

ignite under the hotspot. In Section 2 we describe the numerical set
up and equations used to describe the surface layers of the neutron
star, in Section 3 we present the results for different hotspot tem-
peratures and geometries, in Section 4 we discuss the limitations of
this study, and in Section 5 we provide concluding remarks.

2 METHODS

We solve the heat diffusion equation in 2D to describe the heat
conduction and transport mechanisms in the gaseous accreted layers
on the surface of the neutron star. To derive the diffusive flux we
begin with the general diffusive flux for a photon

9 = −� ∇= (1)

where � is the diffusion coefficient and = is the number density.
We estimate the diffusion coefficient from a random walk ap-

proximation

� =
1
3
E ;ph (2)

where the velocity, E for a photon may be replaced by the speed of
light, 2, and the mean free path of a photon is ;ph = 1/(d^), where
d is the density and ^ is the opacity of the gas.
∇= can be calculated using the energy density of a photon gas,

* = 0)4, where 0 is the radiation constant and) is the temperature.
Differentiating gives:

∇* = 0 ∇)4 (3)

Thus the total diffuse flux, � is given by

� =
0 2

3 ^ d
∇)4 (4)

The heat diffusion equation for this flux is thus

∇
(
0 2

3 ^ d
∇)4

)
= n (), d) d (5)

where n (), d) is the heat source term (specific energy generation
rate), which in this case corresponds to the heating due to nuclear
burning. We assume the simplest case for nuclear burning in accret-
ing neutron stars, in which the accreted fuel is almost pure 4He and
n (), d) is given by (Bildsten 1998)

n3U = 5.3 × 1021 d
2
5 .

3

)3
8

exp
(
−44
)8

)
(6)

where)8 is the temperature in 108 K, d5 is the density in 105 g cm−3,
and . is helium mass fraction. For the accreted material we assume
a helium mass fraction of . = 0.99 and metallicity of / = 0.01 and
that the metals do to not contribute to the nuclear energy generation.
There is no nuclear burning in the substrate below the accreted
layers.

We choose to use the triple-U energy generation rate to repre-
sent the heating due to nuclear burning in our model since it has
been shown that thermally unstable helium burning is likely re-
sponsible for the thermonuclear runaway that begins an X-ray burst
(e.g., Bildsten 1998). We note that there would be additional energy
due to CNO burning if hydrogen was present, as well as nuclear
burning beyond carbon that we do not account for because it is not
significant before runaway in pure helium accretors.
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For the opacity and the density we assume ^ is a function of
) and d, and d is a function of the radial coordinate, A only. We
extract a density distribution, opacity grid, and initial temperature
distribution from a Kepler model, and pre-compute an opacity
table for given) and d, using the mass fractions. = 0.99, / = 0.01
(0.009 14N and 0.001 56Fe) for the accreted layers and 56Fe = 1.0
for the substrate, where the substrate is a thick layer below the
accreted layers consisting of a non-reactive substance (56Fe in this
case).

Kepler is a 1D multi-zone model of Type I X-ray bursts that
integrates the time-dependent equations of conservation of momen-
tum, mass, and energy, in spherical symmetry (see Woosley et al.
2004). Kepler allows for a general mixture of radiation, ions, and
degenerate or relativistic electrons, and implements a complex nu-
clear reaction network. For each set of parameters we extract the
temperature and density distributions in a snapshot 1 minute be-
fore a burst commences, where we define burst commencement as
the first timestep in which convection appears in the accreted layer.
For the Kepler model and for the case study of XTE J1814–338
(Model A), we set the global accretion rate, ¤< = 0.1 ¤"Edd, hy-
drogen mass fraction, - = 0.0, helium mass fraction, . = 0.99,
metallicity / = 0.01 (0.009 as 14N and 0.001 as 56Fe), and the
base heating &b = 0.1 MeV nucleon−1 and 0.15 MeV nucleon−1.
We note that in our simulations we set the global accretion rate
across the simulation domain to be constant, at the value expected
from the X-ray luminosity of the system. We then place a hot region
at the top to mimic the additional effect of a local higher accre-
tion rate (and heating from the accretion shock above). An example
opacity distribution for the accreted layers and substrate is shown
in Figure 3. For the case study of IGR J17480–2446 (Model B),
we use a similar Kepler model but set ¤< = 0.038 ¤"Edd. Here we
infer the accretion rate of the system from observations of the X-ray
luminosity, !X using the relation from Galloway et al. (2008)

¤< =
!- (1 + I)
4c'2&grav

(7)

where I is the gravitational redshift (which we assume is 0.259 for a
1.4 M� neutron star), ' is the radius of the neutron star (which we
assume is 11.2 km), and &grav is the energy released per nucleon
during accretion, for which we approximate &grav = �"/'.

To model a hot-stripe at the equator we use a Kepler model
with the same parameters as the magnetic pole but set the gravity to
be 75 %, to emulate the effect of the fast rotation of the neutron star
on the effective surface gravity (Model C). Spitkovsky et al. (2003)
suggest that the surface gravity at the equator could be up to 25 %
less than at the poles.

The kepler distributions of d and ) with radial coordinate, A ,
and column depth, H, for the accreted layers are shown in Figure 2.
For comparison, we have plotted a range of ¤< and &b to demon-
strate how these distributions change under the assumed parameters.
When the accretion rate is higher, the accreted layer is thinner and
hotter than when the accretion rate is lower. Likewise, when &b
is higher, the entire layer is slightly hotter than when &b is lower.
In our models, we ran all cases for the two values of &b (0.1 and
0.15 MeV nucleon−1) but found that since the effect of increasing
&b uniformly increased the temperature over the entire layer, there
was no significant difference in the results.

2.1 2D Transport Code

We solve Equation 5 using a finite volume method to discretise the
equation in Python, and set up a two-dimensional grid. We choose

to use a finite volume method over a finite difference method to
ensure conservation of energy.

For simplicity and numerical stability, we solve for g := )4

instead of solving for ) . To discretise the equations, we integrate
over the finite volume of each cell on the grid and apply Gauss’s
theorem to convert the left-hand term into a surface integral, such
that Eq. 5 becomes∫
Δ�
−0 2

3
∇g
^ d

d� −
∫
Δ+

d n (), d) d+ = 0 (8)

where Δ� is the surface area of the cell and Δ+ its volume.
The total energy flow into a cell at coordinates (G, H, I) (or

corresponding cylindrical or polar coordinates) with indices (8, 9 , :)
is given by the sum of the flows at each of the cell interfaces

�8, 9 ,: = F8−1/2, 9 ,: − F8−1/2, 9 ,: + F8, 9+1/2,: (9)
− F8, 9−1/2,: + F8, 9 ,:+1/2 − F8, 9 ,:−1/2

where the half indices correspond to the zone interfaces. The flows
are centred using the scheme

F8−1/2, 9 ,: = (10)

−
0 2 Δ�8−1/2, 9 ,:

3 ^(d8−1/2, 9 ,: , g̃8−1/2, 9 ,: ) d8−1/2, 9 ,:

g8, 9 ,: − g8−1, 9 ,:
Gc
8, 9 ,:
− Gc

8−1, 9 ,:

where Gc
8, 9 ,:

denotes the zone centre of zone (8, 9 , :),

g̃8−1/2, 9 ,: =
1
2

(
g8, 9 ,: + g8−1, 9 ,:

)
and Δ�8−1/2, 9 ,: is the surface area in the negative 8-direction, and
d8−1/2, 9 ,: is the density at the centre of that surface. In the calcula-
tions presented here, the densities are pre-defined and only depend
on I coordinate.

With ∫
Δ+

d d+ = < ,

the mass of the zone, the source term from nuclear burning becomes
just < n (), d) and our equation to solve becomes

�8, 9 ,: − <8, 9 ,: n (g8, 9 ,: , d8, 9 ,: ) = 0 . (11)

To model a hotspot on the surface we use a 2D cylindrical
coordinate system, such that Δ� = 2cℎ'in in the 8 − 1 direction,
Δ� = 2cℎ'out in the 8 +1 direction, and Δ� = c ('2

out −'2
in) in the

:-directions, where ℎ is the height, ℎ = ΔA . To model a hot-stripe
along the equator we use a Cartesian coordinate system, such that
Δ� = ΔA ΔG in the 8 directions andΔ� = ΔG ΔA in the :-directions.
The reason for the choice of these two coordinates systems is due
to the assumed symmetry in modelling in 2D. For a cylindrical
coordinate system, symmetry is assumed about the angle coordinate,
going around the neutron star, thus simulating a hotspot, and there
is rotational symmetry in 9-direction (see Figure 1). Whereas, in a
Cartesian coordinate system, translational symmetry is assumed in
9-direction (i.e., the H direction), and thus heat cannot diffuse in this
direction (rather it is constant), which simulates a stripe along the
equator, allowing us to just model a cross-section of this stripe.

We solve for g by relaxation of an initial guess. We define
a coefficient matrix, � such that �g = 1, where 1 is a matrix
consisting of the source terms and A is the Jacobian matrix. We use
the sparse matrix solver of the SciPy Python package (Virtanen
et al. 2020).

The grid is uniformly separated in G and non-uniform in A, for
which we use the zone-width from the Kepler snapshots, which
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Figure 1. Geometrical setup of polar (left) and equatorial (right) accretion. These figures are for a simplified setup using a 3D version of our code. These
models are to visualise the geometry only and are not to scale (using 10 m neutron star radius) nor covering full depths range (outer 1.5 m shown). The grid
size is 50× 20× 20 in o × i × A . In both cases the width of the "hot" region (distance from pole or equator, respectively) is 2 % of the circumference. Shown is
one octant; assume rotational symmetry around the I-axis and mirror symmetry about the equator. Colour coding indicates temperature with the red colour at
the hot spot corresponding to 100 MK (8.6 keV) and the coolest dark purple colour at the unheated surface having about 0.6 MK (5.1 keV). The base heat flux
is 1019 erg s−1 cm−2.
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Figure 2. Top Panels:Kepler model distributions of density (d) for column depth (H) and radial coordinate (A ) for different initial accretion rates ( ¤<) and
base fluxes (&1). Bottom Panels: Kepler model distributions of temperature () ) for column depth (H) and radial coordinate (A ) for different initial accretion
rates ( ¤<) and base fluxes (&1). All distributions are taken from a snapshot 1minute before a burst commences.
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results in higher resolution close to the surface. For all models we
use a grid of G×A = 280× (220−280), where the number of A zones
depends on the specific Kepler model parameters. We ran tests
with lower and higher resolution and found no significant changes
in the results.

2.1.1 Boundary Conditions and Initial Conditions

The proper choice of boundary conditions significantly affects our
results. On the sides perpendicular to 8 we use reflective boundary
conditions. We simulate the hotspot on top on one side of the box,
since the reflective boundary conditions ensure symmetry in the
cylindrical radial coordinate. For the surface boundary we use a
blackbody with temperature corresponding to the surface temper-
ature of the Kepler model. The surface temperature in the model
depends on how far into the neutron star atmosphere we wish to
model. Since we extract the density distribution from Kepler, we
set the surface at an optical depth of 2/3, the photosphere of the star.
The surface at this location has a density of ∼ 1 g cm−3, and tem-
perature of ∼ 106 K. Modelling into the photopshere of the neutron
star aids in modelling a hotspot due to the accretion shock, rather
than a hotspot deep within the neutron star atmosphere. For the base
boundary we use both a constant flux condition, where the base flux
is set by our choice of &b, for which we use the commonly used
value of 0.1 MeV nucleon−1 (but also tested 0.15 MeV nucleon−1 in
all cases), or a constant temperature condition. We found no sig-
nificant difference in the depth of heating induced by the hotspot
between models with a constant flux base boundary and a constant
temperature base boundary, but we found themodels with a constant
flux base boundary reached runaway in general a couple of seconds
earlier than those with a constant temperature boundary. The reason
for such a little difference between the runs with the two kinds of
base boundary conditions is the fact that we simulate a substrate of
Iron at the bottom of the domain, which sets the boundary deep,
and far enough from the region we are interested in modelling. We
do not model the core of the neutron star, however, we expect some
heat to diffuse lower into (or upwards out of) the neutron star than
our simulation bounds. Thus, we find a constant flux base boundary
is more physically motivated, as this allows heat to move into or out
of our simulated domain. For all models presented in the results, we
use a constant flux boundary at the bottom of our domain.

2.2 Physical sizes of heating regions

The size of the hotspot can be approximated by the size of the polar
cap (e.g., Bogdanov 2016)

'pc =

√
2c'3

%2
(12)

where ' is the radius of the star, % is the spin period, and 2 is the
speed of light.

The hotspot may be smaller than the polar cap. For IGR
J17480–2446, assuming ' = 11.2 km1 and % = 0.0909 s (a =
11 Hz), we find 'HS . 'pc ≈ 0.57 km. For XTE J1814–338, as-
suming ' = 11.2 km and % = 0.00318 s (a = 314 Hz), we find

1 Throughout this work we consistently assume 'NS = 11.2 km. We base
this value off the ranges predicted by Steiner et al. (2013) for accreting
neutron star sources, but note that the actual neutron star radius in each of
these systems is likely different (see e.g., Riley et al. 2019, for a millisecond
pulsar radius measurement).

'HS . 'pc ≈ 3.04 km. Thus we set the width of our simulation to
4 km, and the size of the hotspot to be the relevant polar cap size
('pc). We note that it is extremely likely that the hotspot size in
these two systems is smaller than these polar cap estimates, espe-
cially due to the high fractional amplitude of the accretion-powered
pulsations in XTE J1814–338. However, in section 3.4 we demon-
strate that once the hotspot is larger than ∼ 100m, the size of the
hotspot no longer affects the base temperature of the stationary so-
lution, so the size of the domain, and the size of the hotspot once it
exceeds 100m, do not affect the results.

Since the ocean and atmosphere layer depth is of the order
� ∼ 10 m, there is at least a factor of 100 difference between the
size of the spot and the depth needed to be considered in the ocean.
For the depth of our box, we use the entire accreted layer, extracted
from theKepler simulations of the accretion column up to the point
just before runaway occurs, which extends down to a column depth
of H ≈ 3 × 108 g cm−2, as well as the substrate that the accreted
material is accreted onto, which extends down to H ∼ 1012 g cm−2.

For the hotspot temperature, we explore a range of tempera-
tures, noting that for the AMXP SAX J1808.4–3658, the hotspot
temperature has been inferred to be 0.9 × 107 K (Poutanen & Gier-
liński 2003). The hotspot in XTE 1814–338 and IGR J17480–2446
should theoretically be slightly hotter than SAX J1808.4–3658 as
these sources have slightly stronger magnetic fields and so could
more strongly channel the accretion, producing a hotter hotspot.
The temperature of the hotspot, however, also depends on the size
of the hotspot, and the accretion rate. Spectral modelling of X-ray
emission from IGR J17480–2446 in outburst has estimated tem-
peratures of ≈ 4 × 107 K – 1.7 × 108 K (Papitto et al. 2011). For
XTE J1814–338, Bhattacharyya et al. (2005) find that a hotspot tem-
perature of ∼ 2.3× 107 K is reasonable for this system, and spectral
modelling has estimated the X-ray emission to have a temperature
of 2−3.5×107 K (Strohmayer et al. 2003). Here we explore a range
of hotspot temperatures from 2 × 107 K to 1.2 × 108 K.

We initialise the model with the temperature distribution from
the relevant Kepler model, shown in Figure 3, except the cells
along the top boundary where the hotspot is placed, and solve for the
steady-state solution. In reality, a static solution for temperature does
not exist at the time of a burst, due to the nature of thermonuclear
runaway. However, including time-dependence and modelling a full
runaway is outside the scope of this work and so we solve for a
static solution as close to runaway as possible. Thus we are able
to examine the depth to which heating persists during accretion
just prior to a burst, and operate under the assumption that the
conditions just prior to a burst will not be significantly different to
the conditions at the time of a burst.

2.3 Ignition Depth

We use three different approaches to independently verify the igni-
tion properties of the model calculations. First, to infer the ignition
depth via temperature of a burst, we assume the radial coordinate, A ,
is related to the column depth, H, by dH = d dA (e.g., Bildsten 1998;
Cumming & Bildsten 2000). One may estimate the temperature of
the ignition depth using the simple model of Bildsten (1998) for
pure helium burning:

)ign = 1.83 × 108 K · ^−1/10
0 .

−3/10
`
−1/5
0 6

−1/5
14 H

−2/5
8 (13)

where 614 is the surface gravity in 1014 cm s−2, H8 is the column
depth in 108 g cm−2, ^0 is the opacity in cm2 g−1, . is the helium
mass fraction of the accreted material, and `0 is the meanmolecular

MNRAS 000, 1–13 (2020)

3.2 x-ray burst ignition location on the surface of accreting pulsars 63



6 A. J. Goodwin et al.

10 1 101 103 105 107 109 1011

107

108

T 
(K

)

substrate
accreted layers

10 1 101 103 105 107 109 1011

101

104

107

 (g
 c

m
3 )

10 1 101 103 105 107 109 1011

y (g cm 2)

10 3

10 1

 (g
 c

m
2 )

Figure 3. Initial distribution of temperature (top), density (middle) and opac-
ity (bottom) with column depth H. The temperature and density distributions
are extracted directly from a kepler model with parameters ¤< = 0.1 ¤"Edd,
&b = 0.1, . = 0.99, and / = 0.01, 1 minute before a burst begins. The
opacity is extracted from our opacity grid for given ) and d. The dashed
line indicates the substrate and the solid line indicates the accreted layers.
The jump in opacity curve at the substrate boundary is due to discontinuous
change in composition from He to Fe.

weight of the accreting gas in g mol−1. This model only provides
a crude guidance; the Kepler model did not experience runaway
for these conditions, and our models find stationary solutions well
beyond that point; a stationary solution is only possible when there
is no runaway.

Thus we also independently infer when runaway occurs by
calculating the stationary solution using our 2D heat transport code
for a sequence of Kepler dumps consecutively closer to the start
of the burst (when convection begins in Kepler). When there is no
stationary solution, the model should not converge. We compare the
time before the start of convection at which no stationary solution
is found for a model with no hotspot to the same time for models
with hotspots of varying temperatures. If a model with hotspot fails
to find a stationary solution before a model without hotspot fails,
this may indicate that heating from the hotspot has induced runaway
earlier. Obviously, it is difficult to assess that no solution could be
found with a different numerical scheme, so our inferred times form
the 2D models have to be considered upper limits on the change in
runaway time. To optimise out search for a stationary solution, we
set the initial guess temperature distribution for the hotter hotspots
to be the solution for a slightly cooler hotspot, which in some cases
allows the code to find a solution. At some point, however, ignition
conditions are met and a static solution is not possible to find with
our approach, which is the time we report. The equations may still
have a solution, the fully-activated burning, but that may lie outside
the physics domain of our burning physics and tabulated opacity
tables.

Finally, we independently infer when runaway occurs under the
influence of a hotspot by carrying out modifiedKepler calculations
of the lead up to a burst. For each set of parameters, we explore a

Table 1. The time before convection at which a stationary solution is no
longer found for different accretion rates, geometries, and hotspot tempera-
tures.

Model ¤< )HS Timea Keplera

Case ( ¤<Edd) (MK) (s) (s)

A 0.1 No hotspot 0 (-17.7)b
pole 0.1 20 0 20.0

0.1 50 0 103
0.1 100 0 3,009
0.1 115 5 5,122
0.1 120 > 60 5,949

B 0.038 No hotspot 0 (-1.0)b
pole 0.038 20 0 47.5

0.038 50 0 4,554
0.038 100 7–8 9.31 × 104

0.038 115 39–58 1.30 × 105

0.038 120 > 60 1.41 × 105

C 0.1 No hotspot 76–80 (-27.8)b
equator 0.1 20 81–106 4.9
(0.75 6) 0.1 50 81–106 34.0

0.1 100 > 107 955
0.1 115 > 107 1,782
0.1 120 > 107 2,101

a measured as time before Kepler model in which convection first appears
that stationary solution is no longer found.
b due to adjusted boundary condition there is a small offset relative to base
model for 2D runs; all other Kepler values in this column are measured
relative to this reference. Total time to burst is 2.527 × 104 s, 2.459 × 105 s,
and 1.490 × 104 s for Models A–C, respectively.

range of hotspot temperatures by setting the surface boundary to the
hotspot temperature (since Kepler is 1D it does not model hori-
zontal diffusion as in the 2D heat transport code), we set the surface
boundary pressure to be 3%rad, where %rad = f)

4 is the radiation
pressure, and lower the surface resolution to allow convergence (see
Footnote b, Table 1). We define the commencement of thermonu-
clear runaway as the time at which convection first begins. All other
model parameters are the same as described for the 2D transport
code. As we show later, for sufficiently large (realistic) hotspots, the
centre of the hotspot is not affected by heat loss at the edges, and
therefore these Kepler simulations are an adequate approximation
for the core of the hotspot or stripe.

3 RESULTS

A summary of the time before ignition in the KEPLER models
without hotspot is reached for the three different models explored
is shown in Table 1.

3.1 The case of XTE J1814–338

The observed and inferred system parameters for XTE J1814–338
are shown in Table 2. Based on these observed parameters, we set
up our model such that 'HS = 3 km, ¤< = 0.1 ¤<Edd, and explored a
range of hotspot temperatures, and call the models with this set of
parameters Model A.

The time before convection at which no stationary solution
was found for Kepler dumps sequentially closer to runaway is
shown in Table 1 (Model A) for different hotspot temperatures.
For the 2D code we found that only for hotspot temperatures )HS &
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Table 2. Observed and inferred parameters for XTE J1814–338

Parameter Value Units Ref.

% 314 Hz [1]
�X 2.64 × 10−8 ergs s−1 cm−2 [2]
3 8 kpc [2]
¤< 0.11 ¤"Edd Eq. 7
'pc 3.04 km Eq. 12
:B) 1.7–3 keV [2]
� 0.16 × 108 − 7.8 × 108 G [1], [4]

:B is the Boltzmann constant. Ref.: [1] Papitto et al. (2007), [2] Strohmayer
et al. (2003) , [3] Bhattacharyya et al. (2005) , [4] Mukherjee et al. (2015)

Table 3. Observed and inferred parameters for IGR J17480–2446

Parameter Value Units Ref.

% 11 Hz [1]
!- 7 × 1037 [1]
¤< 0.038 ¤"Edd Eq. 7
'pc 0.57 km Eq. 12
:B) 3–15 keV [1]
� ∼ 2 × 108 − 2.4 × 1010 G [1, 2]

Ref.: [1] Papitto et al. (2012), [2] Ootes et al. (2019)

1.15×108 K did runaway occur earlier than the case with no hotspot,
and we found that runaway occured 5 seconds earlier for a hotspot
of 1.15 × 108 K and more than 60 seconds earlier for a hotspot of
2 × 108 K. In the Kepler calculation under the same conditions,
however, we found that a hotspot of just 2 × 107 K was sufficient to
induce runaway 20 s earlier than the case with no hotspot. Given the
timescales that X-ray bursts usually operate on (∼ 60 s), we deduce
that an X-ray burst igniting 5–20 s earlier at the hotspot would be
sufficient to induce burning located at the magnetic pole.

The 2D temperature distributions and temperature profiles for
the XTE J1814–338 models 1 minute before convection are shown
in Figure 4. We found that there was no difference in temperature
at the burst ignition depth for ) . 1.0 × 108 K. According to the
Bildsten (1998) ignition formula (Eq. 13), in these cases ignition
would be reached at all locations on the star at the same time,
however, we note that this is a very simple formula and since we
were able to obtain a stationary solution, runaway could not have
commenced in these models. Qualitatively, in Figure 4, it is clear
that the hotter the hotspot, the deeper the heating penetrates, and
closer to a burst the hotspot could indeed provide enough heating
to trigger burst ignition shallower than the rest of the star.

3.2 The case of IGR J17480–2446

The observed and inferred system parameters for IGR J17480–2446
are shown in Table 3. Based on these observed parameters, we set up
our model such that 'HS = 0.5 km, ¤< = 0.038 ¤<Edd, and explored
a range of hotspot temperatures, and call the models with this set of
parameters Model B.

The time before convection at which no stationary solution
was found for Kepler dumps sequentially closer to runaway is
shown in Table 1 (Model B) for different hotspot temperatures. We
found that for the 2D code runaway only occured earlier for hotspot
temperatures )HS & 1× 108 K, and we found that runaway occured
at least 7 seconds earlier; considerably earlier than the comparable
case forXTE J1814–338. Similarly, for theKepler calculationswith

the same parameters, we found that a hotspot of just)HS & 2×107 K
was sufficient to induce runaway 47.5 s earlier than the case with
no hotspot. Again, this is considerably earlier than the comparable
case for XTE J1814–338.

The 2D temperature distributions and temperature profiles for
IGR J17480–2446 are shown in Figure 4. Similar to the models
for XTE J1814–338 we found that there was no difference in tem-
perature at the burst ignition depth for any of the models for the
Bildsten (1998) ignition criterion, however this ignition criterion
does not agree with the location of runaway for the Kepler models.
Qualitatively, as for XTE J1814–338, in Figure 4, it is clear that the
hotter the hotspot, the deeper the heating penetrates, and closer to
a burst the hotspot could indeed provide enough heating to trigger
burst ignition shallower than the rest of the star.

On comparison of the temperature profiles for XTE J1814–338
and IGR J17480–2446 we find qualitatively very similar results for
both accretion rates explored, excepting that for the lower accretion
rate, the accreted layer is thicker and cooler, and ignition occurs
deeper at cooler temperatures. In both cases we required a hotspot
temperature & 1.0 × 108 K to see any difference in the ignition
depth between the column under the hotspot and the column with
no heated area on the surface.

3.3 More general models: Hotspot at magnetic pole vs
hot-stripe at equator

Here we consider the effect that the fast rotation of the pulsar might
have on the ignition location at the equator compared to themagnetic
poles.

The time before convection at which no stationary solution was
found for Kepler dumps sequentially closer to runaway is shown in
Table 1 (Model C) for different hotspot temperatures with reduced
gravity and Cartesian geometry. Using the 2D code we found that
runaway occured earlier than the case with no hotspot for themodels
withmuch lower hotspot temperatures than at the pole,with runaway
occuring 1–10 s earlier than the no hotspot case for)HS = 2×107 K.
This is considerably lower than the hotspot temperature required for
earlier runaway at the pole, of )HS = 1.15×108 K, however, if there
was a hot-stripe along the equator due to accretion it is not clear
how thick this stripe might be. Here we have set the stripe to just
1 km thick. For the Kepler calculations with the same parameters,
we found that runaway occurred earlier for all hotspot temperatures
simulated, with runaway occurring 4.9 s earlier for)HS = 2×107 K.

Next we consider the two sets ofmodels,Model A andModel C
(which are the same except Model C has 25 % reduced gravity), and
use cylindrical coordinates to simulate the pole for Model A and
Cartesian coordinates to simulate the equator for Model C. We
consider two hotspot temperatures at the pole, of )HS = 5 × 107 K
and 1 × 108 K, and set the radius of the hotspot to be 1 km. The
temperature profiles for these models are plotted in Figure 5.

In Figure 5 it is clear that if the star was uniformly at the
same temperature, for rapidly rotating neutron stars (where we have
assumed the surface gravity at the equator is reduced by 25%)
ignitionwould preferentially occur at the equator, as the temperature
of the entire accreted column is slightly hotter (yellow line) than at
the pole (red line). This result is in agreement with previous studies
on ignition location by Spitkovsky et al. (2002); Cooper & Narayan
(2007). The effect of the hot-stripe at the equator is quantitatively
the same as the effect of a hotspot at the pole, however due to the
higher temperature at the equator, runaway occurs for a much colder
hotspot.

Interestingly, we found that for a 1 × 108 K hotspot, ignition is
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Figure 4. Left panels: Individual radial columns under the hotspot for each temperature (dashed-dotted lines) and a radial column far from the hotspot location
(solid line). The ) − H conditions for X-ray burst ignition (Eq. 13) are plotted (dashed black line). Since the temperature profile is not different from the
KEPLER run without hotspot near the ignition depth, it is clear that ignition is not reached in any of the models, as expected since these models are 1 minute
before ignition. Right panels: The temperature distribution at ignition for different hotspot temperatures for the Kepler calculations. Top panels: Model A;
Middle panels:Model B; Bottom panels: Model C.

likely reached underneath the hotspot at the pole before the equator
(with no hotter area). In Figure 5, the temperature profiles are plotted
2 minutes before a burst (when convection begins in Kepler), and
closer to the burst all columnswould be hotter, and ignitionwould be
reached under the 1×108 Khotspot prior to the no hotspot column at
the equator. This suggests that for a sufficiently hot hotspot, ignition
could occur away from the equator at the magnetic pole, despite the
lower surface gravity at the equator.

3.4 Influence of hotspot size and geometries

We explored the effect that different hotspot sizes and the geome-
tries of our models had on the diffusion and heating induced in
deeper layers by the hotspot. For a very small hotspot, it is expected
that the temperature of deeper layers would not be affected. As the
hotspot increases in size, the deeper layers will become increasingly
more affected. If we increase the size of the hotspot above a certain
radius, the temperature in the column below the center asymptotes
to a constant value (set by the temperature of the hotspot). Due to
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Figure 5. Comparison of temperature profiles for a hotspot at the magnetic
pole (dashed-dotted, Model A) and the no hotspot case at the equator (solid
line, Model C) for the Kepler calculations. In our models the gravity at
the equator is reduced by 25 % to account for the effect of fast rotation.
The dashed black line shows the location of burst ignition (Eq. 13). Ignition
is reached earlier (shallower) for Model C at the equator except when the
hotspot at the pole (Model A) is )HS & 1 × 108 K.

the 2D nature of our code, we were able to investigate the relevant
hotspot sizes that induce this behaviour. We consider models of dif-
ferent hotspot sizes (from 1 cm–2 km) for cylindrical and Cartesian
geometries and with )HS = 8 × 107 K, and we set the length of
the domain in G to be 4 times larger than the hotspot size (we set
the number of zones in G-direction to 200 to ensure that we could
measure the extent reached by dissipation). We note that for the
purposes of analysing the effect that the model geometry has on the
results we did not reduce the gravity at the equator by 25 % for these
models.

The 2D temperature distribution and temperature profiles by
radial depth for hotspots with radius 1m, 10m and 1 km and hotspot
temperature 8 × 107 K are plotted in Figure 6. The 2D tempera-
ture distributions demonstrate how the heat diffuses outwards when
the hotspots have smaller radii, which is not visible for the bigger
hotspots due to the temperature saturation. For the 1 m case (top
panels) it is evident that the temperature under the hotspot is not
saturated, and horizontal diffusion is visible. Due to the scale at
which horizontal diffusion occurs, there is no such diffusion visible
in the 1 km case (bottom panels).

In Figure 7 the 2D distributions of opacity and nuclear burning
are plotted for a hotspot size of 10m. The opacity at the bottom of
the accreted layer is very low (∼ 10−2 cm2 g−1), and the nuclear
burning is very low near the surface, and comes mostly from the
deeper accreted layers.

In Figure 8 we have plotted the temperature at the bottom of the
accreted layer ()base) for all hotspot sizes and the two geometries for
the stationary solution 2min before a burst, in hotspot size steps of
0.1 dex. Figure 8 demonstrates that for hotspot sizes less than 1m,
the heating does not penetrate to the bottom of the accreted layer,
as there is no difference in temperature under the hotspot (dashed-
dotted lines) and not under the hotspot (solid lines). Between 1m
and 100m the temperature near the bottom of the accreted layer
under the hotspot gradually becomes saturated. For hotspots bigger
than ∼100m, i.e., hotspots much larger than the layer thickness,
the centre temperature of the hotspot is saturated, and the boundary
between the hotspot and the cooler columns drops on a scale shorter
than the hotspot size. This, however, is not as trivial a result as it may
naively seem. This is because the opacity in the deeper accretion
layers and in the substrate is orders of magnitude smaller than at the

surface (Figure 3), and hence heat could spread rather efficiently.
In fact, in some preliminary time-dependent simulations not further
discussed here, we have seen a broad runaway up to several times the
layer height for hotspots with widths of the order of the layer height.
Realistic hotspots, however, have sizes of ∼ 1 km (see below), i.e.,
a factor 200 larger than the layer height, so that the centre of the
hotspot is no longer affected by its boundary.

For a hot-stripe, simulated in Cartesian plane-parallel geom-
etry, the accreted layers are consistently hotter as the ratio of the
perimeter to the interior is smaller in the case of a stripe, and heat
can less easily escape. We found, however, that the relevant size
at which the hot-stripe could affect deeper layers is very similar to
the cylindrical coordinate case. The centres of wide stripes hence
behave the same way as the centre of large hotspots.

It is very unlikely that a hotspot caused by magnetic chan-
nelling in an AXP could be less than 10m in size, given the size
of the polar cap (Eq. 12). Therefore we are always operating in the
regime where the accreted column under the hotspot is saturated,
and heat diffusion horizontally from the hotspot is not important.
Thus, both in the case of a wide hotspot and a wide equatorial stripe
the centre can be well studied using a 1D code such as Kepler.

4 DISCUSSION

Our findings reveal that a hotspot on the surface of an accreting
pulsar could influence the ignition location of X-ray bursts if the
hotspot has a temperature & 2 × 107 K. We reproduce previous
studies that find that due to the lower surface gravity expected at the
equator, ignition will almost always occur at this location. We find
that hotspots with a temperature less than 1 × 108 K are unlikely to
affect ignition location, but hotspots hotter than this could induce
burst ignition at the magnetic pole, even when accounting for the
expected lower surface gravity at the equator. Furthermore, when
magnetic channelling is in place we do not expect a hot stripe to
develop at the equator as in the case of pure disc accretion, so that
ignition at the magnetic pole is even more likely.

Our results suggest that a hotspot with temperature& 1×108 K
is required for X-ray burst ignition location tomove from the equator
to the magnetic pole. Whether hotspots on the surface can actually
get this hot is uncertain, especially since spectral modelling of
the X-ray emission from AXPs usually infers temperatures in the
range 1–5×107 K or less. However, we cannot separate the hotspot
emission from the rest of the neutron star or the accretion disk in
the spectra obtained in observations of these sources, and thus these
temperatures may not provide a reliable estimate of the hotspot
temperature. An alternative (whilst simple) method of obtaining
the hotspot temperature is by estimating the blackbody temperature
of an emitting area with radius 'HS, radiating with the accretion
luminosity !acc (Frank et al. 2002)

)bb =

(
!acc

4c'2
HSf

)1/4
(14)

where f is the Stefan-Boltzmann constant.
Assuming an accretion luminosity of 1 × 1038 erg and 'HS =

0.5 km this gives )11 ≈ 8.7 × 107 K. Alternatively, we could con-
sider the thermal energy released if the gravitational potential energy
were entirely converted into thermal energy (Frank et al. 2002)

)th ≈
(
�"<p
3 :B '★

)
(15)

where <p is the mass of a proton, " is the mass of the neutron star,
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Figure 6. Top Left panel: 2D temperature distribution for a hotspot radius of 1m with cylindrical geometry. Top Right panel: Temperature profiles for different
radial depths for a hotspot of 1m showing how the heat from the hotspot disperses into the accreted layers.Middle Left panel: 2D temperature distribution for
a hotspot radius of 10m with cylindrical geometry.Middle Right panel: Temperature profiles for different radial depths for a hotspot of 10m showing how the
heat from the hotspot disperses into the accreted layers. Bottom Left panel: 2D temperature distribution for a hotspot radius of 1 km with cylindrical geometry.
Bottom Right panel: Temperature profiles for different radial depths for a hotspot of 1 km showing how the heat from the hotspot disperses into the accreted
layers. The model has parameters ¤< = 0.1 ¤<Edd, &b = 0.1MeVnuc−1, and )HS = 8 × 107 K, for a snapshot 1min before a burst begins. All temperatures are
reported in log10.

and '★ is the radius of the neutron star. For a 1.4 M� neutron star
and an emitting area with radius 0.5 km, we find )th ≈ 2.4 × 108 K.

Thus the likelihood that the hotspot in XTE J1814–338, IGR
J17480–2446, or AXPs in general could be as hot as 1 × 108 K is
uncertain. It is expected that the true radiation temperature should
lie between the blackbody temperature and the thermal temperature
(Frank et al. 2002). In spectral modelling of IGR J17480–2446,
Papitto et al. (2012) found blackbody temperatures varied drastically
between observations and instruments, and found temperatures as

high as 3.5 × 108 K. Thus we find it unlikely, but not impossible,
that the hotspot in AXPs could be as hot as 1 × 108 K.

If a hotspot can be as hot as 1 × 108 K, the scenario in which
bursts ignite at the magnetic pole could be a plausible explanation
for the burst oscillations observed in IGR J17480–2446 and XTE
J1814–338 that are coincident with the spin period of the pulsar in
each of these systems. Cavecchi et al. (2011) suggested that the burst
oscillations at the same frequency as the spin period of the pulsar
in IGR J17480–2446 could be explained by a hotspot confined by
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Figure 7. Left panel: 2D opacity distribution for a hotspot radius of 10m with cylindrical geometry. Right panel: 2D distribution of nuclear energy generation
for a hotspot radius of 10m with cylindrical geometry. The model has parameters ¤< = 0.1 ¤<Edd, &b = 0.1MeVnuc−1, and )HS = 8 × 107 K, for a snapshot
1min before a burst begins.
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Figure 8.The temperature at the base of the accreted layer for a columnunder
the hotspot (dashed-dotted line) and one far from the hotspot (solid line),
for cylindrical (red) and Cartesian (blue) geometries and a range of hotspot
sizes (in 0.1 dex steps). )0 is the temperature at the base for a simulation
with no hotspot. The model has parameters of Model A ( ¤< = 0.1 ¤<Edd,
&b = 0.1MeVnuc−1), and )HS = 8 × 107 K, for a snapshot 2min before
a burst begins in the Kepler simulation. Note that in this case we have
not reduced the gravity in the Cartesian coordinate system simulations in
order to analyse the effect of geometry alone. For hotspot sizes . 1 m the
domain is so small that the heat from the hotspot spreads evenly by the time
it reaches the bottom. This is an artifact of the code, but it would not be
possible to resolve for the smallest sizes. We find the temperature under the
hotspot asymptotes to a constant value for hotspots & 100 m.

hydromagnetic stresses to the magnetic pole. They argue that due
to tension induced by the compression of magnetic field lines, the
strength of the magnetic field required for magnetic confinement is
only ∼ 4 × 109 G (Heng & Spitkovsky 2009). This, combined with
the ability to preferentially ignite X-ray bursts under the hotspot
couldwell be a plausible explanation for these puzzling observations
of IGR J17480–2446. The case of XTE J1814–338, however, is a
little different, as the magnetic field in this system does not appear
to be as strong as in IGR J17480–2446. Observations cannot rule
out a magnetic field as strong as 4 × 109 G (Bhattacharyya et al.
2005), however, the magnetic field must be . 109 G in order for
the magnetic propeller effect not to disrupt accretion (Rappaport
et al. 2004). Watts et al. (2008) deduced that in the scenario in

which magnetic confinement of the fuel is not possible, the effect
of the higher temperature at the accretion impact point may induce
burst ignition at this point. In this case, in order to explain the
continued phase locking of the burst oscillations with the accretion
hotspot, the burning front of the burst would need to stall, perhaps
due to the rate of heat transfer of the burning front. In this work
we deduce that it is plausible that the temperature asymmetries due
to the accretion hotspot could cause bursts to ignite at the hotspot,
however we need to include hydrodynamics and time-dependence
in our simulations in order to assess if burst front stalling is possible.
Regardless, the fact that the phase-locking of the burst oscillations
with the persistent pulsations in XTE J1814–338 happen only when
the accretion rate is inferred to be higher (Watts et al. 2008), supports
our finding that only when the hotspot is sufficiently hot can bursts
ignite under the hotspot.

In the results we report there are significant discrepancies be-
tween the 1D Kepler calculations of the influence of the hotspot
on the ignition time, and the 2D heat transport code we developed.
These discrepancies can be attributed to a couple of things. Firstly,
the influence of thermal inertia is clearly very important in calcula-
tions such as these, and the time-independent 2D heat transport code
cannot account for this. Secondly, heating causes advection, which
the 2D heat transport code does not model as it does not include
hydrodynamics. Kepler solves the full time-dependent equations
of conservation of mass, momentum, and energy, and thus can track
the movement of material as it is being heated. We deduce that
it is most likely for this reason that there is such a discrepancy
between the static 2D heat transport code and the Kepler model
predictions for the runaway times in Table 1. Thirdly, the ignition
time inferred using the 2D heat transport code is heavily dependent
on the numerical accuracy of the code, as we define ignition to be
when the code no longer converges to a static solution. Whilst we
mitigated this effect as much as possible by using static solutions
for slightly cooler hotspots as the initial guess temperature, there
is still some uncertainty introduced due to the numerical accuracy.
In Section 3.4, however, we demonstrated the utility of the 2D heat
transport code over Kepler, as it enables the horizontal diffusion
length scale to be determined. We find that the temperature diffuses
horizontally on a length scale ∼ 10 m, significantly smaller than the
expected radius of the hotspot based on the polar-cap size. Thus
we deduce that the 1D Kepler models of the runaway time are
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reasonable approximations to the 2D case, since the hotspots are
sufficiently large that any horizontal diffusion is negligible.

The 2D model of heat transport inside the accreted layers on
the surface of a neutron star that we have developed is by no means
exhaustive, and our results are dependent on numerous assumptions.

Firstly, we assumed that the accreted material is almost pure
helium, and only accounted for helium burning via the triple-U
reaction for the energy released due to nuclear burning. Since it
is thought that the triple-U reaction should be the main trigger of
thermonuclear runaway at the onset of a burst (e.g., Bildsten 1998),
this assumption is the simplest case for the nuclear burning, but
excludes energy released due to burning via other pathways, and
would neglect heating due to burning of hydrogen to helium in
case of helium-rich accretors. In the latter case, the influence of
the hotspot may be much reduced. This case may be studied in the
future.

Secondly, we only solve for the steady-state solution and do
not solve the equations including time-dependence. Under this as-
sumption, our models cannot reach thermonuclear runaway as there
is no static solution during runaway, and thus we can only model
the conditions in the accreted layers up to just before a burst occurs.
Indeed, on comparison with the equivalent time-dependent Kepler
calculations, there is a discrepancy in the time of runaway for the
different model cases.

Finally, in this model we only address heat transport mecha-
nisms and do not include hydrodynamical effects. This assumption
is perhaps the most important limitation of our model to discuss,
as the effect of the temperature gradient on the movement of ma-
terial in the accreted layer is important to consider. For example,
the heated material may rise in the hotspot, inducing mixing in the
hotter layers and movement of the fuel. This would be complicated
by composition gradients that could stabilise against rise of mate-
rial. Our static model cannot account for this, and it may have an
effect on the prevalence of a temperature gradient in deeper layers,
or the depth at which ignition conditions are reached first (see, e.g.,
Malone et al. 2011, 2014).

In favour of our approach, however, is that in a hotspot we may
expect strong magnetic fields, strong enough to funnel the accretion
flow, and these same magnetic fields may also prevent fluid flow
unless there was significant ambipolar diffusion. For the other case,
accretion in a stripe at the equator, Coriolis forces may prevent
fluid motions away from the equator due to angular momentum
conservation. A detailed study of these effects is beyond the scope
of this paper, but see Spitkovsky et al. (2002); Cavecchi et al. (2015).

In future, the model should be upgraded to include hydrody-
namical affects in order to conclusively examine the effect that a
hotspot has on the deeper layers and location at which ignition con-
ditions are reached first. A more realistic nuclear reaction network
that accounts for energy released by reactions other than the triple-U
reaction and time-dependence should also be included so that the
full thermonuclear runaway can be modelled.

5 CONCLUSIONS

In this study we have presented 2D calculations of X-ray burst igni-
tion location on the surface of accreting pulsars, taking into account
the effect of temperature asymmetries caused by a hotspot on their
surface. We found that heating persisted down to the approximate
column depth of X-ray burst ignition for a hotspot temperature
∼ (2) × 107 K and independent of the size of the hotspot (assuming
the hotspot radius is & 100m). In models of accretion at the equa-

tor and in models where the accreted fuel spreads evenly over the
neutron star before ignition, we found that due to the lower surface
gravity at the equator for rapidly rotating neutron stars, burst ignition
will always preferentially ignite here unless the hotspot at the mag-
netic pole is hotter than& (1) × 108 K. At this temperature ignition
would preferentially occur under the hotspot at the magnetic pole,
providing a scenario in which off-equator ignition could occur in an
accreting pulsar. However, we find it unlikely, but not impossible,
that the hotspot in XTE J1814–338, IGR J17480–2446, or any AXP
could be as hot as 1×108 K.We conclude that the ignition of bursts
at the hotspot combined with magnetohydrodynamic effects leading
to hotter and colder patches associated with the magnetic pole (for
example hydromagnetic modes) could explain the phase locking of
burst oscillations with the accretion-powered pulsations in the two
AXPs XTE J1814–338 and IGR J17480–2446. Whilst this scenario
is promising, in order to comprehensively assess if it is possible we
would need to include a full treatment of hydrodynamics in the 2D
heat transport code, time-dependence in our simulations, as well as
a more robust nuclear reaction network.
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4
O B S E RVAT I O N S O F A C C R E T I N G N E U T R O N S TA R S

Observations of accreting neutron stars are a crucial component in advancing our
understanding of these systems. In the case of accreting neutron stars, often ob-
servations are limited to a few intermittent snapshots of when a source goes into
outburst. Usually observations are primarily taken with X-ray instruments aboard
satellite telescopes. In this chapter we present two observational studies of accret-
ing neutron star systems.

4.1 enhanced optical activity 12 days before x-ray activity, and

a 4 day x-ray delay during outburst rise , in a low-mass x-ray

binary

When transient accreting neutron stars go into outburst, often they are not ob-
served until the X-ray flux has reached a level detectable by all-sky monitors
aboard X-ray satellite telescopes (F ∼ 10−8 erg s−1 cm−2). In the first study of this
chapter, we present unprecedented observations we obtained of the rise to out-
burst of the accretion-powered millisecond pulsar SAX J1808.4–3658 in August
2019. We observed the system with multiple telescopes across optical, UV, and X-
ray wavelengths from before the outburst began, to the initial signs of outburst,
through to the commencement of accretion onto the neutron star and the outburst
in its entirety. These observations are the first, detailed observations of a transient
accreting neutron star switching on to date, and provide important constraints on
the optical to X-ray delay that is expected by the disk instability model.

Published in:
A. J. Goodwin et al. (June 2020a). ‘A 12 day delay between optical and X-ray activity
during outburst rise in a low-mass X-ray binary’. arXiv e-prints, arXiv:2006.02872,
arXiv:2006.02872. arXiv: 2006.02872 [astro-ph.HE]
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ABSTRACT

X-ray transients, such as accreting neutron stars, periodically undergo outbursts, thought to
be caused by a thermal-viscous instability in the accretion disk. Usually outbursts of accreting
neutron stars are identified when the accretion disk has undergone an instability, and the
persistent X-ray flux has risen to a threshold detectable by all sky monitors on X-ray space
observatories. Here we present the earliest known combined optical, UV, and X-raymonitoring
observations of the outburst onset of an accreting neutron star low mass X-ray binary system.
We observed a significant, continuing increase in the optical i′-band magnitude starting on
July 25, 12 days before the first X-ray detection with Swift/XRT and NICER (August 6), during
the onset of the 2019 outburst of SAX J1808.4–3658. We also observed a 4 day optical to
X-ray rise delay, and a 2 day UV to X-ray delay, at the onset of the outburst. We present
the multiwavelength observations that were obtained, discussing the theory of outbursts in
X-ray transients, including the disk instability model, and the implications of the delay. This
work is an important confirmation of the delay in optical to X-ray emission during the onset
of outbursts in low mass X-ray binaries, which has only previously been measured with less
sensitive all sky monitors. We find observational evidence that the outburst is triggered by
ionisation of hydrogen in the disk.

Key words: accretion, accretion discs – X-rays: binaries – X-rays: individual: SAX J1808.4-
3658

1 INTRODUCTION

Transient accreting neutron stars in low mass X-ray binaries
(LMXBs) are in close binary orbits with a main sequence, white
dwarf, or other low mass star. The neutron star accretes from the
companion via Roche Lobe overflow, forming an accretion disk,

? E-mail: ajgoodwin.astro@gmail.com

and emitting energetic radiation in the form of X-rays when ma-
terial transfers from the accretion disk onto the neutron star (e.g.
White & Mason 1985; Lewin & van der Klis 2006). Outbursts in
transient accreting neutron stars are characterised by an abrupt in-
crease in X-ray luminosity of several orders of magnitude over a
few days, typically followed by a decay on a timescale of a month
or several months, before the system returns to its low luminosity
quiescent state (e.g. Frank et al. 1987).

Optical emission in these systems is generally thought to arise

© 2020 The Authors
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from the outer accretion disk, companion star, and at higher lumi-
nosity X-ray reprocessing in the disk, in some cases with a contri-
bution from synchrotron emission from jets (e.g. Russell, Fender &
Jonker 2007). Whereas X-rays are thought to originate from close
to the neutron star, at the inner disk from the hot accretion flow
(Lasota 2001), or from the neutron star surface. Thus, we can use
multiwavelength observations of LMXBs to follow the progression
of an outburst, and separate the activity of the accretion disk, jet,
companion star, and neutron star.

SAX J1808.4–3658 was the first accretion-powered millisec-
ond pulsar (AMSP) to be discovered (in ’t Zand et al. 1998;Wijnands
& van der Klis 1998), and goes into outburst every few years (Bult
et al. 2019; Del Santo et al. 2015; in’t Zand et al. 2013; Markwardt
et al. 2011a; Markwardt & Swank 2008; Markwardt et al. 2002;
Wijnands et al. 2001). The outbursts of SAX J1808.4–3658 have
been occurring with progressively longer recurrence times (e.g.
Galloway & Cumming 2006), which is a puzzling phenomenon.
The system consists of a 401 Hz pulsar (Wijnands & van der Klis
1998) in a close binary orbit (P=2.01 hr; Chakrabarty & Morgan
1998), with a very low mass (M = 0.03 − 0.11M�; Deloye et al.
2008; Elebert et al. 2009; Wang et al. 2013) companion star that
is likely hydrogen depleted (Goodwin et al. 2019a; Johnston et al.
2018; Galloway & Cumming 2006). During outburst, the system
exhibits type-I thermonuclear X-ray bursts (e.g. Galloway & Cum-
ming 2006) with burst oscillations at the pulsar frequency (in’t Zand
et al. 2001; Chakrabarty et al. 2003).

The exact mechanism that causes the onset of an outburst in
LMXBs is unknown. The disk instability model (DIM) is the preva-
lent theory that describes a mechanism for outburst: a thermal-
viscous disk instability (see Dubus et al. 2001, for a review). The
theory was first proposed in the 1970s to explain similar outbursts
observed in dwarf novae systems (a subset of cataclysmic vari-
ables (CVs); Smak 1971; Hōshi 1979; Osaki 1974). The DIM was
extended to encompass LMXBs around 20 years later when the
similarity in the fast-rise and exponential-decay behaviour between
outbursts in CVs and transient LMXBswas recognised (van Paradijs
& Verbunt 1984; Cannizzo et al. 1985; van Paradijs 1996). There
have been some significant and important modifications to the DIM
necessary to explain the variations in, and general observational
behaviour of, LMXBs. These include the effects of irradiation of
the accretion disk and the donor star by the LMXB primary; in-
ner disk truncation, if the compact object has a strong (> 108 G)
magnetic field or due to evaporation; variations in mass transfer;
and the existence of winds and outflows and the torque they exert
on the accretion disk (e.g., Hameury 2019). Nevertheless, the sin-
gle underlying mechanism that describes the cause of outburst in
an accretion disk has remained constant since the theory was first
proposed; a thermal-viscous disk instability.

According to the DIM, the outburst-quiescence cycle of an
LMXB may proceed as follows: first, during quiescence, the cold
disk accumulates mass via Roche-lobe overflow from the compan-
ion until the disk reaches a critical density, and the disk temperature
rises to the critical value required to ionise hydrogen. This event
causes a heating front to propagate through the disk, bringing it to
a hot, bright state, and commencing the outburst (e.g. Menou et al.
1999). The outburst lasts on the order of a month, during which
accretion onto the compact object gives rise to high energy X-ray
emission. The outburst then decays in luminosity as the disk de-
pletes, and the system returns to quiescence to begin building up
mass in the disk for the next outburst (e.g. Lasota 2001). This picture
is a very simplified rendition of what is happening during an out-
burst of an LXMB, and there is variation observed in the behaviour

of many systems. One such key variation includes the time delay
between when the disk instability first occurs, and the heating front
begins to propagate in the disk; and when the outburst commences,
and accretion onto the compact object is observed as an increase in
X-ray luminosity.

Dubus et al. (2001) describe two different kinds of outburst,
depending on how long it takes for the heating front to propagate in to
the inner disk. Two heating fronts are formed at the point of ignition
in the disk, and they propagate both inwards and outwards from the
ignition radius (Menou et al. 1999). For “inside-out" outbursts, the
ignition occurs at a small radius, and the inward propagating front
reaches the inner disk much faster than the outward propagating
front reaches the outer disk. In “outside-in" outbursts, the ignition
occurs at a larger disk radius, and it can take much longer for the
heating front to reach the inner disk. Dubus et al. (2001) describe the
primary difference between “inside-out" and “outside-in" outbursts.
During quiescence, the density profile of the disk is approximately
linearly proportional to its radius, which implies that “outside-in"
heating fronts always progress through regions of decreasing surface
density. Whereas, in “inside-out" outbursts, the outward front can
encounter regions of higher densities, and if the heating front cannot
raise the density of the front above the higher density, it stalls and
a cooling front can develop. “Inside-out" outburst fronts propagate
slowly, and it can take much longer to bring the disk to the hot
state than in “outside-in" outbursts. When irradiation is accounted
for, it does not change the structure of the heating front, but it does
change the maximum radius to which an “inside-out" outburst can
propagate. The ignition radius depends on the mass transfer rate
from the secondary and the size of the disk. (Smak 1984; Hameury
et al. 1998). For low mass transfer rates, the accreted matter will
drift inwards in the cold disk, and the maximum surface density will
accumulate in the inner disk, giving rise to inside-out outbursts. If
the mass transfer rate is high, the mass accumulation time at the
outer radius can become lower than the drift time, and an outside-in
outburst will be triggered by the higher surface density in the outer
disk. Dubus et al. (2001) found that the mass transfer rate required
for an outside-in outburst to occur in their model of a soft X-ray
transient was higher than the accretion rate for which the disk was
stable, thus indicating that inside-out outbursts are more likely for
this kind of system. However, an outside-in outburst is theoretically
possible if the accretion disk has a small radius.

Observations, especially over multiple wavelengths, of the rise
to outburst in LMXB systems are rare, as the rise occurs rather
quickly (on the order of a few days), and outbursts are not usually
detected until the flux has risen above the detection threshold of all-
sky monitors aboard X-ray space observatories. The X-ray Binary
New Early Warning System (XB-NEWS; Russell et al. 2019a) was
developed with the goal of producing light curves in real time for
long-term optical monitoring of LMXBs (Lewis et al. 2008, and
other sources) with Las Cumbres Observatory network telescopes.
One of the main aims of this pipeline is to be able to identify
new outbursts of LMXBs from an early optical rise, in real time,
which will increase the number of sources that have observationally
constrained optical toX-ray delays. There are a few systems inwhich
the optical to X-ray delay has been constrained using observations
from X-ray all sky monitors. These include: a < 7 d delay in V404
Cyg (Bernardini et al. 2016), a < 6 d delay in GRO J1655–40 (Orosz
et al. 1997; Hameury et al. 1997), a < 9 d delay in XTE J1550–564
(Jain et al. 2001), a < 10 d delay in XTE J1118+480 (Wren et al.
2001; Zurita et al. 2006), a < 5 d delay in 4U 1543–47, and a
< 7 d delay in ASASSN–18ey (Tucker et al. 2018), which are all
black hole low mass X-ray binaries. There is one neutron star X-ray
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binary, Aql X–1, in which a < 3–8 d optical to X-ray delay has been
inferred (Shahbaz et al. 1998; Russell et al. 2019a), but again this
constraint was only obtained with an X-ray all sky monitor. Prior to
this work, to date, there are no observations of the rise to outburst of
an LMXB that conclusively constrain the delay time using an X-ray
telescope more sensitive than an all sky monitor.

In this work we present the earliest multiwavelength obser-
vations of the rise to outburst of the accreting neutron star SAX
J1808.4–3658. In Section 2, we outline the observations and data
processing of the 2019 outburst we obtained. In Section 3we present
the multiwavelength light curve, including an optical spectrum ob-
tained on the day of the first X-ray detection, and the disk tempera-
ture evolution inferred from the optical V-i′ color. In Section 4, we
discuss the implications of a 12 day delay between the first optical
and X-ray detections of the source, and relate these observations to
the theoretical expectations from the disk instability model.

2 METHODS AND OBSERVATIONS

We monitored the accretion-powered millisecond pulsar SAX
J1808.4–3658 during the lead-up to its 2019 outburst using the
Neil Gehrels Swift Observatory (Swift), the 2-m Faulkes Telescope
South (at Siding Spring, Australia), the Las Cumbres Observatory
(LCO) network of 1-m robotic telescopes, and the South African
Large Telescope (SALT).

Our monitoring program was motivated by the prediction of a
phenomenological (quadratic) model for the times of the previous
8 outbursts, since the first in 1996. The model predicted the next
outburst in 2019 May, but no activity was seen either in that month
or the following. We began our observing program on 2019 July
17, and observed a statistically significant (> 5-σ) increase from
the quiescent level in the optical i′-band magnitude on July 25
(MJD 58689). We first detected X-ray activity with the Swift X-ray
Telescope (XRT) on August 6.44 (MJD 58701.44; Goodwin et al.
2019b), 12 days after the first sign of increased optical activity. The
X-ray flux subsequently increased over the next 2 days, indicating
the beginning of accretion onto the neutron star, and the onset of
outburst.

The 2019 outburst occurred 85 d later than the time pre-
dicted by the phenomenological model, after a quiescent interval
of 4.3 yr. This interval is the longest separating any two outbursts
of SAX J1808.4−3658, by almost a year. The outburst interval has
increased after every outburst, up from 1.6 yr between the first two,
in 1996 September and 1998 April. As noted by Galloway (2008),
the continuing trend of increasing outburst interval contributed to
a decline in the long-term averaged accretion rate. Provided the
quadratic model holds for the next outburst, we expect it to occur no
earlier than MJD 60260 (2023 November 12), another 4.3 yr after
the 2019 outburst. The likely uncertainty on this prediction is as for
the present outburst, ≈ 90 d.

We present below a description of the optical observations,
as well as the X-ray observations with Swift and the Neutron Star
Interior Composition Explorer (NICER) instrument; the NICER
observations have already been reported in Bult et al. (2019).

2.1 Optical observations

2.1.1 LCO monitoring

SAX J1808.4–3658 was extensively monitored throughout the 2019
outburst from the very beginning with the Las Cumbres Observa-

tory (LCO) network including the 2-metre Faulkes Telescope South.
The LCO observations are part of an ongoing monitoring campaign
of∼50 low-mass X-ray binaries (Lewis et al. 2008) co-ordinated
by the Faulkes Telescope Project. Observations were performed
with the B, V , R Bessell filters and the SDSS u′, i′, z′ filters (354–
870 nm). For the purposes of this paper, we include the B, V , R,
i′, and z′-band measurements of the first part of the outburst. The
full data set in all filters will be published in Baglio et al. (submit-
ted) and Russell et al. (in preparation). Aperture photometry was
performed by a new data analysis pipeline, the “X-ray Binary New
Early Warning System (XB-NEWS)”, developed with the aim of
automatically analysing any image of a specific list of targets that is
acquired with the LCO network telescopes, including new images
in real-time. The pipeline first computes an astrometric solution
on each image using Gaia DR21 positions, then performs accurate
aperture photometry of all the stars in the field of view. Zero-point
calibrations between epochs are solved for using the method de-
scribed in Bramich & Freudling (2012), and finally the pipeline
flux calibrates all the stars on a standard magnitude scale using the
ATLAS-REFCAT2 catalogue (Tonry et al. 2018)2 (which includes
PanSTARRS DR1, APASS, and other catalogues). XB-NEWS also
performs multi-aperture photometry (similar to the DAOGROW al-
gorithm by Stetson 1990) which is effectively azimuthally-averaged
PSF profile fitting photometry. This method is optimised for point
sources in fields that are not too crowded, and it was used to extract
the magnitudes of SAX J1808.4–3658 for this paper.

For images inwhich the sourcewas not formally detected above
the detection threshold, forced multi-aperture photometry at the
known location of the source was performed, and magnitudes with
errors > 0.25 mag were excluded as these are only very marginal
detections, or non-detections. SAX J1808.4–3658 lies in a very
crowded field of the Galactic plane, with a few stars within 1′′
of the source position (e.g. Deloye et al. 2008). These stars can
contribute to the quiescent flux measurements, but this does not
affect the date of the early rise into outburst since these stars are
unchanging and the rise does not correlate with seeing.

The result of the pipeline process is a calibrated light curve for
each object in the field of view. For further details see Russell et al.
(2019a); Pirbhoy et al. (2020). We also extinction corrected the V
and i′ magnitudes using AV = 0.510mag, where we have inferred
AV given the relationship between NH and AV for our Galaxy,
reported in Foight et al. (2016) and using the measured NH for the
2019 outburst of SAX J1808.4–3658 of (1.5±0.1)×1021 cm−2 (Di
Salvo et al. 2019). Using the Cardelli et al. (1989) extinction law,
we infer Ai′ = 0.340mag.

The LCO monitoring of SAX J1808.4–3658 was crucial to
detect the first flux enhancement; the early precursor of the new
outburst, on July 25 (MJD 58689.48; Russell et al. 2019b) in i′-
band.

2.1.2 SALT Spectroscopy

We took optical spectroscopic observations of SAX J1808.4–3658
with the Southern African Large Telescope (SALT; Buckley et al.
2006), on August 2, 3 and 6 (MJD 58697, 58698, and 58701). We
covered the region 4060–7120Å at a mean resolution of 4.7Å using
the Robert Stobie Spectrograph (RSS; Burgh et al. 2003) with the
PG900 VPH grating in frame transfer mode with 200 s exposures

1 https://www.cosmos.esa.int/web/gaia/dr2
2 https://archive.stsci.edu/prepds/atlas-refcat2/
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and a slitwidth of 1.5′′. No spectral trace was detected on August 2
in an accumulated 2400 s exposure, although therewas a focus issue.
A weak spectral trace was detected on August 3 in an accumulated
2200 s exposure. On August 6 a spectrum of the object was obtained
with 12 repetitions of 200 s exposures, revealing Balmer absorption
lines and strong interstellar NaD absorption. The seeing on August
6 was 1.8′′. We also obtained follow up spectra on August 22, 25,
and September 26 (MJD 58717, 58720, and 58752), which will be
presented in a follow up paper (Russell et al., in preparation).

The spectroscopic data reductions were done using the
PySALTversion 0.47, the PyRAF-based software package for SALT
data reductions (Crawford et al. 2010)3, which includes gain and
amplifier cross-talk corrections, bias subtraction, amplifier mosaic-
ing, and cosmetic corrections. Spectral reductions (object extrac-
tion, wavelength calibration and background subtraction) were all
done using standard IRAF4 routines, as was the relative flux cali-
bration, as absolute flux calibration is not possible with SALT due
to its unusual design (Buckley et al. 2017). Low frequency bumps
are artefacts from the imperfect flux calibration.

2.2 Swift observations

2.2.1 XRT

The XRT aboard Swift is sensitive in the 0.2–10 keV energy range,
has an effective area of 100 cm2, a 23.6×23.6′ field of view, and
an 18′′ resolution at half-power diameter (Burrows et al. 2005).
We obtained a total of 14 observations between July 21 and Au-
gust 9 (MJD 58685 to 58705), with an average exposure time of
0.5 ks, and a cadence of 2 days. The 8 observations between July
21 and August 4 were carried out with the XRT in Windowed
Timing (WT) mode, the observation on August 6 with the XRT in
Photon Counting (PC) mode, and the remaining observations from
August 8 with the XRT in Auto mode. WT mode provides 1 dimen-
sional imaging at the orientation of the roll angle of the spacecraft,
with a sensitivity limit of approximately 2.4×10−11 erg cm−2 s−1.
Photon counting mode permits full spectral and spatial informa-
tion to be obtained for sources, capable of accurately measuring
fluxes down to 2 × 10−14 erg cm−2 s−1 in 104 s. To extract the X-
ray flux measured by the XRT, we examined all 14 observations
(OBSID 00030034120–00033801025, July 21–August 9) using the
Swift online XRT product builder (Evans et al. 2009). The obser-
vations prior to Aug 6 (OBSID 00030034120–00030034127) could
not be processed with the online XRT product builder, so we man-
ually extracted upper limits using a box of 20 by 5 pixels (aligned
to match the data) to extract the source flux, and a larger region
(typically > 40 pixels by 5 pixels) to extract the background. In
none of these observations was the source clearly visible to the eye.
Exposure maps and ancillary response functions were generated,
with the appropriate RMF file from the Swift calibration website.
The upper limits obtained are 90% (two-sided) confidence levels.
Two instances where the FOV of Swift missed the target (OBSID
00030034122 and 00030034128), and one instance where the ob-
servation was only 40 s long (OBSID 00030034128) were excluded.

3 https://astronomers.salt.ac.za/software/
pysalt-documentation/
4 https://iraf.noao.edu/

2.2.2 UVOT

The UltraViolet and Optical Telescope (UVOT) aboard Swift is
a 30 cm Ritchey-Chrétien reflector with a 17×17′ field of view,
sensitive to wavelengths in the range 1700–6500Å, and operates
in photon counting mode. It has 7 filters, 4 of which were used
in this project. The UVW1 filter has a peak sensitivity at 2600Å,
the UVW2 filter at 1928Å, the UVM2 filter at 2245Å and the
U filter at 3465Å (Roming et al. 2005). To extract the UV flux
for each filter we examined the observations between July 19 and
August 10 (MJD 58683 to 58705). We re-aligned the images, used
a circular source region of 5′′ and background region consisting of
3×5′′ apertures (due to the field being very crowded in UV it is not
possible to find a bigger background region). We used the HEAsoft
Swift software tools5 uvotsource task to carry out the aperture
photometry and construct the light curve. The error bars and upper
limits correspond to 1-σ. Two instances of very low exposure images
leading to unconstrained upper limits have been rejected (OBSID
30034125 with the UVW2 filter, the only filter used during this
observation, and 00030034140 with the UVW1 filter, one of three
filters used during this observation with the others being UVM2
and UVW2). To extinction correct the UV magnitudes we used the
relationwith AV described inMathis (1990) to infer that AU = 0.82,
AW1 = 1.08, AM2 = 1.49, AW2 = 1.36.

2.3 NICER observations

The NICER X-ray Timing Instrument (Gendreau et al. 2016) con-
sists of 56 concentrators that are each coupled to a silicon drift
detector that is housed in a Focal Plane Module (FPM). At the
time of the SAX J1808.4–3658 observations, 52 of the 56 FPMs
were functional, providing an effective area of ∼1750 cm2 in the
0.2–12 keV band. We analysed 69 NICERObsIDs of SAX J1808.4–
3658 (2050260101–2584014301), corresponding to observations
made between July 30 and October 13. The source was often ob-
served multiple times per day, resulting in dense coverage of the
pre-outburst phase and the rise.

We used the nicerl2 task in HEAsoft version 6.27.2 to repro-
cess all observations, applying gain solution ‘optmv7he’ and using
the default filter criteria. We extracted spectra from all active FPMs,
except #14 and #34, which often show excessive noise; and for all
good-time-intervals (GTIs) longer than 100 s. Since NICER is a
non-imaging instrument, the background needs to be estimated. We
used the tool nibackgen3C50 (R. Remillard et al, in prep.) which
predicted background rates generally below 3 counts s−1 in the 0.5–
10 keV band. The extracted spectra were grouped to a minimum of
25 counts per bin. They were background subtracted and analysed in
the 0.5-10 keV band with XSPEC 12.11.0 (Arnaud 1996), with the
appropriate response files for gain solution ‘optmv7he’, and using
χ2 statistics. The extracted-spectra and model background spectra
were also used to construct a background-subtracted 0.5–10 keV
light curve, with one data point per GTI (pink symbols in Figure 1).

The first clear detection of SAX J1808.4–3658 with NICER
during the rise was made on August 6, 22:00 UTC, when the net
(background-subtracted) count rate was 9.16±0.16 counts s−1. We
fit the spectrum of that GTI with an absorbed power-law (tbnew ×
pegpwrlw in XSPEC), with the photoionization cross section set
to vern and the abundances set to wilm. Our best fit (χ2=88 for
108 degrees of freedom) yields an NH of 0.33±0.03 atoms cm−2, a

5 https://heasarc.nasa.gov/lheasoft/
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power-law photon index of 2.43±0.07, and an unabsorbed 0.5–10
keV flux of (2.91±0.11)×10−11 erg cm−2 s−1.

A potential detection was made one GTI earlier, on August 5
22:46 UTC, when the net count rate (1.44±0.06 counts s−1) was
higher than during all observations preceding it (maximum of 0.85
counts s−1). However, comparison to contemporaneous background
measurements indicated that the flux was still background domi-
nated, and there was no statistically significant detection.

Between July 30 and August 5 the net count rates varied be-
tween -0.22 and 1.44 counts s−1, with an average of 0.402 ± 0.003
counts s−1. This rate is significantly above zero, possibly due to
contaminating sources in NICER’s ∼30 arcmin2 field-of-view. The
variations in the pre-outburst net count rate are likely due to limi-
tations of the background model (which is still being refined). The
1-σ standard deviation in the net count rate before the first detection
is 0.32 counts s−1. We consider the average pre-outburst net count
rate plus three times the 1-σ standard deviation, 1.37 counts s−1, to
be a good general estimate of the NICER detection limit of SAX
J1808.4–3658. Using the best-fit model to the spectrum of the first
detection, this count rate corresponds to an unabsorbed 0.5–10 keV
flux of ∼ 4 × 10−12 erg cm−2 s−1.

3 RESULTS

Themultiwavelength light curve of the 2019 rise to outburst of SAX
J1808.4–3658 is shown in Fig. 1. Activity of the source was first
noticed in the optical i′-band observations, beginning July 25 (MJD
58689), as the i′-band magnitude fluctuated between 0.7–1.0mag
brighter than the quiescent level of approximately 19.8mag. Then,
between August 3.85 and 5.98 (MJD 58698.85 and 58700.98), the
i′-band intensity increased to approximately 2mag brighter than the
quiescent level, and continued to increase over the coming days as
the outburst progressed. The peak of the 2019 outburst was reached
at around August 10 (MJD 58705) in optical, and August 14 (MJD
58709) in X-ray (Fig. 1).

The first Swift/UVOT detection occurred on August 4 (MJD
58699.71), 10 days after the first sign of increased optical activity
in the source, and 2 d before the first X-ray detection. The UV
magnitude in all bands rose sharply by approximately 3mag over
the next 4 days until the outburst peak was reached. We note that
prior to August 4 there were 7 UV observations in which an upper
limit only was obtained with Swift/UVOT, which had a sensitivity
of ≈ 21.5mag for our observations given the short exposure times
of the images, and so we cannot rule out low-level UV activity prior
to August 4.

There was no detection of the source in the 8 Swift/XRT ob-
servations between July 17–August 1 (MJD 58685–58697), with
upper limits of 0.8−3×10−12 erg cm−2 s−1(0.2–10 keV). There was
a marginal detection of the source on August 2 (MJD 58697.85).
However, the Aug. 2 Swift/XRT data do not show a clear source
in visual inspection, leading us to suspect a spurious detection. We
note that the Swift/XRT observations between July 17–August 4
were carried out with the XRT in WT mode, which is less sensitive
than the XRT in PC mode, and thus we cannot rule out low-level
X-ray activity (< 1 × 10−12 erg cm−2 s−1) during this time.

On August 6.44 (MJD 58701.44) the source was first detected
with the XRT in PCmode, with a count rate of 4.55×10−2 count s−1

in the 614 s exposure time. We estimate an unabsorbed X-ray flux
(0.2–10 keV) of 2.5 × 10−12 erg cm−2 s−1, for a power law spec-
trum with photon index of 1.73 and neutral hydrogen column of
1.46 × 1021 cm−2 (Di Salvo et al. 2019). Later that day, NICER

first detected the source on Aug 6.92 (MJD 58701.92), at a 0.5–
10 keV count rate of 9.07 count s−1. For this observation and the
same spectral parameters, we estimate an unabsorbed (0.5–10 keV)
flux of (2.91 ± 0.11) × 10−11 erg cm−2 s−1.

This first Swift X-ray detection on August 6 corresponds to
a flux ≈50 times greater than the X-ray quiescent flux of SAX
J1808.4–3658, of 5×10−14 erg cm−2 s−1 (0.5–10 keV, Heinke et al.
2009). This flux is the lowest the source has been detected in the
early part of any outburst to date (previously the lowest flux the
source had been detected at early in outburst was in 2011 at a
flux of 0.2mCrab, which is ≈100 times the quiescent X-ray flux;
Markwardt et al. 2011b). We estimate the possible observed delay
between the first optical activity to the first X-ray detection above
the Swift flux sensitivity limit to be 10–15 d, based on the cadence
of the optical and X-ray observations. The fact that we detected the
source at such low X-ray flux likely indicates that the 12 day delay
between the first optical and the first X-ray activity detected is close
to the actual time it takes for the disk to completely ionise from an
initial instability, and for the accretion outburst to begin.

3.1 Optical quiescence and the first signs of activity in 2019

We examined LCO i′-band observations of SAX J1808.4–3658
from approximately 500 d before the 2019 outburst in order to de-
termine the quiescent level of optical activity, and the significance
of the optical activity we saw on July 25 (MJD 58689, Fig. 2).

The quiescent light curve shown in Fig. 2 indicates significant
variations in the i′-band magnitude on a range of timescales. As-
suming the source is in quiescence during these 500 days, we thus
measure an optical i′-band quiescent level of 19.8–20.2mag.Deloye
et al. (2008) measured a de-reddened quiescent i′-band magnitude
range of 20.05–20.55 for SAX J1808.4−3658, fainter than our in-
ferred range. We suspect the discrepancy could be due to orbital
variations, and confusion in the LCO observations. Alternatively,
the optical quiescent level of the source could have evolved since
the 2008 outburst, and the source could now appear slightly brighter
in quiescence. Nevertheless, we see no evidence for optical activity
above the LCO observed quiescent level prior to July 25, which is
when we infer the optical activity began.

3.2 Spectral evolution and disk temperature

The linearised optical and X-ray light curves are shown in Fig. 3. It
is clear the V-band rose more quickly than and before the i′-band,
with limited early observations in the B, R, and z bands. The B-band
appears to rise the quickest, and reach the peak earlier than the other
bands. Interestingly, the V-band was also observed to rise first and
the B-band was observed to rise the fastest in observations of the
dwarf Nova WX Hydri (Kuulkers et al. 1991). In the 1996 outburst
of GRO J1655–40, the B-band was observed to rise after the V , R
and i bands (Hameury et al. 1997).

We determined an optical 2-bandV-i′ temperature using theV
and i′-band LCO observations, shown in Figure 4. To obtain a tem-
perature from theV-i′ colour, we approximate the optically emitting
part of the disk by a blackbody with time-variable temperature to
model the relationship between colour and magnitude. We adopted
the model of Maitra & Bailyn (2008), described in detail in Russell
et al. (2011). The blackbody model depends on the intrinsic colour,
and thus the assumed extinction.

How well the blackbody model fits the data depends on the
uncertainties in the system parameters, as well as the disk geometry,
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Figure 1. The multiwavelength light curve of the 2019 outburst rise in SAX J1808.4–3658. Optical V and i′-band observations (blue circles) were obtained
with the 2-m Faulkes Telescope South (at Siding Spring, Australia), and the Las Cumbres Observatory(LCO) network of 1-m robotic telescopes. Swift/XRT
0.2–10 keV and Swift/UVOT UV observations are shown in yellow squares and green triangles respectively. NICER 0.2–10 keV observations are shown in red
stars. ‘↓’ symbols indicate UV and X-ray upper limits. Error bars and upper limits correspond to 1-σ. UV and optical observations are plotted on the RHS axis
(Magnitude) and the Swift and NICER X-ray observations are plotted on the LHS axis, in log 0.2–10 keV counts/cm2/s, where the effective area of the XRT
and NICER were taken as 110 cm2 and 1900 cm2 respectively. The optical and UV magnitudes have been de-reddened.

so we do not fit the model to the data but use a normalisation
parameter to approximately overlap the model with the data. This
approach allows us to estimate the approximate disk temperature,
and to infer the general trend in the temperature during the onset of
outburst.

We observed the disk transitioning through the temperature at
which hydrogen ionises in the 12 d of optical activity, before X-ray
emission was observed. In Figure 4 the disk begins at a temperature
of ≈10,000K, 5 days after the first sign of increased optical activity
on July 25, and decreases in temperature to≈7,000K onAug 2, then
spends approximately 2 d at a temperature of ≈ 8,000 − 9,500K,
and finally increases to a temperature of > 15,000K, coincident
with the first X-ray detection of the source on Aug 6. After Aug
6, the V-i′ band colour begins to increase again, and our simple
blackbody disk model breaks down as the optical spectrum now
likely has contributions from the outer irradiated disk as well as a
jet component (Baglio et al., submitted). Thus, afterAug 6we cannot
infer the disk temperature using our model, so it is unlikely that the
accretion disk temperature began decreasing again, and more likely
that the jet component of the optical emission is contributing to the
V-i′ colour, which our disk model does not include.

We note that we do not have exactly simultaneous V and i′
magnitude measurements to infer the temperatures in Fig. 4 from
the V-i′ colour, which would cause larger uncertainties in tempera-
ture at the brighter magnitudes, or hotter temperatures. The fainter
magnitude points earlier in the rise are less affected by this uncer-
tainty, as 0.1mag corresponds to< 1000Kat these lower fluxes. The
error bars we plot are statistical only, and do not take into account
systematic uncertainties in the V-i′ colour. The colour-magnitude
diagram of the whole outburst, and the model fit of the data, are
presented in (Baglio et al., submitted).

The range of temperatures we inferred from the beginning
of optical activity to the first X-ray detection corresponds to the
range of ionisation temperatures of hydrogen, with hydrogen likely
being completely neutral below 5,000K, and completely ionised
at 10,000K (Lasota, Dubus & Kruk 2008). This observation is
crucial in confirming the role of hydrogen ionisation in the DIM,
and triggering outbursts in LMXBs.
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Figure 2. LCO observations of the optical i′-band light curve of SAX
J1808.4–3658 from 500 d before the 2019 outburst commenced. The ver-
tical dashed line indicates the first statistically significant increase in the
optical magnitude (July 25), and the vertical dotted line indicates the time
of the first X-ray detection with Swift (August 6). The horizontal grey bar
indicates our inferred optical i′-band quiescent magnitude range, based on
these observations. The magnitudes have been de-reddened.

3.3 Optical spectrum

The summed optical spectrum from 2019 August 6 (MJD 58701),
shown in Figure 5, is consistent with an optically thick accretion
disk viewed at low-intermediate inclination. The spectrum is similar
to that taken by Cornelisse et al. (2009) during the 2008 outburst,
with strong Hα, Hβ, and Hγ absorption lines, but with weak HeII
emission and no Bowen complex emission visible. Central emission
reversals are evident in the Hα and Hβ absorption lines, almost
filling in the former. A strong HeII emission line was observed later
in the outburst in additional spectra obtained with SALT (Russell
et al., in preparation), and is present in the spectrum obtained by
Cornelisse et al. (2009) during the 2008 outburst, but no Bowen
complex emission was detected in any of the spectra obtained with
SALT during this outburst.

The accretion disk in SAX J1808.4–3658 is likely composed
of ≈50% helium, inferred from properties of the type I X-ray bursts
observed from the source (Goodwin et al. 2019a; Galloway & Cum-
ming 2006; Johnston et al. 2018). The spectrum observed on Aug 6
coincides with an inferred accretion disk temperature of ≈10,000K
(Section 3.2), right at the temperature that helium in the disk would
begin to be ionised. The fact that only weak HeII emission was
observed in the spectrum, and much stronger HeII emission was
observed later in the outburst implies that the accretion disk was
not yet hot enough at this time to have ionised much of the helium
in the disk, and later in the outburst more helium in the disk was
ionised.

4 DISCUSSION

Our findings reveal a 10–15 d delay between the optical and X-ray
activity at the onset of outburst in the accretion-powered millisec-
ond pulsar SAX J1808.4–3658, as well as a 4 d optical to X-ray rise
delay. This work presents the first observational measurement of the
X-ray delay time in an LMXB using an X-ray instrument more sen-
sitive than an all sky monitor, and provides important observational
constraints for the disk instability model. Our first X-ray detection
at ≈50 times the quiescent X-ray level confirms that X-ray activity
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Figure 3. Bottom: The linear X-ray and optical light curves of the 2019
outburst rise of SAX J1808.4–3658. Optical V , i′, B, R, and z-band ob-
servations were obtained with the 2-m Faulkes Telescope South (at Siding
Spring, Australia), and the Las Cumbres Observatory (LCO) network of 1-m
robotic telescopes. ‘+’ symbols indicate time of observations. The optical
magnitudes have been de-reddened. Top: Swift/XRT 0.2–10 keV and NICER
0.2–10 keV observations are shown in yellow squares and red stars. ’↓’ sym-
bols indicate X-ray upper limits. Error bars and upper limits correspond to
1-σ. The Swift and NICER X-ray observations are plotted in 0.2–10 keV
counts/cm2/s, where the effective areas of the XRT and of NICER were
taken as 110 cm2 and 1900 cm2 respectively. The optical observations indi-
cate theV -band rose before the i′-band, and the fastest increase was seen in
the B-band.

before this detection was either non-existent or very low level. The
12 d delay (possible range of 10–15 d) between the X-ray and opti-
cal activity we observed is indicative of the time between the initial
beginnings of activity in the system, to the triggering of the outburst
through a disk instability, to the onset of accretion onto the neutron
star.

SAX J1808.4–3658 is a very well-studied source, and has pre-
cisely measured orbital constraints, listed in Section 1. These obser-
vational constraints imply the accretion disk in SAX J1808.4–3658
is small (R < 3× 1010 cm), and the inner disk is likely truncated by
the neutron star magnetic field (Papitto et al. 2009) at the neutron
star magnetospheric radius (see e.g. Frank et al. 2002). These are
important considerations to take into account when assessing the
possibility of the outburst being explained by the DIM.

There was no radio detection coincident with the position of
SAX J1808.4−3658 before the first X-ray detection on August 6, in
an observation by MeerKAT on July 31 (Williams et al. 2019a), but
there was a radio detection by MeerKAT at approximately the peak
of the outburst, on August 10 (Williams et al. 2019b). Since radio
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Figure 4. Top: Optical V - and i′-band observations of the 2019 outburst
of SAX J1808.4–3658 obtained with the LCO. Bottom: The evolution of
the V -i′ colour during the rise to the 2019 outburst of SAX J1808.4–3658.
The grey horizontal lines correspond to the temperature (K) inferred from
our simple blackbody disk model. The vertical red line indicates the time
of the first Swift X-ray detection. Statistical error bars are plotted for the
V -i′ colour, but are too small to see, and do not take into account systematic
uncertainties such as orbital modulations.

emission is generally thought to come from a jet component of the
system, the nondetection on July 31 indicates that there was not yet
a jet present, which would be consistent with the disk not yet filling
in the truncated inner edge to reach the neutron star. In addition,
the first indication of a jet at optical wavelengths (i.e. when the jet
power was relatively high) occurred after August 8 (Baglio et al.,
submitted).

The temperature of the accretion disk we inferred during the
optical rise, of 7000K increasing to & 20000K at the time of the
first X-ray detection, corresponds exactly to the ionisation temper-
ature range of hydrogen. Furthermore, in the spectrum obtained on
August 6 (Figure 5), the strong Balmer absorption lines present are
a clear indication that hydrogen was ionised in the disk. These in-
ferred temperatures and level of hydrogen ionisation thus support
the prevalent theory of the disk instability model: that the initial in-
stability that triggers an outburst is caused by ionisation of hydrogen
in the accretion disk (e.g. Lasota 2001; Dubus et al. 2001).

4.1 The disk instability model

We now discuss whether the observations we present are consistent
with the DIM theory, and if there is evidence for an outside-in or
inside-out type outburst. Classically, there is a general understand-
ing that there would be no X-ray delay observed for an inside-out
type outburst, and there would be an X-ray delay for an outside-in
type outburst. However, Menou et al. (1999) and Lasota (2001) are
careful in asserting that an X-ray delay observed during an LMXB
rise to outburst is not evidence of an outside-in outburst, as this de-
lay is theoretically possible for an inside-out type outburst if the disk

is truncated. In this scenario, ignition would occur at the truncated
inner edge of the accretion disk, which is still far from the compact
object, but technically is classified as an inside-out type outburst.
Theoretically, inside-out outbursts are expected for LMXBs, pri-
marily due to the slower rise times, larger disks, and the observed
shape of the outburst light curves in these systems (Lasota 2001).
However, due to a lack of comprehensive multiwavelength obser-
vations of the rise to outburst of LMXBs, there is no compelling
evidence that they exhibit either outside-in or inside-out outbursts.

The most important determining parameters of the location of
themaximum surface density in the accretion disk, and thus the type
of outburst that will occur in an LMXB are the mass transfer rate to
the disk, the size of the accretion disk, and if the disk is truncated.
According to Lasota (2001), the mass transfer rate criterion for
outside-in outbursts to occur is given by,

ÛMtr & ÛMA = 2 × 1015δ−1/2
(

MNS
M�

)−0.85 (
R

1010cm

)2.65
g s−1

(1)

where typically δ ≤ 2.
Thus, for SAX J1808.4–3658, where the quiescent accretion

rate has been inferred to be 5.7 × 1014 g s−1 (Heinke et al. 2009),
the critical mass transfer rate for an outside-in outburst to occur
is reached if the disk is smaller than ≈ 7 × 109 cm. However, this
criterion was developed for a CV system, and while it is likely that
this criterion applies equally well to a neutron star LMXB such as
SAX J1808.4–3658, there may be some important differences. In-
cluding irradiation (or heating of the outer disk) lowers the critical
mass transfer rate due to additional heating of the outer disk region,
lowering the maximum surface density, shortening the distance be-
tween the maximum and minimum surface densities, and allowing
an outside-in outburst to occur for a slightly larger disk for SAX
J1808.4–3658 (Lasota 2001). A thermal instability is easier to be
triggered close to the outer disk radius when irradiation is accounted
for. Thus, the system parameters in SAX J1808.4–3658 appear to be
quite similar to the critical mass transfer rate for an outside-in out-
burst to occur, and since it is not clear how much irradiation might
affect these calculations, we cannot deduce if the system theoret-
ically should exhibit inside-out or outside-in type outbursts from
Equation 1 alone.

There are a few different observationally constrained rise times
important to consider when understanding the occurrences in the
disk that lead to this outburst. First, the optical timescale, from the
initial optical brightening on July 25 (MJD 58689), to the clear
beginning of the optical rise on August 1 (MJD 58696), to the peak
of the optical light curve on August 10 (MJD 58705), indicates a
maximum optical rise time of 16 days for the disk in SAX J1808.4–
3658, but it is more likely the true optical rise time is shorter than
this (closer to 10 d) and the low-level optical activity between July
25 and August 1 is due to precursor activity before the onset of
the outburst. Next, the UV delay time, between the initial optical
activity on July 25 to the first UV detection above the sensitivity
of Swift/UVOT on August 4 (MJD 58699), of 10 d, as well as the
optical to UV rise delay time of 2 d. Next, the X-ray rise time from
the first X-ray detection on August 6 (MJD 58701) to the peak of the
X-ray light curve on August 14 (MJD 58709), of 8 days. Finally, the
X-ray delay, between the commencement of the optical rise and the
X-ray rise of 4 d, and between the optical brightening and the X-ray
brightening, of 12 days. We note that these inferred timescales are
heavily dependent on the sensitivity of the instruments used, and
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Figure 5. SALT summed (2400 s) optical spectrum of SAX J1808.4–3658 taken on 2019 August 6 (MJD 58701). There are clear Balmer absorption features
and weak HeII emission present.

there is the possibility that there was low level activity in UV and
X-ray before statistically significant detections were obtained.

4.2 The viscous timescale

According to Lasota (2001), the UV and X-ray flux will rise when
the temperature has grown sufficiently high, when the heating front
arrives at the inner disk. One may expect the inner disk to arrive
close to the neutron star’s surface in the viscous time, which is given
by,

tvisc =
R∆R
ν

(2)

where R is the inner disk radius (i.e. the truncation radius), ∆R
is the typical scale of the density gradient, ∆R ≈ √HR, and ν is
the viscosity, which is described by the α-prescription (Shakura &
Sunyaev 1973),

ν = αcsH (3)

where α is the artificial viscosity coefficient, cs is the sound speed,
and H is the scale height.

For SAX J1808.4–3658, the inner disk radius is less than the
Roche lobe radius of 3.87 × 1010 cm, the neutron star mass is ≈

1.4M� , the neutron star radius is ≈ 11.2 km, and the accretion rate
into the disk in quiescence is ÛMtr = 5.7 × 1014 g s−1 (Heinke et al.
2009). Using the Shakura-Sunyaev disk solution outlined in Frank
et al. (2002) and assuming an inner disk radius of 5 × 108 < R <

2 × 1010 cm, in order for the viscous time of the disk to be ≈ 12 d,
0.0009 < α < 0.1. For this disk solution we find H/R ≈ 0.01 and
cs ≈ 20 km/s. Alternatively, for a viscous time scale of ≈ 4 d, which
is coincident with the delay between the first X-ray detection and the
beginning of the optical rise we observed, we infer 0.0035 < α <

0.9 for the same disk size. Shakura & Sunyaev (1973) assert that
α ≤ 1, Tetarenko et al. (2018) inferred that α ∼ 0.2 − 1 in models
of LMXBs, and that the typical range for a hot disk is α ≈ 0.1 − 1.
We find a reasonable range for α and the truncation radius of the
disk if the viscous timescale is coincident with the 4 d day delay. If
a 12 d day delay is assumed, we find a very limited range of alpha
and disk truncation radii (R ≈ 1 × 1010 and α ≈ 0.1). Thus this
inferred artificial viscosity coefficient suggests alternative activity
in the system during the 8 d of extended optical activity in the lead
up to the outburst.

The viscous timescale has been inferred in a few black hole
LMXBs, all with much longer orbital periods than SAX J1808.4–
3658, from measurements of X-ray delays later in the outbursts.
These include: LMC X–3, of 5–14 d (Torpin et al. 2017; Steiner
et al. 2014; Brocksopp et al. 2001); GX 339–4, of 15–20 d (Homan
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et al. 2005); 4U 1957+11, of 2–14 d (Russell et al. 2010); and Swift
1910.2–0546, of ≈ 6 d (Degenaar et al. 2014). Since these systems
likely have much larger disks than in SAX J1808.4–3658, and the
viscous time depends so heavily on disk radius (Eq. 3), it is unlikely
that the viscous timescale for SAX J1808.4–3658 is as long as 12 d.

4.3 The optical precursor

We observed the optical magnitude fluctuating by ∼1mag around
July 29 (MJD 58693), before the onset of the clear optical rise of the
outburst on August 1. Since it is unlikely that the viscous timescale
in SAX J1808.4–3658 is as long as 12 d, the 8 d of increased optical
activity we observed between July 25–August 1 is unlikely to be
due to heating fronts propagating in the disk, and more likely can be
attributed to other activity in the system in the leadup to outburst.
This activity could include a number of different phenomena.

The first possibility is that there was enhanced mass transfer
from the companion, which would help trigger the outburst.With no
(or low-level) X-ray activity during this period, there is no evidence
of increased mass transfer onto the neutron star, but this does not
rule out increased mass transfer to the disk.

Another explanation is that the emission could have arose from
instabilities due to geometric effects in the outer disc, involving
spiral waves and/or the accretion stream impact point, interacting
with the increasing density of the outer disk. This could lead to
enhanced optical activity from these instabilities in the outer disk,
and eventually leading to heating fronts propagating through the
entire disk, and commencing the outburst.

Alternatively, it could have been due to a small unstable branch
in the thermal stability curve as the densitywas close to, but not quite
at, the critical density at which the outburst could begin in full (e.g.
Menou et al. 2000, Fig. 7). However, this kind of unstable activity
would occur at lower temperatures than the ionisation temperature
of hydrogen, and we observed the disk to be above 6,000K during
this period (Fig. 4).

An additional possible scenario is that the level of irradiation
of the companion was fluctuating caused by changes in the pulsar
radiation pressure. It has been proposed that during quiescence SAX
J1808.4–3658 switches on as a radio pulsar (e.g. Burderi et al. 2003),
and the optical emission during quiescence is due to reprocessed
emission from the companion being heated by the pulsar wind.
However, there is no physical motivation for the pulsar wind to
fluctuate on this kind of timescale. Nevertheless, SAX J1808.4–
3658 has been proposed to be a "hidden" black widow system (di
Salvo et al. 2008), in which it is possible that the accretion flow
from the companion is swept away by the pulsar radiation pressure,
ejecting a significant amount of mass at the inner Lagrangian point
during quiescence. This shock emission would then irradiate the
companion star, which would reprocess the shock emission photons
and emit them in the optical band. Since the shock properties, and
thus level of irradiation of the companion star, depend on the pulsar
wind and the mass flow, fluctuations could be observed. Burderi
et al. (2003) inferred the temperature of the companion star to
be approximately 5500K, which is similar to the temperature of
the optical emission we measured of 6,000–7,000K, so it is not
impossible that the optical fluctuations were caused by fluctuations
in the level of irradiation of the companion star. This scenario could
lead to fluctuations in the inner disk radius, which would help to
trigger the outburst.

We thus conclude that the most likely cause of the 8 d optical
precursor is either mass transfer fluctuations from the companion,

instabilities due to geometric effects in the outer accretion disk, or
due to effects of the pulsar radiation pressure.

4.4 The outburst rise

We propose that, once the thermal instabilities in the accretion disk
had caused heating fronts to begin propagating, since the thin disk
in this system is likely truncated during quiescence at the neutron
star magnetospheric radius, the increased pressure due to the rising
accretion rate in the disk pushed themagnetospheric radius inwards,
and the disk extended inwards towards the neutron star. The time
taken to fill in the inner depleted region of the disk is the viscous
timescale, of ≈ 4 d.

We conclude that based on the observations we obtained, it
took approximately 4 d from the initial instability in the disk for
the heating fronts to propagate inwards, through the truncated disk
region, and the mass accretion rate to begin rising at the inner disk.
It then took a further 8 d for the accretion rate at the inner disk to
rise to its maximum rate. This scenario is similar to the models of
GRO J1655–40 of Hameury et al. (1997), in which the heating front
arrives at the inner disk quickly, and propagates through the cavity
of the truncated disk on the viscous time of 6 d.

Without detailed DIMmodels applicable to this system, which
are outside the scope of this work, we find it difficult to conclusively
deduce the type of outburst observed during the 2019 outburst.
Detailed models of a system like SAX J1808.4–3658 are necessary
in order to fully understand if these observations can be reconciled
with the DIM, or if there is additional physics that we are missing
that needs to be accounted for.

5 CONCLUSIONS

We have presented the first measurement of the X-ray delay in
an LMXB using an X-ray instrument more sensitive than an all
sky monitor that we are aware of, and the earliest comprehensive
multiwavelength observations of the rise to outburst of an accreting
neutron star system. The inferred optical disk temperature during
the rise to outburst from theV-i′ color supports the DIM theory that
LMXB outbursts are initiated by hydrogen ionisation in the disk.
We found a delay of 12 d between the first sign of increased optical
activity in the source, and the first X-ray detection. We observed the
optical rise to occur first, then theUV rise 2 d later, then finally theX-
ray rise a further 2 d later.We interpret the 8 d of optical activity prior
to the commencement of the outburst to be due to either increased
mass transfer from the companion star, geometric effects in the
outer accretion disk, or fluctuations in the pulsar radiation pressure,
causing changes in the irradiation of the companion star, and perhaps
the inner disk radius. We deduce that the viscous timescale of the
disk in SAX J1808.4–3658 is approximately 4 d, consistent with
the optical to X-ray rise delay we observed. This is coincident with
the time taken for the truncated disk to fill in to the surface of the
neutron star, releasing UV and X-ray emission. Detailed modelling
of the disk in SAX J1808.4–3658 is required in order to conclusively
determine if these observations can be reconciled with the DIM, and
if this source exhibits inside-out or outside-in type outbursts.
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4.2 xmmu j181227 .8–181234 : a new ultracompact x-ray binary can-
didate

Ultracompact X-ray binaries are a rare type of accreting neutron star system in
which the neutron star is in a close orbit with a white dwarf. In the second study
in this chapter, we present observations of X-ray bursts we discovered in archival
RXTE data of the accreting neutron star XMMU J181227.8–181234. Through the use
of the X-ray burst energy-composition relation we presented in Chapter 3, we are
able to infer that the accreted fuel in this system is probably pure helium, indicat-
ing that the companion star is most likely a white dwarf.
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ABSTRACT
We report the discovery of Type I (thermonuclear) X-ray bursts from the transient source
XMMU J181227.8–181234 = XTE J1812–182. We found 7 X-ray bursts in Rossi X-ray
Timing Explorer observations during the 2008 outburst, confirming the source as a neutron
star low mass X-ray binary. Based on the measured burst fluence and the average recurrence
time of 1.4+0.9

−0.5 hr, we deduce that the source is accreting almost pure helium (X ≤ 0.1) fuel.
Two bursts occurred just 18 minutes apart; the first short waiting time bursts observed in a
source accreting hydrogen-poor fuel. Taking into consideration the effects on the burst and
persistent flux due to the inferred system inclination of 30±10°, we estimate the distance to be
14 ± 2 kpc, where we report the statistical uncertainty but note that there could be up to 20%
variation in the distance due to systematic effects discussed in the paper. The corresponding
maximum accretion rate is 0.30 ± 0.05 times the Eddington limit. Based on the low hydrogen
content of the accreted fuel and the short average recurrence time, we classify the source as a
transient ultracompact low-mass X-ray binary.

Key words: XTE J1812–182 – XMMU J181227.8–181234 – Stars: neutron – X-rays: binaries
– X-rays: bursts

1 INTRODUCTION

Low mass X-ray binaries are neutron stars or black holes accreting
from a companion star in a close binary orbit (e.g.White et al. 1995).
As hydrogen/helium accretes onto a neutron star (NS), the hydrogen
may burn steadily via the (hot) CNO cycle. If the accreting material
condenses and heats enough, reaching a high enough pressure to
cause a thermonuclear runaway, a Type I X-ray burst is produced
(see Lewin et al. 1993; Galloway & Keek 2017, for comprehensive
reviews). There are two types of emission that can be observed: the
usually fainter, persistent emission that is produced by the accretion
process onto theNS, and the short, bright flares that areX-ray bursts.

Observations of Type I X-ray bursts can constrain the compo-
sition of fuel via the nuclear energy generation of the bursts, the
recurrence time of the bursts and the accretion rate at which the
material is piling onto the NS. The distance and inclination of the
source can be constrained if photospheric radius expansion is ob-
served (e.g Galloway et al. 2008). The ratio of gravitational energy

? E-mail: adelle.goodwin@monash.edu

to nuclear burning energy is higher for sources that burn more he-
lium during a burst, as helium burns via the triple alpha process,
producing less energy per nucleon than hydrogen, which burns via
the hot CNO cycle and rp process (Wallace & Woosley 1981).
Helium-fueled bursts are also observed to have faster rise times
than hydrogen bursts (e.g. Galloway et al. 2008). The composition
of the accreted fuel gives insight into the burning processes that are
occurring in the system as well as the evolutionary history of the
binary system. For example, a low mass binary with a companion
star that donates almost pure helium to the NS must be significantly
evolved, as a young, low mass star does not accumulate helium in
its core on short timescales.

XMMU J181227.8–181234 = XTE J1812–182 was first dis-
covered on March 20, 2003 by XMM-Newton when it went into
outburst, as reported by Cackett et al. (2006). Initially it was only
detected with XMM, and not with the Rossi X-ray Timing Explorer
(RXTE) All Sky Monitor (ASM). However, upon reprocessing of the
RXTE data, it was detected. No pulsations or X-ray bursts were orig-
inally detected. Cackett et al. (2006) found a very high absorption
along the line of sight to the source (NH of 12.8±0.3×1022 cm−2).

© 2019 The Authors
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They could not conclusively identify if the source was a high mass
X-ray binary characteristic of the color and absorption of the source,
or lowmass X-ray binary characteristic of the steep power law index
that fit its spectrum.

On 2008 August 21 RXTE detected XMMU J181227.8–
181234 in outburst again, in proportional counter array (PCA) scans
of the Galactic ridge region (Markwardt et al. 2008). Twenty-six
follow-up observations were performedwith the PCA betweenMJD
54699 and 54758 (August 21 and October 19, 2008).

In this paper, we report on the discovery and analysis of bursts
of XMMU J181227.8–181234 in these 2008 follow-up observa-
tions. An initial report was given by in ’t Zand et al. (2017).
Throughout this paper we report the 1-σ confidence intervals when
uncertainties are presented, unless otherwise noted. In Section 2 we
describe the data extraction and telescope observations; in Section 3
we analyse the burst and persistent emission and deduce the source
properties, providing a full treatment of the anisotropy factors and
thus inclination of the accretion disk. Finally, in Section 4 we con-
clude by classifying the source as a transient ultracompact lowmass
X-ray binary.

2 DATA REDUCTION

We analysed archival RXTE observations of XMMU 181227.8–
181234 from its 2008 outburst (Cackett et al. 2006; Markwardt
et al. 2008; Torres et al. 2008). We used archival RXTE ASM and
Proportional Counter Array (PCA) data available via the Multi-
Instrument Burst Archive (MINBAR1) and in the publicly available
online RXTE archive. The PCA (Jahoda et al. 2006) consists of
five proportional counter units (PCUs), each with approximately
1600 cm2 of photon-sensitive area, and a bandpass of 2–60 keV
at a spectral resolution of about 20% full width at half maximum
(FWHM). The PCUs are co-aligned with a collimator delimiting
the field of view to 1° (FWHM).

There were a total of 26 dedicated PCA observations between
MJD 54699 and 54758, with a total exposure time of 45 ks that the
source is visible. There were a further 49 PCA bulge scan observa-
tions between MJD 54420 and 55890 during which the source was
in quiescence. There were 4043 archival ASMmeasurements cover-
ing the 2–10 keV energy band between MJD 50137 and 55825. For
the persistent flux observations in Section 3.2 we also used Swift
Burst Alert Telescope (BAT) daily average light curve data from the
online publicly available archive (Krimm et al. 2008). There were
4049 daily BAT observations between MJD 53415 and 58015 in
the 15–50 keV energy band. Finally, we used BeppoSAXWide Field
Camera (WFC; Jager et al. 1997) data from MINBAR in the 2–28
keV energy band. There is 4.5 Msec of WFC data between MJD
50310 and 52380 (1996–2002).

2.1 Position and History

Markwardt et al. (2008) reported the RXTE detection of a tran-
sient source in PCA scans of the Galactic ridge region in an ob-
servation on 2008 August 21. They determined the position of
this source in a follow up scanning observation to be (RA,Dec)
= 273.117, -18.26 (J2000) with an error radius of 2.1 arcmin (95%
confidence), making it likely to be renewed activity of XMMU
181227.8–181234. This position translates to Galactic coordinates

1 https://burst.sci.monash.edu/minbar/

(lII, bII) = (12.◦3577,+0.◦0337). The bursting transient source XTE
J1810-189 is 0.996 degrees away from this location (Krimm et al.
2008), just within the PCA field of view. However, the last signifi-
cant detection of XTE J1810-189 with the PCA during the Galactic
bulge scans was on 2008 June 10, when it concluded its most recent
outburst (Weng et al. 2015). Since no activity of XTE J1810-189
was detected for the three months following, up to the time of
the bursts we detected, we can confidently exclude this source as
the source of the detected photons and attribute them to XMMU
J181227.8–181234 = XTE J1812–182.

Cackett et al. (2006) noticed that XMMU J181227.8–181234
lies ∼40′′ from the 95% confidence-level 2.◦1 by 1.′8 error box of
the source 1H1812–182, which was detected in 1977 during the
Large Area Sky Survey Experiment with the HEAO-1 Satellite
(Wood et al. 1984). They concluded that although the centroid
position of 1H1812–182 is ∼0.7° from that of XMMU J181227.8–
181234, the large extended error box makes it possible that the
HEAO 1 source is a detection of XMMU J181227.8–181234 during
a previous outburst. Wood et al. (1984) reported that 1H1812–182
was detected with a flux of 0.1470 ± 0.0025 counts cm−2 s−1

in the 0.5–25 keV band, corresponding to an unabsorbed flux of
approximately 9.7 × 10−10 ergs cm−2 s−1 and absorbed flux of
approximately 4.0 × 10−10 ergs cm−2 s−1 in the 2–25 keV range,
assuming a power law persistent spectrum with parameters in Table
1. We measured a range of (0.079–1.551) × 10−9 ergs cm−2 s−1

in the 2–25 keV band with the RXTE PCA telescope (see below),
which means the flux of 1H1812–182 is within the ranges observed
for XMMU J181227.8–181234. Interestingly, Fleischman (1985)
reported the observation of a single X-ray burst in August 1977
from either GX 13+1 or 1H1812-182, with the Horizontal Tube
Detector aboard SAS-3. The detector had a 3.4° diameter so the
author could not discern if the X-ray burst came from GX 13+1
or 1H1812-182. Matsuba et al. (1995) reported the observations of
bright bursts fromGX 13+1, with similar characteristics to the burst
observed by Fleischman (1985), making it plausible this X-ray burst
came from GX 13+1. However, there is a chance this burst came
from 1H1812-182 = XMMU J181227.8–181234, or, in the case
they are not the same source, this X-ray burst could even have come
from XMMU J181227.8–181234, before it was a known source.

3 ANALYSIS AND RESULTS

3.1 Light Curve and Persistent Spectrum

When XMMU J181227.8–181234 was first detected in outburst by
RXTE on 2008-08-21 (MJD 54699) (Markwardt et al. 2008), the
flux rose over 24 days to reach a peak on 54723, before dropping
and returning to quiescent levels on 2008-10-19 (MJD 54758). The
outburst lasted a total of approximately 60 days, similar to the 2003
outburst that lasted 60-100 days (Cackett et al. 2006). The persistent
flux observations for both the outbursts are plotted in Figure 1. The
conversion factors from count s−1 to Crab for each telescope were
used as follows: for ASM data 1 Crab = 75 count s−1 and for PCA
data 1 Crab = 2000 count s−1 PCU−1. The readermay note that there
is some uncertainty associated with these conversion factors due to
the variable nature of the Crab Nebula (variations of up to 7%;
e.g. Wilson-Hodge et al. 2011) and different telescope calibrations.
The source was not detected by IBIS/ISGRI observations from the
INTEGRAL Galactic bulge monitoring program (Kuulkers et al.
2007), with a typical 3σ upper limit of 6-10mCrab in 18-40 keV
for each one of 69 3.5 hr observations during the outburst.
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Figure 1. Persistent flux observations of XMMU J181227.8–181234 for the
2003 and 2008 outbursts from RXTE. ASM is all sky monitor dwell-by-
dwell sum band intensity (2-10 keV) with a 5σ cut applied, and PCA is the
proportional counter array mean flux (3-25 keV). Observations have been
normalised to the Crab flux for the relevant instruments, assuming a Crab
like spectrum. The rise, peak, and decay of the outburst as used in Figure 2
are indicated.

We measured a peak persistent intensity of 97±3 c s−1 PCU−1

in the 2-25 keV energy band from the PCA, which translates to
approximately 65mCrab (or 1.3×10−9 erg s−1cm−2 for a Crab-
like spectrum). For this outburst we adopted a bolometric cor-
rection (cbol) of 2.522, calculated based on the assumed NH of
12.8×1022 cm−2 (Cackett et al. 2006), and a Comptonisation model
fit to the spectrum, outlined below. Spectral variations outside of
the PCA band might contribute errors of up to ≈ 40% (e.g. Thomp-
son et al. 2008) to the bolometric correction, but these cannot be
measured and are not taken into account.

We chose 3 observations near the peak of the outburst (Obs
IDs 93044-11-04-01, 93044-11-04-02, 93044-11-05-00) to analyse
for a high signal-to-noise persistent spectrum. We fit the three spec-
tra simultaneously with two choices for the continuum model, first
a blackbody and powerlaw, and second a Comptonisation model
(compTT in XSpec; Titarchuk 1994). Only the normalisation was
allowed to vary between the three observations, to account for vari-
ations in the accretion rate between the different epochs.

In both cases we included a multiplicative component to
model the effects of neutral absorption along the line of sight us-
ing the absorption model from Morrison & McCammon (1983)
(model ‘tbabs’ in XSpec). Hydrogen column density was fixed at
NH = 12.8× 1022 cm−2 (Cackett et al. 2006); and a Gaussian com-
ponent was included to account for an excess around 6.4 keV, likely
arising from Fe Kα emission local to the binary or across the FOV.
We also adopted a systematic error of 0.5% channel to channel as
recommended by the PCA instrument team (Shaposhnikov et al.
2012).

The persistent spectrum was equally well fit with the Comp-
tonisation model as a blackbody plus power-law model. The per-
sistent spectrum was soft, with a plasma temperature of kT =
2.73±0.05 keV for a Comptonisation model with a Gaussian com-
ponent, with a reduced chi-squared value of 1.00 for 111 degrees of
freedom (DOF). The Gaussian component was centered at 6.63 keV
with a 1-σ width of 1.1 keV, most likely due to an iron emission line
in the spectrum. While a Comptonisation model is a more physi-
cally motivated fit to the data, we also found that a blackbody plus
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Figure 2. Evolution of the hard and soft colours of the source for the RXTE
PCA persistent flux observations. Observations begin at 54420.10115 and
end at 55890.14174 so do not include the 2003 outburst of the source. Only
detections are plotted, which are during the 2008 outburst. There is no broad
evolution of the colour during the different phases of the outburst for this
source.

powerlaw model with a Gaussian component fits nearly equally as
well to the 3 observations, with a reduced chi-squared value of 1.04
and a blackbody temperature of 1.78±0.02 keV. The Gaussian was
fit at 6.5 keV with a 1-σ width of 0.3 keV, again attributed to an iron
emission line from somewhere in the field of view. The model fit
parameters are listed in Table 1. The quoted error for the persistent
unabsorbed flux is statistical, including the contribution from un-
certainty in the absorption column, but does not include systematic
contributions from the absorption model, bolometric correction,
continuum model, or absolute calibration.

We analysed the spectral evolution by looking at the soft and
hard colours for the 2008 outburst. The soft and hard colours were
found by following the approach used in (Galloway et al. 2008),
by calculating the ratios of fluxes in different bands rather than the
usually adoptedmethod forRXTEdata that calculates the ratio of the
counts in different bands. Galloway et al. (2008) chose 4 bands: 2.2–
3.6 keV, 3.6–5.0 keV, 5.0–8.6 keV and 8.6–18.6 keV, and calculated
the soft and hard colour as the ratio of integrated fluxes in each pair
of low and high energy fluxes. We found no significant evolution
of the colour or temperature of the source over the observations,
as seen in Figure 2, and could not deduce if the source is an atoll
source on the banana branch or a Z source (Hasinger & van der
Klis 1989). The kT and taup values listed in Table 1, model 2 are
consistent with a soft persistent spectrum, so if the source was an
atoll source this would imply it is on the banana branch.

3.2 Quiescent Behaviour

We explored the possibility of low-level activity from XMMU
J181227.8–181234 outside of its known outbursts in order to
properly classify the source. We analysed archival RXTE/ASM
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Table 1. Spectral fit parameters for the 2 different models used for 3 observations near the peak of the 2008 outburst of XMMU J181227.8–181234

Model 1: Blackbody + Gaussian + Powerlaw Model
NH (cm−2) Constant kT (keV) Gauss. line (keV) Gauss. σ (keV) Powerlaw PhoIndex red. χ2 Fluxa
12.8×1022 1, 0.96, 0.94 1.78±0.02 6.50±0.08 0.3±0.2 3.03±0.03 1.04 for 111 D.O.F. 1.69±0.04

Model 2: Comptonisation Model + Gaussian
NH (cm−2) Constant T0, kT (keV) Gauss. line (keV) Gauss. σ (keV) taup red. χ2 Flux
12.8×1022 1, 0.96, 0.94 0.4±0.3, 2.76±0.05 7.1±0.4 1.1±0.2 5.2±0.2 0.96 for 111 D.O.F. 1.71±0.06

a Average unabsorbed 3-25 keV flux in 10−9ergs/cm2/s

taken from 1996 to 2012, Swift/BAT (2004–current) and Bep-
poSax/WFC (1996–2002) long-term observations of XMMU
J181227.8–181234. In none of the data did we find any clear ev-
idence for a third outburst, with a typical 3-sigma upper limit of
12 mCrab over a 1-week time scale in the 3–20 keV bandpass for
the ASM and 24 mCrab on a 1-day time scale in the 15-50 keV
bandpass for Swift/BAT. Furthermore, we combined all WFC data
(exposure time 4.5 Msec) into single images for the mission dura-
tion in 2–5, 5–10, 10–30 keV and combinations thereof. No point
source is apparent at the location of XMMU J181227.8–181234 in
these combined data with a 5-sigma upper limit of 2 mCrab in 2–30
keV. A 500 s Swift/XRT observation (Obs ID 00043947001) from
2012 September 29 centered just 1’ from the position of XMMU
J181227.8–181234 did not yield any detection, with a 3-σ count
rate of 0.012 count s−1, a factor of 340 times fainter than the count
rate observed by Swift during its last outburst. This confirms in
the 0.2-10 keV range it was not persistently active. There are many
bright sources in the neighbourhood of XMMU J181227.8–181234
(it lies between GX 9+1 and GX 13+1), which causes a lot of noise
in the light curve of the source. We thus concluded that the low level
persistent flux we observed from the source is attributed to this, and
is not as a result of persistent activity from XMMU J181227.8–
181234. Therefore, we classify XMMU J181227.8–181234 as a
transient X-ray binary with episodes of high luminosity outbursts.

3.3 Type I X-ray Bursts

We detected 7 X-ray bursts in the data of the 26 follow-up obser-
vations with the PCA. Figure 3 shows the light curves of these
bursts. As the instrumental vignetting factor for the off-axis burster
XTE J1810-189 would give a peak intensity that is roughly consis-
tent with the measured peak intensity, the bursts could in principle
come from that source. However, XTE J1810-189 was shown by the
PCA bulge scans to be already in an off state for three months (see
§ 2) and this possibility can be safely excluded. This leaves only
XMMU J181227.8-181234 as the possible origin of the bursts.

The follow-up data have a total exposure time of 45 ks. The
light curves of the burst events show rise times shorter than 2 s,
durations above the noise of about 20 s, e-folding decay times of
about 5 s and net peak intensities of up to 180±10 c s−1 PCU−1.

3.3.1 Search for Burst Oscillations

We searched for burst oscillations in all of the bursts observed,
using Science Event files (E-125us-64M-0-1s), which have a time
resolution of 122 µs and employ 64-channels to read out photon
energies between 2 and 60 keV. For each burst, we extracted photon
sequences in the 20-s intervals starting 4 s before the burst onset.
Photon sequences were binned matching the time resolution and the
Fourier transform was taken in 1-s sliding windows shifted by 0.5 s

with respect to each other. Real and imaginary Leahy-normalized
coefficients (Leahy et al. 1983) were saved for the harmonics be-
tween 1 and 2001 Hz.

Overall, we found no strong oscillation signal or clustering
of oscillation candidates at any particular frequency down to the
threshold Leahy-normalized power of 13.816. This power was con-
verted to the background-corrected upper limit on fractional ampli-
tudes (Watts et al. 2005):

A =
(

Ps
Nm

)1/2 Nm
Nm − Nbkg

(1)

where Ps is the Leahy-normalized power of signal in the absence of
noise, Nm is the number of photons in the given time window and
Nbkg is the number of background photons in the same timewindow,
estimated as an average of the count rate in a minute-long region
prior to burst onset. For unknown Ps, we used the median value of
Ps = Pm+1 from the distribution of Ps given Pm (Groth 1975;Watts
2012), where Pm is the power spectrum of noise + signal. The best
upper limits on the fractional amplitude (at burst peaks) range from
24% to 43%. This is higher than all burst oscillation amplitudes
measured thus far with RXTE (e.g. Bilous & Watts 2018).

3.3.2 Time-resolved Spectral Analysis

The burst spectra were modelled by black body radiation, slicing
each burst in a number of time intervals to allow studying the
spectral evolution. The number of time intervals varied from 3 to 20
for each burst, with the duration and number of the time intervals
depending on the burst duration and data quality. The non-burst
spectrum was assumed to be constant during the bursts as a first-
order approximation since the data are of insufficient quality to
probe changing accretion spectra during the burst (e.g., Worpel
et al. 2013; in’t Zand et al. 2013; Worpel et al. 2015). The results
of this time-resolved spectral analysis of all bursts except burst 4,
which does not have a high quality spectrum, are plotted in Figure
4.

We found the spectrum to be consistent with black body radia-
tion, with a typical reduced χ2 value of 0.95. The peak temperature
is kT = (2.4 ±0.1) keV for burst 1 with a peak bolometric unab-
sorbed flux of (3.5 ±0.3)×10−9 erg s−1 cm−2. We found significant
evidence for cooling of the spectrum of the bursts, with the black-
body temperature decreasing from kT ≈ 2–2.5 keV at the peak to
kT ≈ 1 keV after the peak for all bursts, as seen in Figure 4. This
confirms the bursts are Type I thermonuclear X-ray bursts. The ra-
dius variations of the bursts are not significant (< 3σ) and so we
found no evidence for photospheric radius expansion in any of the
bursts. There are distinct double peaks in the bolometric flux of
bursts 1 and 3, with the second peak being slightly smaller in both
cases. Similar double-peaked events have been observed in other
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Figure 3. The light curves of 6 of the Type I X-ray Bursts observed during
the 2008 outburst of XMMU J181227.8–181234. Observations are from the
PCA aboard RXTE and the onset of the burst was set to 33 seconds. The
count rates have not been corrected for number of active PCUs. Bursts 5 and
6 are clear candidate SWT bursts, with significantly lower fluxes than the
other observed bursts.

burst sources without radius expansion, most notably 4U 1636−536
(e.g. Sztajno et al. 1985).

3.3.3 Burst Properties

The observed and inferred burst properties are listed in Table 2. We
generally inferred burst properties based on the methods outlined
in Galloway et al. (2008). α is the ratio of observed integrated
persistent flux to observed burst fluence:

α =
Fperscbol∆t

Eb
(2)

where cbol is the bolometric correction factor, Fpers is the persistent
flux, ∆t is the recurrence time and Eb is the burst fluence. Fluence
is the observed bolometric integrated burst flux.

We estimated the average burst recurrence time using Poisson
statistics by dividing the 45 ks (0.3446-day) exposure time by the
number of the observed bursts, excluding burst 6, as we identified
this as a candidate shortwaiting time (SWT) burst (see §3.3.4). Since
SWT bursts are caused by a different mechanism to ‘normal’ bursts,
we think it is appropriate to exclude the second SWT burst when
inferring the recurrence time. We found the most likely recurrence
time to be 1.4+0.9

−0.5 hours. We adopted a recurrence time of 18.0 ±
0.1 minutes for bursts 5 and 6 when calculating the α values.

We estimated the nuclear energy generation of the bursts, Qnuc
as

Qnuc =
Qgrav(1 + z)

α
=

218
α

MeV/nucleon (3)

where 1 + z = 1.259 is the assumed gravitational redshift, Qgrav
= c2z/(1 + z) ≈ GMNS/RNS, is the gravitational energy, G is the
gravitational constant and we use fiducial values of MNS = 1.4 M�
and RNS = 11.2 km (e.g. Steiner et al. 2018) for the neutron star. The
true value of Qnuc thus depends linearly on the unknown neutron
star mass, and must also be corrected for possible anisotropy of

the burst and persistent X-ray emission to find the true value in
the NS frame (see Section 3.4). The anisotropy correction requires
multiplication by ξb

ξp
, and explains why the Qnucvalues reported in

Table 2 are significantly less than the minimum expected value of
1.35 MeV nucleon−1.

3.3.4 Short Recurrence Time Bursts

Upon testing for regularity in the burst times we found that bursts
5 and 6 were just 18minutes apart, while the other bursts were ob-
served days apart. We thus identified bursts 5 and 6 as candidates for
short recurrence time bursts (or short waiting time (SWT) bursts).
SWT bursts are Type I X-ray bursts that have short (. 1 hour) re-
currence times and occur in groups of 2 or more (doubles, triplets
or quadruplets) (e.g. Linares et al. 2009; Keek et al. 2010; Keek
& Heger 2017; Boirin et al. 2007). Keek et al. (2010) provided a
comprehensive assessment of this phenomenon using a preliminary
version of the MINBAR catalog of 3387 bursts observed with the
BeppoSAX/WFCs and RXTE/PCA X-ray instruments. They found
136 SWTbursts with recurrence times of less than one hour, from 15
sources. Overall, they concluded that SWT bursts consistently have
α values less than 40, lower peak luminosity, fluence, and tempera-
ture than ‘normal’ bursts and lack the longer decay component from
the rp-process in their decay profiles. Those authors also found that
of the 15 sources found to exhibit SWT bursts, all were fast spinning
(>500Hz) and of the sources where the accreted composition was
known, they all had a high hydrogen fraction. SWT bursts have not
been observed from ultra-compact X-ray binaries.

Due to the low duty cycle of the observations of 1.78%, we
could not rule out burst 5 being the second or third burst in a triplet
or quadruplet of SWT bursts and its lower fluence indicates this
might be the case. Bursts 5 and 6 were observed in the same 0.6
hours telescope observation, with burst 5 occurring 0.24 hours from
the start of the observation and burst 6 occurring 0.54 hours from
the start of the observation. Since the average recurrence time of
these bursts is 0.3 hours, we cannot rule out any bursts occurring
after burst 6, as the observation continues for only 0.06 hours after
burst 6 was observed. We also cannot rule out bursts occurring
before burst 5, as the observation started 0.24 hours before burst
5 was observed, and the previous observation ended 1.147 days
before this one began. We have plotted the raw lightcurve of the
observation in which bursts 5 and 6 occurred in Figure 5.

Bursts 5 and 6 in this outburst have α values significantly lower
than the other bursts in the outburst, burst 6 has a short (18 minute)
recurrence time, and we cannot rule out burst 5 also having a short
recurrence time from the observations. The observations cannot
constrain if these two bursts are part of a triplet or even quadruplet
of SWT bursts. Both bursts have significantly shorter decay times
than the other bursts in the outburst, which is typical of SWT bursts
since they have been found to lack the longer decay component from
the rp process in their decay profiles (Keek et al. 2010).

The light curves of the two SWT bursts observed are plotted
in Figure 3 and the time resolved spectroscopy of the bursts are
plotted in Figure 4. In these Figures it is clear that the SWT bursts
(bursts 5 and 6) registered significantly lower fluence than the other
bursts observed during this outburst, excluding burst 7, which we
also cannot rule out as being an SWT burst from the duty cycle of
the observations. The low fluence of bursts 5 and 6 provides strong
evidence that these are SWT bursts. Bursts 5, 6 and 7 have fluences
ranging from 8–15 ×10−9 ergs cm−2, on average a factor of 2.5
times smaller than the average fluence of the other bursts observed
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Figure 4. The time resolved spectroscopy of the four highest quality Type I X-ray bursts (bursts 1, 2, 3 and 7) and the two short waiting time bursts (bursts 5
and 6), from data taken with the the PCA aboard the RXTE. Note the significant difference in flux of the SWT bursts compared to the normal bursts. There is
signifcant evidence for cooling of the spectrum in all observed burst spectra, indicating these are Type I X-ray bursts. There is no evidence for radius expansion
in any of the burst spectra.

Table 2. Observed and inferred burst properties for the 7 Type I X-ray bursts detected during the 2008 outburst of XMMU J181227.8–181234.

Burst MJD OBSID a Fp b Eb
c Fpers d α e Qnuc f τg

(10−9 ergs cm−2) (10−9 ergs cm−2) (10−9 ergs cm−2s−1) (MeV/nucleon) (s)
1 54717.02685 93044 11 03 02 3.5±0.3 35±2 - - - 5.0±0.4
2 54718.13443 93044 11 03 03 3.5±0.3 20±5 1.16±0.03 700+500

−300 0.3+0.2
−0.1 4.5±0.7

3 54720.94267 93044 11 03 05 3.3±0.3 37±4 1.30± 0.03 400+300
−200 0.5+0.3

−0.2 8.6±1.0
4 54723.04537 93044 11 04 00 - - 1.45±0.03 - - -
5 54732.12320 93044 11 05 02 2.4±0.3 15±2 1.23±0.03 230+30

−30 1.0+0.1
−0.1 1.3±0.2

6 54732.13572 93044 11 05 02 1.6±0.3 8±1 0.98±0.03 320+40
−40 0.7+0.1

−0.1 2.1±0.8
7 54736.33460 93450 01 01 00 2.9±0.3 15±2 1.03±0.03 900+600

−300 0.3+0.2
−0.1 4.9±0.9

Note: All values reported in this table are the observed quantities and so are not corrected for anisotropy of emission.

a Active PCUs: Bursts 1 and 2: PCU1 and PCU2, Burst 3: PCU2 and PCU3, Bursts 4, 5, 6 and 7: PCU2
b Peak bolometric burst flux. Note that we do not have flux measurements for burst 4, as the data quality was not good enough for this burst.
c Bolometric burst fluence. The values given in this table are the observed quantities and so are not corrected for anisotropy factors. See section 3.4 for an
explanation of the anisotropies.
d 3-25 keV persistent flux
e α is calculated between bursts using Equation 2. For bursts 5 and 6, α was calculated assuming ∆t = 0.3+0.002

−0.002 hours and for all other bursts α was calculated
assuming ∆t =1.4+0.9

−0.5 hours.
f Inferred nuclear energy generation
g Decay time
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Figure 5. Raw RXTE PCA lightcurve of the observation OBSID: 93044-
11-05-02 in which the two SWT bursts (bursts 5 and 6) were observed. We
cannot rule out SWT bursts occurring before or after these two bursts due
to the length of the observation and the 0.3 hour recurrence time.

during the outburst, (20–37) ×10−9 ergs cm−2. However, we cannot
confirmburst 7 as a SWTburst as it has a decay time around the same
as the non-SWT bursts in this outburst, and it is a combination of
short recurrence time, low fluence, short decay time and low alpha
values that characterises SWT bursts. The time resolved spectral
analysis of bursts 5 and 6 showed significant evidence for cooling
of the spectrum, confirming that these are also Type I X-ray bursts
(Figure 4).

3.4 Distance, Accretion Rate and Anisotropy Factors

Here we estimate the system parameters based on the burst measure-
ments described above. The persistent and burst emission detected
from LMXBs are both subject to projection effects due to the in-
clination angle of the accretion disk and its inclination-dependent
obscuration of theNS.He&Keek (2016) describe the angular distri-
bution of radiation from lowmass X-ray binaries for 4 different disk
shapes. Anisotropy in the observed persistent emission is caused
by scattering in the extended inner disk, collimating radiation from
the boundary layer in the direction perpendicular to the disk plane.
Anisotropy in the observed burst emission is caused by reflection of
photons incident upon the disk surface, enhanced in the same direc-
tion as the persistent emission, as well as anisotropic emission from
the burst itself. The simplest model (labeled ‘model A’) assumes an
optically thick, geometrically thin disk in the vicinity of the neutron
star.

It is plausible that this flat disk scenario is only applicable
for sources in a soft spectral state, and a different disk geometry
needs to be assumed for sources in a hard spectral state (e.g., Done
et al. 2007). Sources in the hard spectral state may instead have a
truncated disk that would require different assumptions about the
anisotropy factors. Since XMMU J181227.8–181234 remains in the
soft state for the duration of this outburst (see Figure 2) we can safely
use the calculations of He & Keek (2016) to infer the anisotropy
factors.

We used the disk anisotropy model ‘A’ geometry and the
burst properties to place constraints on the inclination. From the
recurrence time, average fluence (excluding the SWT candidate
bursts 5 and 6) of (24±7) × 10−9 erg cm−2, and persistent flux of

(1.19±0.16)×10−9 erg cm−2 s−1 we calculated the average α-value
of the bursts as 620+280

−160.
We then drew samples from the α distribution and calculated

the corresponding Qnuc values from equation 3. For each sample
we adopted a random value for the inclination θ drawn from an a
priori isotropic distribution (i.e. uniform in cos θ). We calculated
the anisotropy factors ξb , ξp , using the value for θ and the model
of He & Keek (2016), and then estimated the H-fraction at ignition
(adopting the Qnuc value corrected for anisotropy) by inverting the
relation suggested by Goodwin et al. (2018):

Qnuc
ξb
ξp
= 1.35 + 6.05X̄ MeV/nucleon (4)

We retained only those samples with X̄ > 0, excluding the unphys-
ical values.

The H-fraction in the accreted fuel, X0 can then be estimated
based on the recurrence time and the estimated time to burn H prior
to ignition (Lampe et al. 2016):

tcno = 9.8 hr
X0
0.7

0.02
Z

(5)

The implied H-fraction in the accreted fuel is X0 ≤ 0.1071 (95%
confidence), calculated using Equation 5.

Only the smallest inclination values in the low tail of the α-
distribution satisfied our constraint on X̄ , indicating a likely range
of θ = 30 ± 10° (1-σ confidence). Although only ≈3% of samples
were retained, this fraction also depends on the CNO abundance.
The fraction of samples accepted increases with lower metallicity,
which might suggest that the metallicity in this source is lower
than solar. Similarly, increased redshift also results in an increased
acceptance fraction of samples. We note that this inclination is only
correct under the assumption that the flat disk geometry assumed
by He & Keek (2016) Model A reflects the actual geometry of this
system.

Based on the possible range of inclination values derived
above, we calculated the distance of XMMU J181227.8–181234.
The accretion rate was inferred using the models of Lampe et al.
(2016) (Figure 1 in their paper) that relate recurrence time to ac-
cretion rate for different compositions. Given a recurrence time of
1.4 hours, the inferred Ûm is (0.30 ± 0.05) ÛmEdd

2 for solar metallic-
ity. No photospheric radius expansion was detected so we found an
upper limit for the distance of d

√
ξb = 25 kpc, d = 35 kpc for ξb =

0.5, using the peak bolometric burst flux. Note the burst anisotropy
factor inherent in the observations of the burst peak flux.

We inferred the distance using the anisotropy factors and Equa-
tion 6, modified from Galloway et al. (2008):

d2 =
G ÛmMNSRNS

Fpersξpcbol(1 + z) cm2 (6)

We found a distance to the source given by the distribution in
Figure 6, with a median of 14.4 kpc and 68th percentile limits of
+1.8 -1.6 kpc, for an accretion rate of 0.30±0.05 ÛmEdd. Note that this
distance estimate is dependent on the assumption that the NS mass
is 1.4M� and radius is 11.2 km. Recent works such as Antoniadis
et al. (2016) or Steiner et al. (2018) have attempted to constrain the
NS mass and radius for X-ray binary systems as well as millisecond
pulsars. Antoniadis et al. (2016) found evidence that the birth mass

2 For simplicity we use ÛmEdd = 8.8 ×104 g cm−2 s−1, but we note this
Eddington accretion rate is assuming the hydrogen mass fraction of the fuel
is X=0.7. In this paper this accretion rate is used merely as a reference point.
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Figure 6. The distribution of distances to XMMU J181227.8–18123 calcu-
lated using Equation 6 based on the allowed anisotropy factors. The y-axis
corresponds to the number of samples meeting our selection criteria (see
Section 3.4).

of the NS in these systems could vary significantly, indicating that
the NS constraints are highly system dependent, so the mass of the
NS in XMMU J181227.8–181234 may not be well constrained by
their, or other’s observations. However, they find strong indication
of a maximum NS mass of 2.018M� . This corresponds to a 40%
more massive NS than we have assumed, which would increase
our distance estimate by up to 20%. Likewise, for a minimum NS
mass of 1.1M� (e.g. Antoniadis et al. 2016), which is a 20% less
massive NS, there would be a 10% decrease in the distance (which
is within the statistical uncertainty of 15%). Steiner et al. (2018)
analysed observations of low mass X-ray binaries in quiescence
and found that the NS radius for a 1.4M� is most likely between
10 and 14 km. These limits correspond to a 25% increase or 10%
decrease in the radius, which would cause a 12.5% increase or 5%
decrease in the distance. These radius effects are within the range
of the statistical uncertainty on the distance of 15%. Similarly, the
bolometric correction could vary by up to 40% due to systematic
effects (see Section 3), which would cause a 20% change in the
predicted distance. These systematic effects cannot be quantified
and so we have not included them in the statistical uncertainty on
the distance. We thus conclude the distance to XMMU J181227.8–
181234 is 14±2 kpc.

A distance of 16 kpc agrees with the typical distance of a Type
I X-ray burst with peak luminosity of about 1038 erg s−1 (Kuulkers
et al. 2003) for the peak bolometric burst flux for this source of
(3.5±0.3) × 10−9 erg s−1cm−2. This is within 1-σ of the distance
we predict.

4 DISCUSSION AND CONCLUSIONS

The discovery of Type I thermonuclear X-ray bursts observed from
XMMU J181227.8–181234 confirms that the compact object is a
neutron star in this system. The bursts have relatively short re-
currence times and short decay times that indicate they lack the
extended tail that results from rp-process burning in bursts with
hydrogen. They also have low nuclear energy generation, low X̄
and high α values, which all are properties found in (pure) helium
bursts. Therefore, we deduce that the bursts ignite with almost pure
helium fuel as the source of the thermonuclear burning. The short

recurrence time requires the accreted fuel to be almost pure helium
(X0 ≤ 0.082) as there is not sufficient time between bursts for a
significant amount of hydrogen to burn to helium.

We also observed several candidate short waiting time bursts.
SWT bursts are usually observed in systems with high hydrogen
fraction, so we have discovered SWT bursts with helium fuel for
the first time. We tentatively classify XMMU J181227.8–181234 as
an ultracompact X-ray binary due to the strong evidence that it is
accreting almost pure helium fuel, despite the fact that SWT bursts
have not been observed in ultracompact systems. We thus deduce
that the companion star in the system is extremely evolved. We note
that this kind of inference of an ultracompact nature (frequent short
bursts at high accretion rates) is novel and adds to the methods
of orbital period measurement, relatively faint optical counterparts
and persistent accretion at very low levels (<∼ 1% of Eddington, e.g.
in’t Zand et al. 2007; van Haaften et al. 2012).

XMMU J181227.8–181234 has previously been tentatively
classified as a transient high-luminosity distant low-mass X-ray bi-
nary (Cackett et al. 2006). To further understand the behaviour of
XMMU J181227.8–181234 we searched for some parallels with
other known systems. We found 4 known helium bursters in the
burst catalogue of Galloway et al. (2008) with frequent, short bursts
and a moderate to high accretion rate. These sources include Ser
X-1, 4U 1728-34, 4U 1702-429 and 4U 1916-053. 4U 1728-34 and
4U 1916-053 are ultracompact systems, like XMMU J181227.8–
181234. 4U 1916-053 and 4U 1702-429 are persistently active at
low accretion rates, unlike XMMU J181227.8–181234. 4U 1728-
34, 4U 1702-429 and 4U 1916-053 all have observed alpha values
< 150, making them unlike XMMU J181227.8–181234, which has
alpha values of 450-850. Ser X-1 is the only other source to exhibit
high alpha values (as high as 1600), but this source also has irregular
recurrence time bursts. SWT bursts have not been observed from
any of these sources. Seemingly, none of the similar sources we
found exactly match the behaviour of XMMU J181227.8–181234,
making it an unusual source.

Keek et al. (2012) modelled superbursts in a helium accretor at
≈ 30%Eddington. After a superburst, the helium bursts evolve as the
atmosphere cools. In the absence of a superburst and during a tran-
sient outburst, as in XMMU J181227.8–181234, similar bursting
regimes may appear. Interestingly, the predicted recurrence times
of the helium accreting model from Keek et al. (2012) exhibited
two bursting modes: one with shorter and one with longer recur-
rence times. The longer recurrence time is similar to the average
recurrence time of the bursts from XMMU J181227.8–181234, 80
± 30 minutes. The peak luminosity of the modelled bursts is around
5×1038 erg s−1, larger than the observed peak flux of the normal
bursts from XMMU J181227.8–181234, but on the same order of
magnitude. The shorter recurrence times are slightly longer than the
18 minutes of the SWT bursts from XMMU J181227.8–181234, at
≈45 minutes, and the peak flux is significantly smaller at ≈4×1037

erg s−1. Nevertheless, this kind of bursting regime is similar to what
we have observed in XMMU J181227.8–181234 and future work
could tune the model parameters to replicate this kind of behaviour,
and explore further what kind of bursting regimes are possible when
accreting helium at high rates.

XMMU J181227.8–181234 is a very frequent burster and so
should be actively monitored at a higher duty cycle in its next
outburst (perhaps within the next couple of years) as it will likely
produce a large number of X-ray bursts for analysis.
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5
C O M B I N I N G M O D E L S O F A C C R E T I N G N E U T R O N S TA R S
W I T H O B S E RVAT I O N S

Whilst much effort has been put into developing advanced models of accreting
neutron star systems, it is also important that we determine how well these models
can predict observed parameters, as well as using observations to better inform our
models.

5.1 a bayesian approach to matching thermonuclear x-ray burst

observations with models

In this Chapter we present a case study of SAX J1808.4–3658, in which we use
a Markov Chain Monte Carlo approach to predict system parameters we cannot
measure, by matching observations of a burst train with the Settle model. To pre-
dict the total burst energy, we use the energy generation rate presented in Chapter
3. The software we present, called BEANS, is publicly available and can now be
used to infer parameters we cannot observe for additional accreting neutron star
systems with observations of burst trains. The model we present is powerful as
it can predict system parameters such as neutron star mass, radius, distance, in-
clination, accreted fuel composition, and more. However, we must note that the
software is only as good as the model, and the model we use is relatively basic
when compared to more advanced models such as Kepler or MESA (for more detail
on the Settle model see Chapter 2).

Published in:
A. J. Goodwin et al. (Dec. 2019a). ‘A Bayesian approach to matching thermonuclear
X-ray burst observations with models’. MNRAS 490.2, pp. 2228–2240. doi: 10.1093/
mnras/stz2638. arXiv: 1907.00996 [astro-ph.HE]
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ABSTRACT

We present a new method of matching observations of Type I (thermonuclear) X-ray
bursts with models, comparing the predictions of a semi-analytic ignition model with X-ray
observations of the accretion-poweredmillisecond pulsar SAX J1808.4-3658 in outburst.We
used a Bayesian analysis approach to marginalise over the parameters of interest and determine
parameters such as fuel composition, distance/anisotropy factors, neutron starmass and neutron
star radius. Our study includes a treatment of the system inclination effects, inferring that the
rotation axis of the system is inclined

(
69+4
−2

)◦ from the observers line of sight, assuming a
flat disc model. This method can be applied to any accreting source that exhibits Type I X-ray
bursts. We find a hydrogen mass fraction of 0.57+0.13

−0.14 and CNO metallicity of 0.013+0.006
−0.004 for

the accreted fuel is required by the model to match the observed burst energies, for a distance to
the source of 3.3+0.3

−0.2 kpc. We infer a neutron star mass of 1.5+0.6
−0.3 M� and radius of 11.8+1.3

−0.9 km
for a surface gravity of 1.9+0.7

−0.4 × 1014 cm s−2 for SAX J1808.4-3658.

Key words: X-rays: bursts – X-rays: binaries – pulsars: individual: SAX J1808.4-3658

1 INTRODUCTION

Accretion-powered millisecond pulsars (AMSPs) are neutron stars
with weak (∼ 108 G) magnetic fields that are accreting matter from
a low mass companion star (e.g., Lewin et al. 1993; Chakrabarty
& Morgan 1998; Wijnands & van der Klis 1998; Patruno & Watts
2012;Galloway&Keek 2017). These systems are typically transient
X-ray sources, and exhibit coherent X-ray pulsations as well as Type
I thermonuclear X-ray bursts periodically (e.g., Wijnands 2004). A
source goes into outburst when the accretion disc around the neutron
star, formed by accretion of matter onto the companion star, reaches
a critical state that causes matter to transfer directly onto the neutron
star and ignites thermonuclear bursts (e.g., Strohmayer & Bildsten
2006; Galloway & Keek 2017). Type I X-ray bursts are the most
frequently observed thermonuclear powered outbursts in nature and
provide a unique insight into the nuclear reactions that can occur in
extreme environments. They are characterised by a sudden increase
in the X-ray flux of a source in outburst (e.g., Galloway et al. 2008).
They can be observed from neutron stars in binary systems, and are
thought to be caused by unstable ignition of hydrogen or helium on
the surface of an accreting neutron star (e.g., Strohmayer & Bildsten
2006).

? E-mail: ajgoodwin.astro@gmail.com

The challenge inherent in understanding low-mass neutron star
binary systems is estimating system parameters, including the com-
position of the fuel that drives the thermonuclear burst; and the dis-
tance/inclination of the source, which cannot be directly observed
as they are kilometre-sized objects at kilo-parsec distances. These
parameters are an essential ingredient in modelling and understand-
ing the dense matter of neutron stars and the physical processes
behind thermonuclear bursts. Applications range from stellar evo-
lution (with fuel composition of the bursts enabling constraints on
the evolution of the companion star and population synthesis) to
constraining proton- and carbon-rich nuclear reactions that are dif-
ficult to replicate in Earth-bound laboratories.

Neutron stars are the densest directly observable stellar objects
known. The study of neutron stars through various electromagnetic
bands has seen much progress in recent years, furthering the
understanding of high-density cold matter and the dense equation
of state (e.g. Miller et al. 2019; Degenaar & Suleimanov 2018;
Özel & Freire 2016) The recent observation of gravitational waves
from merging neutron stars (Abbott et al. 2017) has also seen an
increase in efforts to constrain neutron star properties, such as the
neutron star mass, radius, spin, and equation of state (e.g., Abbott
et al. 2018; Annala et al. 2018; Radice et al. 2018). Constraining
these properties is fundamental in the understanding of ultra-dense
matter, such as the material that makes up a neutron star, as well as

© 2019 The Authors
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providing additional constraints in the search for more gravitational
waves.

Observations of AMSPs that exhibit Type I X-ray bursts are
becoming increasingly more accessible, with the Multi-INstrument
Burst Archive (MINBAR)1 providing an extensive collection of
processed and anlaysed X-ray burst data. Observations are limited
to the X-ray activity of these sources, providing measurements of
the accretion flux, burst flux, and recurrence time of bursts.

Efforts to model burst sources have evolved from early models
(e.g., Fujimoto et al. 1987; Taam 1980; van Paradijs et al. 1988) that
focused on the correlation between burst energies and recurrence
times, to varying success, to more recent models (e.g., Cumming
2003; Galloway et al. 2004;Woosley et al. 2004) which have a heav-
ier focus on the nuclear physics driving the bursts, predicting fuel
compositions and accretion rates by implementing more detailed
models of the nuclear reaction rates that produce the observed en-
ergy generation rates.

These observations and models motivate an effort to combine
the data obtained from both, to obtain a deeper understanding of
the thermonuclear processes that occur during an X-ray burst, as
well as identifying where current models are failing to predict ob-
served properties (e.g., Galloway et al. 2017). Themost well-studied
transients, such as the accretion-powered millisecond pulsar SAX
J1808.4-3658, provide crucial test cases for numerical models of
thermonuclear bursts and can be used as standard cases inmodelling
studies.

Galloway & Cumming (2006) showed that the bursts from
SAX J1808.4-3658 were consistent with ignition in an almost
pure He environment. The long recurrence times of ≈1 day allow
enough time for hydrogen to be depleted by thermally-stable hot
CNO burning between bursts. By modelling the burst properties,
they were able to constrain the hydrogen fraction in the accreted
layer, and showed that the observed recurrence times imply a relation
between the hydrogen fraction and fraction of CNO elements. As
such,SAX J1808.4-3658 provides the best example of pure helium
ignited bursts, and validates the theory in which hydrogen depletes
before ignition of the X-ray burst in a helium environment.

In this study we develop a new method for matching burst ob-
servations with a semi-analytic ignition model, extending the pre-
vious work of Galloway & Cumming (2006), to determine system
parameters such as fuel composition, neutron star mass and radius,
distance, and inclination. We use a Markov Chain Monte Carlo ap-
proach to find the best-fitting system parameters, with uncertainties.
In Section 2 we describe the semi-analytic model used in this study,
compare it to detailed time-dependent simulations, and describe the
MCMC implementation. In Section 3 we report the parameter limits
predicted by the model, and describe how well our model matches
the observations. Finally, in Section 4, we summarise the results
and give our conclusions.

2 METHODS

We used the ignition model of Cumming & Bildsten (2000) (here-
after called settle) to generate burst sequences, which were then
compared to Rossi X-ray Timing Explorer (RXTE) Proportional
Counter Array (PCA) telescope observations of the 2002 outburst of

1 https://burst.sci.monash.edu/minbar/

Table 1.Observations of the 2002 October outburst of SAX J1808.4-3658

No. Burst start time Peak Flux Fluence α

(MJD) (10−9 erg cm−2 s−1) (10−6 erg cm−2)
1 52562.4136 163±3 2.62±0.02 –
2 52564.3051 177±3 2.65±0.01 107±2
3 52565.1843 179±3 2.99±0.01 118±2
4 52566.4268 177±3 3.46±0.02 128±2
Notes: The α values are calculated between bursts using Equation 1, as-
suming 2 bursts occurring between Bursts 1 and 2. Fluxes reported are
bolometric fluxes and uncertainties are 1σ confidence levels.

SAX J1808.4-3658 using a Markov Chain Monte Carlo (MCMC)
algorithm. We obtained the ‘best’ model run that matched the ob-
servations, providing predictions for parameters such as fuel com-
position, distance, anisotropies, neutron star mass and radius, that
cannot be measured otherwise. We used the python implementation
of MCMC, emcee (Foreman-Mackey et al. 2013). RXTE observa-
tions were obtained from archival data available in MINBAR and
shown in Table 1, updated since the initial analysis of this outburst
by Galloway & Cumming (2006). Observed properties of the bursts
include times, persistent flux, burst fluence and α values. Here, α is
defined as the ratio of integrated persistent flux to the fluence, given
by

α =
Fpcbol∆t

Eb
(1)

where Eb is the burst fluence, ∆t is the recurrence time, Fp is
the persistent flux, and cbol is the bolometric correction. For cbol
we adopted a constant value of 2.12, as in Galloway & Cumming
(2006).

In order to determine the accretion rate at the time of a burst,
we used persistent flux measurements of the outburst from the PCA
and linearly interpolated the values between measurements either
side of the burst. This enabled us to obtain a value at the time of
each burst, from which an accretion rate was inferred using

Ûm = cbolFpr1 (2)

where Fp is the persistent flux, Ûm is the accretion rate, and r1 is
the scaling factor between the accretion rate and the persistent flux,
described in Section 2.3.

2.1 settle

settle is a semi-analytic ignition model developed by Cumming
& Bildsten (2000) that integrates the thermal profile of a settling
atmosphere to find ignition conditions for a single burst, fromwhich
the burst train can be predicted. It applies a one-zone ignition cri-
terion to simple models of the accumulating layer, which allows a
survey of parameter space whilst also enabling estimation of the
ignition depth. Researchers have applied settle to observations of
regular Type I bursters, such as 4U 1820-30 (Cumming 2003), GS
1826-24 (Cumming 2003), and SAX J1808.4-3658 (Galloway &
Cumming 2006). The settle model assumes the accumulating fuel
layer is heated by hot CNO hydrogen burning within the layer, and
a constant flux from deeper layers. It does not include heating from
energy released in a previous burst, or the possibility of ignition
of unburnt fuel within the ashes of a previous burst (commonly re-
ferred to as thermal and compositional inertia; Woosley et al. 2004;
see Section 2.2 for corrections we applied to settle to account for
some of these simple assumptions). Assuming spherical symmetry,
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settle does not address complex physics that is currently poorly
understood, such as how the burning front spreads across the star
after ignition occurs, what determines the number of hotspots on the
surface of the star, or the cause of asymmetry near the end of bursts
as the material is cooling (e.g., Cavecchi & Spitkovsky 2019).

settle adopts a neutron star mass and radius (e.g., MNS =
1.4 M� and RNS = 11.2 km) which then sets the gravitational red-
shift and surface gravity, where the surface gravity, g, in the X-ray
burst layer is given by

g =
GMNS

R2
NS
· (1 + z) (3)

where G is the Gravitational constant, z is the gravitational
redshift, MNS is the gravitational neutron star mass and RNS is the
neutron star radius in the observer frame.

An X-ray burst is triggered when helium burning becomes
unstable at the base of the accumulated layer, at a temperature of
≈ 2 × 108 K and a density range of ∼ 105–106 g cm−3. The tem-
perature profile of the accumulating layer of hydrogen and helium
is calculated given the accretion rate, and the accumulating layer is
allowed to build up until the one-zone condition for a thermal run-
away is satisfied at the base of the layer. This condition is met when
dε3α/dT > dεcool/dT , where ε3α is the energy production rate of
helium burning (via the triple alpha reaction) and εcool is the effec-
tive local cooling rate. At this point, a thermal instability occurs and
the conditions for thermonuclear runaway are met. The temperature
profile at ignition is determined such that dε3α/dT = dεcool/dT at
the base of the ignition column.

The composition of the ignition column at ignition depends on
how much hydrogen has burned before the ignition conditions were
met, during the accumulation of the fuel. The amount of hydrogen
burned is determined by the local accretion rate, since hydrogen is
assumed to burn steadily at a constant rate via the hot CNO cycle.
The rate at which hydrogen burns is thus given by

dY1H
dt
=

4 ln 2YCNO
t 1

2 ,CNO
, (4)

where YCNO is the parts per nucleon of CNO elements and t 1
2 ,CNO

is the cycle half life, i.e., the sum of the half lives of the isoptopes
limiting the cycle. In settle, we assume the CNO elements are
the β-limited CNO cycle isotopes, 14O and 15O, in their cycle
equilibrium abundance values and YCNO can be computed from

YCNO =
ZCNO,β

ĀCNO,β
(5)

where ĀCNO,β is the average mass number of the CNO isotopes in
the β-limited CNO cycle, given by

ĀCNO,β =
t 1

2 ,
15O A15O + t 1

2 ,
14O A14O

t 1
2 ,

15O + t 1
2 ,

14O
, (6)

where Ai is the mass number of species i, t 1
2 ,

15O = 122 s and
t 1

2 ,
14O = 71 s.

The ratio of the parts per nucleon of 14O to 15O is given by the
ratio of their half lives. Thus the mass fractions Z14 = 0.352 ZCNO
and Z15 = 0.648 ZCNO, giving ĀCNO,β = 14.653 g mol−1.

The energy production rate of hydrogen burning via the CNO

cycle, εH, is given by

εH =
d
dt

Y1H EH ,

where EH is the energy produced from burning 4 1H to 4He. EH is
given by the change in mass excess less the energy carried away by
neutrinos, EH = 6.03 × 1018 erg g−1. Thus, εH is given by

εH = 5.94 × 1013 ZCNO,β
0.01

erg g−1 s−1 , (7)

where ZCNO,β is the mass fraction of CNO nuclei in the β-limited
CNO cycle, computed as outlined above.

We also compare to the Sun as a reference point with its own,
different, distribution of the CNO isotopes, with ĀCNO,� = 14.688,
such that a given CNO metallicity translates into a slightly different
value of YCNO. Using the solar abundance ratios for CNO isotopes
from Lodders et al. (2009), one obtains:

εH = 5.93 × 1013 ZCNO,scaled �
0.01

erg g−1 s−1 (8)

which is remarkably similar to the value using the β-limited Z value
reference, though only by coincidence, not by design.

Throughout the remainder of this paper all values ofmetallicity
refer exclusively to the β-limited CNO metallicity, which is the
relevant value for settle. The reference value of 0.01 used here is
indeed very close to the solar mass fraction of CNO isotopes given
by Lodders et al. (2009) as 0.01001.

Summarising, the time to burn all of the hydrogen (tH) is
dependent only on the metallicity and initial hydrogen abundance.
The time to burn hydrogen is thus

tH =
Y1H

YCNO

t 1
2 ,

15O + t 1
2 ,

14O

4 ln 2
= 20.45

(
X0
0.7

) (
0.01
ZCNO

)
h (9)

where X0 is the initial hydrogen mass fraction of the accreted fuel.
This sets the minimum recurrence time required for pure helium
bursts. Note that we have updated this equation from the original
work of Cumming & Bildsten (2000), and it is the time to burn
hydrogen locally on the neutron star surface, for the observer this
timescale is longer by a redshift factor 1 + z. For higher accretion
rates ( Ûm & 0.04 ÛmEdd

2) helium burning becomes unstable before
sufficient time has passed for all of the hydrogen to be burned,
resulting in ignition occurring in a hydrogen rich environment. For
lower ( Ûm . 0.04 ÛmEdd) accretion rates, there is sufficient time for all
of the hydrogen to be burned before ignition, allowing a pure helium
layer to accumulate before ignition, and a helium rich environment
for the burst.

The column depth at which hydrogen runs out (yd) is given by:

yd = 6.9 × 108
( Ûm

0.01 ÛmEdd

) (
0.01
ZCNO

) (
X0
0.7

)
g cm−2 (10)

If helium ignites at a column depth y < yd, a mixed H/He
burst occurs; and if helium ignites at a column depth y > yd, a pure
helium layer has time to accumulate and ignition occurs in a pure
helium environment.

Once ignition conditions are met, the burst parameters are
calculated based on the total mass in the ignition column and its
composition. The burst energy is calculated by assuming complete

2 ÛmEdd is the Eddington accretion rate, given by ÛmEdd = 1.75 0.7
1+X ×

10−8 M� yr−1, where X is the H mass fraction
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burning of the H/He layer, and the accreted material is assumed to
cover the whole surface of the neutron star. The thickness of the
accumulated layer at ignition determines the recurrence time of the
bursts.

2.1.1 Updates to settle

When hydrogen remains at the time of ignition, and bursts ignite
in a mixed H/He environment, there is extra energy released by
the triple-alpha process due to proton capture by 12C. To avoid a
discontinuity in accretion rate–recurrence time parameter space at
the transition zone between mixed H/He bursts and pure He bursts,
we gradually switched on the factor that multiplies the triple alpha
reaction energy generation rate to account for the 12C(p, γ) reaction
when protons begin running out at the critical H fraction of X = 1/7
(since the ratio of protons to alpha particles is 2 : 3). The gradual
switch on of this multiplicative factor was not a feature of Cumming
& Bildsten (2000)’s original code.

We updated some of the energy and rate values used in settle.
We corrected the energy generation of hydrogen burning via the
CNO cycle such that εH = 5.94 × 1015 erg g−1 s−1 (used to be
5.8 × 1015 erg g−1 s−1). We also used an updated version for the
total nuclear energy released per unit mass in an X-ray burst as
calibrated by Goodwin et al. (2018) using Kepler models, Qnuc =
1.35+6.05 X̄ MeV/nucleon, where X̄ is the average hydrogen mass
fraction of the ignition column. The ignition depth correction we
applied due to differences between settle and Kepler is described
in Section 2.2

Using Kepler models with fully time-dependent accretion
rates, Johnston et al. (2018) found that using constant accretion
rates (averaged between bursts) can systematically underestimate
the burst recurrence times when the slope of the accretion rate
is negative (see Figure 4 of that paper). Because settle implic-
itly uses averaged accretion rates, we accounted for this effect by
multiplying each predicted recurrence time by a correction factor, as
determined by the linear approximation from Johnston et al. (2018).
These correction factors ranged from approximately 0.9–1.0 for our
modelled bursts. The correction factors we adopted are specific to
SAX J1808.4–3658 and will either need to be recalculated or made
more generally applicable if this method is applied to a different
system. To rigorously test the influence of these correction factors
we ran the code without the scaling factors and found that while
the central value of the distance, hydrogen fraction, metallicity, and
base flux shifted, the parameters still agreed within 1-σ uncertainty
of the model run with the scaling factors.

2.2 Code Verification

A simple code such as settle can be run in seconds, enabling mul-
tiple instances of the code to be run, and a marginalising method
such as MCMC possible. Other codes, such as Kepler (Woosley
et al. 2004), use bigger nuclear reaction networks and a more com-
plex treatment of the neutron star atmosphere during outburst, at the
cost of computational expense and runtime. Kepler solves the full
time-dependent stellar structure equations, following the evolution
of temperature and composition at each depth in the neutron star
envelope over many cycles of bursts. To assess the limitations of
settle, we ran a comparison with some Kepler models, and imple-
mented corrections to settle to account for some of the differences
we found. Woosley et al. (2004) provided a limited comparison
between some settle and Kepler models, and found that, in gen-
eral, the agreement was good, although with settle consistently
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Figure 1. Comparison of the temperature profile of settle (black dashed)
and Kepler (blue solid) models at the ignition of a burst. Stars indicate
the ignition depth of the burst for each model. Model conditions: X = 0.2,
z = 0.02, Ûm = 0.2 ÛmEdd, Qb = 0.1 Mev/nucleon.

overestimating the burst energies and recurrence times. The authors
attribute the discrepancy between the settle and Kepler models
to the lack of compositional inertia in the settle models.

We compared the predicted fluences (Eb) and recurrence times
(∆t) of the two codes for a range of hydrogen mass fractions (X),
CNO mass fractions (Z), accretion rates ( Ûm) and base fluxes (Qb).
In order to allow meaningful comparison, we redshifted the Kepler
recurrence times bymultiplying by 1+z, asKepler calculates recur-
rence time in the reference frame of the neutron star, whereas settle
calculates recurrence time in the reference frame of a distant ob-
server. In both codes we fixed MNS = 1.4 M� and RNS = 11.2 km.
We also increased the settle Qb value by 0.1 MeV/nucleon when
comparing to Kepler to account for thermal inertia (Cumming &
Bildsten 2000).

On initial comparison we found the settle recurrence times
and fluenceswere at least∼ 30% higher than theKepler predictions.
We compared the temperature profiles of the ignition column for
each code, shown in Figure 1.

We found the temperature profile of settle was overall cooler
than Kepler, causing a longer recurrence time, deeper ignition, and
thus brighter bursts. SinceKepler provides amore complex analysis
of the underlying physics, we decided to correct the ignition depth of
settle such that it matched theKepler ignition depth. To do this we
multiplied the settle ignition depth by a factor of 0.65. Reducing
the ignition depth reduced the recurrence time and fluences of the
settle bursts and produced the comparison shown in Figure 2.

In Figure 2 for higher hydrogen fractions (X = 0.6 and 0.7)
there is a significant difference between the predicted fluences and
recurrence times of the settle and Kepler bursts across all ac-
cretion rates. There is much better agreement at lower hydrogen
fractions (X < 0.5) and lower accretion rates ( Ûm < 0.1 ÛmEdd be-
tween the two codes. For the purpose of this paper we note that for
the source we are investigating, SAX J1808.4-3658, observations
indicate that is has a slightly depleted hydrogen fraction and low
(≈ 4% Eddington) accretion rate, so it is within the parameter space
that settle agrees well with Kepler.

Fundamental differences between the two models can be at-
tributed primarily to the fact that settle has a one-zone ignition
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Figure 2. Comparison of the predicted recurrence times (top) and burst
fluences (bottom) for the settle and Kepler models for a range of accre-
tion rates ( Ûm, expressed as a fraction of ÛmEdd), after the ignition depth in
settle has been reduced by 45%. The dashed line shows the one-one rela-
tion between the two predictions. Some of the models have different CNO
metallicities and base heating, causing some variances in the predictions for
the same accretion rate and hydrogen mass fraction.

criterion which uses a local approximation for the cooling, whereas
Kepler follows the detailed cooling as a function of depth. Other
differences could arise due to the fact that settle assumes there
is no triple-alpha burning during the accumulation of fuel, settle
assumes that all of the accreted fuel is burnt in a single burst, and
the burst train is generated without accounting for subsequent bursts
occurring in the ashes of previous bursts. Finally, settles uses an
approximate formula for the nuclear energy generation of the bursts,
that has been calibrated to Kepler predictions, but still is not the
same as calculating the full nuclear reaction network, with thermal
inertia included. As a caveat we note that calibrating to kepler
introduces a different kind of model bias. Since there have been
no comprehensive studies done between kepler and other similar
codes, we do not understand how accurately kepler models the true
physics of these systems.

2.3 MCMC

We used a Python implementation of MCMC (emcee; Foreman-
Mackey et al. 2013) to estimate posterior distributions of the prop-
erties predicted by settle, based on the known values of the ob-
served properties of the burst train (time, Eb and α). We defined a
likelihood function, given by Equation 11, and prior ranges for each
parameter. We used a simple Gaussian likelihood function where
the variance was underestimated by some fractional amount, f , and
the overall likelihood is the sum of the individual likelihoods for
each parameter i,

L(xi |θ,model) = 1
σi fi
√

2π
exp

[−(xi −model)2
2 fiσi

]
(11)

where σi is the observed uncertainty, xi is the observed pa-
rameter value (time, fluence, and alpha), model is the parameter
value predicted by the model, and θ are our parameters of interest.
The parameters of interest we defined are hydrogen mass fraction
X , metallicity Z , which is defined as the mass fraction of CNO
elements (all in 14O and 15O), base flux Qb, neutron star mass M ,
neutron star radius R and three scaling factors, r1, r2, and r3.

The 3 scaling factors, r1, r2, and r3 are defined as in Galloway
& Cumming (2006), given in Equations 12, 13, and 14,

r1 =
Ûmi

cbolFp,iξp
(12)

where Ûmi is the accretion rate between burst i − 1 and burst
i, ξp is the persistent anisotropy (defined in Section 3.1, Fp,i is the
mean 2 − 25 keV persistent flux between burst i − 1 and i (in units
of 10−9 erg cm−2 s−1, from interpolation) and cbol is the bolometric
flux correction.

r2 =
α

αpred
(13)

where α is the observed value (Equation 1) and αpred =
290/Qnuc,pred.

r3 =
Eb/10−9

Lb,pred ξb
(14)

where Lb,pred is the predicted burst luminosity in units of
1039 erg s−1 and Eb is the observed burst fluence.

We initialised the parameters in a tiny (∼ 10−3) Gaussian
ball around the initial value. We ran the MCMC chains with 300
walkers for 2,000 steps, and discarded the first 200 steps in each
chain to account for burn-in. See Section 3.4 for information on the
tests we ran to ensure the MCMC chains were fully converged and
independent of initial walker positions.

2.4 Priors

For each parameter except metallicity, mass and radius, we used
a uniform prior, where we chose an acceptable range based on
observations or theoretical assumptions. For metallicity (ZCNO) we
chose a more informed prior, using a synthetic survey of the Milky
Way in the location of SAX J1808.4-3658 at 2–4 kpc generated
by the Galaxia code (Sharma et al. 2011) to determine a likely
distribution of the metallicity, given by Equation 15 and shown in
Figure 3.

[Fe/H] ∼ φ(3 + 3
4
) − 3 (15)

where φ ∼ B(10, 3) is a Beta distribution with α = 10 and
β = 3, and the linear translation limits the metallicity prior to have
support between [Fe/H] = −3 and +0.75 (i.e., 0.00001 < ZCNO <

0.056).
For mass and radius we also imposed a more informed prior

based on the models of Steiner et al. (2018), who used observations
of eight quiescent low mass X-ray binaries in globular clusters to
determine the neutron star mass–radius curve and the equation of
state. Steiner et al. (2018) used a fixed mass grid and varied radius
according to their chosen equation of state and observations of
radii. We chose the simplest of their models (‘baseline’) and used
the probability distribution given in Figure 2.4 for the relationship
between mass and radius. We also constrained mass and radius
to: 1.15 M� < M < 2.5 M� and 9 km < R < 17 km. This prior
effectively checks if the masses and radii predicted by the model
are consistent with the expected mass-radius relation of low mass
X-ray binaries in globular clusters. It provides a probability of the
predicted radius given the predicted mass.
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Figure 3. The probability distribution assumed for metallicity (Z), based
on a simple model of the Galaxy in the location of SAX J1808.4-3658 at
2–4 kpc.
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Figure 4. Steiner et al. (2018) probability distribution for NS radius as
a function of mass based on observations of low mass X-ray binaries in
globular clusters. Contour levels shown are 1σ intervals up to 5σ.

3 RESULTS

We report the posterior limits for the predicted system parameters
in Table 2, reporting the mean value and the 68th percentile limits
of the distributions for the uncertainties. Additional model runs are
shown in the Appendix, including one that replicates Galloway &
Cumming (2006) with fixedmass and radius and one with a uniform
prior in mass and radius.

The times and fluences of the 6 predicted bursts are plotted in
Figure 5, as well as the 4 observed bursts. We predict 3 bursts that
were not observed, but that cannot be ruled out by observations,
since they occur during periods that the telescope was not observ-
ing. The two bursts predicted between the first and second observed
bursts were also predicted by Galloway & Cumming (2006) and
Johnston et al. (2018). The predicted burst properties agree rea-
sonably well with the predictions from Johnston et al. (2018), who
used Kepler to model this outburst without doing an exhaustive
parameter space exploration such as we have done in this work.

Table 2. SAX J1808.4-3658 derived neutron star parameters

Parameter Value Units

X 0.58+0.13
−0.14

Z 0.013+0.006
−0.004

Qb 0.4+0.3
−0.2 MeV/nucleon

M 1.5+0.6
−0.3 M�

R 11.8+1.3
−1.0 km

Ûmmax 0.037+0.002
−0.002 ÛmEdd

g 1.9+0.7
−0.4 1014 cm s−2

1 + z 1.27+0.13
−0.05

d 3.3+0.3
−0.2 kpc

ξb 0.74+0.10
−0.10

ξp 0.87+0.12
−0.10

cos i 0.36+0.07
−0.04

Notes:g and 1 + z are calculated based on the M and R values, using
Equation 3. Ûmmax is the maximum inferred accretion rate using Equation 2.

Table 3. SAX J1808.4-3658 predicted burst parameters

Burst X̄ α ∆t (hours)

2 0.20+0.06
−0.06 108+12

−9 14.7

3 0.20+0.06
−0.06 107+12

−9 14.4

4* 0.19+0.05
−0.06 110+11

−9 16.1

5* 0.16+0.04
−0.04 117+10

−9 19.4

6* 0.12+0.03
−0.03 126+9

−7 31.2

7 0.07+0.02
−0.02 139+6

−5 56
Notes: "*" indicates this burst was observed by RXTE. Burst 1 is excluded
as it was used as a reference burst and we did not infer properties for this
burst. X̄ is the average hydrogen mass fraction of the ignition column.

Interestingly, Johnston et al. (2018) also predict a very bright burst
at late time, ≈ 7 days after the first observed burst.

Burst properties for individual bursts inferred by the model are
listed in Table 3. The recurrence time for each burst is predicted
to fall in the range 14 – 56 hours. The time to exhaust hydrogen
and ignite bursts in a pure helium environment is 13.0 hours at this
accreted fuel composition (Equation 9). These predicted recurrence
times and their respective accretion rates indicate that sufficient
time passes between each burst for the accreted hydrogen to be
completely burned by the hot CNO cycle, and we have ignition
occurring in a pure helium environment, as has been previously
concluded by Galloway & Cumming (2006); Johnston et al. (2018).
The low X̄ values for each burst confirms this, with X̄ < 0.2 for all
bursts.

The probability contours and posterior distributions for X ,
Z , Qb, d, ξb, and ξp are plotted in Figure 6. There is a positive
correlation between X and Z , which was also found by Galloway &
Cumming (2006). This correlation is due to the relationship between
recurrence time and fuel composition, since provided all of the H
is exhausted before ignition, there are multiple combinations of X
and Z that reproduce the observed recurrence time.
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Figure 5. Top: predicted burst times and fluences (blue stars), observed bursts times and fluences (black circles) and predicted burst times and fluences from
Johnston et al. (2018) (red squares). The grey regions show the satellite observing periods (‘good time intervals’). Bottom left: r3 times the predicted burst
fluences vs observed burst fluences. Dashed line is the one-to-one relation. Bottom right: r2 times the predicted alphas vs observed alphas. Dashed line is the
one-to-one relation.

3.1 Distance and Anisotropies

We used the scaling parameters r1, r2, and r3 to obtain posterior dis-
tributions for the distance and emission anisotropies of the source,
and thus the inclination, shown in Figure 6. Relating the scaling
parameters to their corresponding physical parameters gives:

r2 = 0.74816
(

MNS
1.4 M�

) (
RNS

11.2 km

)−1 (
Qnuc

Qnuc,pred

)−1 (
ξp
ξb

)
(16)

r3 = 63.23
(

d
10 kpc

)−2 (
RNS

11.2 km

)2 (
1 + z
1.258

)−1 (
Qnuc

Qnuc,pred

)
ξb

(17)

Assuming Qnuc = Qnuc,pred, this gives the following set of
equations which enable calculation of d, ξb and ξp using the three
scaling factors.

ξp = r1

(
10
d

)2
(18)

ξb =
r2ξp

0.74816
(19)

d = 10

√
63.23ξb

r3
kpc (20)

Using these equations, we obtained posteriors on distance (d),

burst anisotropy (ξb) and persistent anisotropy (ξp), shown in Figure
6 and values reported in Table 2. He & Keek (2016) modelled the
relationship between anisotropy factors and inclination in low mass
binaries with different disc shapes. They considered 4 different disc
geometries, motivated by an effort to match observations of high
reflection fractions observed in a couple of superbursts. Since SAX
J1808.4-3658 has never shown evidence of such high reflection
fractions, we chose the simplest disc geometry described by He &
Keek (2016), Model A, corresponding to a flat disc. He & Keek
(2016) Model A is approximated by Equation 21, which we used to
also obtain a posterior distribution for cos i, based on the inferred
anisotropy factors.

ξp
ξb
=

0.5 + |cosi |
2|cosi | (21)

where i is the inclination of the system, the angle between the
rotation axis and the direction from which the system is viewed by
an observer.

For this disc Model A, we infer a distance to SAX J1808.4-

3658 of 3.3+0.3
−0.2 kpc, which agrees within uncertainty of the predic-

tions of Galloway & Cumming (2006) of 3.1–3.8 kpc. We note that
Galloway & Cumming (2006) did not account for the anisotropy
of emission when inferring their distance estimate. Applying our
predicted anisotropy factors to their distance estimate reduces their
estimate to 2.7–3 kpc, still within our predicted distance range.
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Figure 6. 2-dimensional projection of the posterior probabilities of hydrogen mass fraction (X), metallicity (Z), base heating rate (Qb), distance (d) and
anisotropy factors (ξb and ξp) of SAX J1808.4-3658. Histograms along the diagonal show the marginalised probabilities of the individual parameters.
Contour levels are the 1, 2, and 3 σ bounds.

3.2 Neutron Star Mass and Radius

We infer a neutron star mass of MNS = 1.5+0.6
−0.3 M� based on the

gravity and gravitational redshift required by themodel that gives the
best match to the observations. Since the neutron star in this system
has been accreting matter periodically, we expect it to be more
massive than a single non-binary neutron star (e.g. Kiziltan et al.
2013). Canonically, the neutron star mass is assumed to be MNS =
1.4 M� , and recent works constraining NS mass and radii have
found the NS mass could be between 1.1–2.2 M� (e.g., Antoniadis
et al. 2016). There has been extensive work in trying to estimate the
mass of SAX J1808.4-3658 with no consensus on the value, but
the general finding that it is more massive than the canonical value
of 1.4M� (e.g. Heinke et al. 2009; Elebert et al. 2009; Morsink
& Leahy 2011). If the NS mass is larger than the usually assumed
NS mass, this could indicate that some of the accreted matter is not
burned in the observed X-ray bursts, as was modelled by Goodwin
et al. (2018), however, due to the uncertainty of our mass prediction
this result is not significant.

The posterior distributions and probability contours for mass
and radius are plotted in Figure 7, coloured by surface gravity. The
prior we used for mass and radius is plotted in red.

From Figure 7 it appears that there is a preferred surface
gravity loosely driving the correlation between mass and radius,

with the preferred surface gravity being 1.9 × 1014 g cm−2.
Interestingly, the radius posterior peaks at a radius lower than the
peak radius of the prior distribution, indicating that the model fit
prefers a smaller radius. The model is thus sensitive to changes in
radius. We explore this further in Section 4, in which we compare
model runs with fixed mass and radius and flat mass and radius
priors.

3.3 Binary System Parameters and Inclination

The mass function of the binary orbit is given by

fx =
(Mcsin i)3
(MNS + Mc)2

=
4π2(axsin i)3

GP2
orb

(22)

where i is the binary inclination, Mc is the companion star mass
and MNS is the neutron starmass (e.g., Chakrabarty&Morgan 1998;
Bildsten & Chakrabarty 2001).

Setting the projected semi-major axis, ax sin i =

62.809 light −ms (Chakrabarty&Morgan 1998) and orbital period,
Porb = 2.01 h gives fx = 3.8 × 10−5 M� . This leaves MNS, i, and
Mc. Our MCMC algorithm uses settle to find MNS = 1.5+0.6

−0.3 M� .
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Figure 7. 2-dimensional projection of the posterior probabilities of NSmass
(M), NS radius (R) and surface gravity (g) of SAX J1808.4-3658 (black
and coloured by g) and the NSmass and radius prior probability distribution
from Steiner et al. (2018) (red). Histograms along the diagonal show the
marginalised probabilities of the individual parameters and contour levels
are 1σ intervals up to 5σ.

Given estimates of Mc = 0.02 − 0.011 M� (e.g., Bildsten &
Chakrabarty 2001) and using Equation 22, the mass function gives
cos i = 0.62+0.09

−0.08 (i =
(
64+37
−20

)◦
).

Lack of deep X-ray eclipse rules out i > 82◦ (cos i < 0.15)
(Chakrabarty & Morgan 1998). There is a 2% modulation in X-ray
intensity at the orbital period, which suggests that i must be large
enough to allow partial X-ray blockage from some circumbinary
material (Bildsten & Chakrabarty 2001). Those authors rule out
face on inclination due to the 2 hour single-peaked modulation in
the optical intensity, confirmed by Homer et al. (2001). The flux
minimum occurs when the neutron star is behind the companion,
implying that the X-ray heating of the companion is the origin of the
modulation,whichwould have no effect in a face on system.Our best
estimate gives cos i = 0.36+0.07

−0.04 (i =
(
69+4
−2

)◦
), which agrees within

3σ of cos i = 0.62+0.09
−0.08 found using themass function, and is within

the ranges predicted by Bildsten & Chakrabarty (2001) and Wang
et al. (2001). More recently, Wang et al. (2013) and Cackett et al.
(2009) have attempted to constrain the inclination through optical
modelling and iron line modelling respectively. Wang et al. (2013)
found i =

(
50+6
−5

)◦
and Cackett et al. (2009) found i =

(
55+8
−4

)◦
(1σ uncertainties). The Cackett et al. (2009) estimate agrees within
2σ of our best estimate, and the Wang et al. (2013) estimate agrees
within 3σ.

Since the anisotropy factors are determined independently in
this method, we checked the self consistency of these factors with
the relationships predicted by the Fujimoto (1988) and He & Keek
(2016) models in Figure 8.

SAX J1808.4-3658 is in the hard spectral state during its
outbursts and due to its nature as an accreting pulsar, it is predicted
to have a truncated disc (e.g., Psaltis & Chakrabarty 1999). The
Fujimoto et al. (1981) and He & Keek (2016) models do not model
for a truncated disc, and thus we do not expect any of them to match
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Figure 8. The distribution of the 1σ MCMC predictions for the anisotropy
factors, ξp and ξb (orange) and the relationship between ξp and ξb as
predicted by the He & Keek (2016) (HK) and Fujimoto (1988) models for
different disc shapes.

our predictions perfectly. We could not decisively conclude which
of the models matched our predictions best, as they all pass through
the 1σ confidence area in Figure 8, motivating us to use the simplest
model, He & Keek (2016) Model A.

3.3.1 Wind loss

Recent research has found that a significant amount (≈ 30%) of the
nuclear energy of a Type IX-ray burst could be used to unbindmatter
from the neutron star surface, ejected in a wind. Yu & Weinberg
(2018) found that wind losses can cause up to 30% loss of nuclear
energy in ejecting material from the system. We do not correct
for wind loss in our models as upon testing it simply reduced the
predicted distance by ≈ 7%, with mass loss causing the source to
be predicted closer due to fainter bursts being predicted.

3.4 Chain Convergence and MCMC performance

The convergence of MCMC chains is notoriously difficult to assess.
Goodman & Weare (2010) recommend using the integrated auto-
correlation time (τ) to quantify the effects of sampling error on the
results. The autocorrelation time provides a measure of the large
time error of the Monte Carlo estimator, and so is a reliable indi-
cator of the accuracy of the sampler by measuring the asymptotic
variance in the limit of long chains. This essentially measures the
effective number of independent samples, and enables estimation
of the number of samples required to reduce the relative error on
the target integral to a few percent. Foreman-Mackey et al. (2013)
recommend running the chains for at least 50 τ samples (or conser-
vatively 100 τ samples).

In Figure 9 the autocorrelation time of each parameter we
varied is plotted as a function of the number of samples. The auto-
correlation time is not reliably estimated early on, as there are not
enough samples. As more samples are taken, the autocorrelation
time estimate becomes more accurate, and after ≈ 500 samples,
the autocorrelation time converged on a single value for all of the
parameters. By 2,000 samples, all of the autocorrelation estimates
are well below the τ = N/100 line, indicating this is an accurate es-
timate of the autocorrelation time. The largest autocorrelation time
is <10 so the chains should be converged according to this conver-
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samples taken for the 10 parameters varied with MCMC. The black dashed
line is the τ = N/100 line.

gence test after 1,000 steps. We ran the chains for 2,000 steps and
300 walkers to ensure they would be fully converged.

The acceptance fraction of the samples is a widely used mea-
sure to check the performance of MCMC. The acceptance fraction
is the number of proposed steps that are accepted, and will be small
if too many steps are rejected and large if too many steps are ac-
cepted (Foreman-Mackey et al. 2013). The general consensus is that
the acceptance fraction should be between 0.2–0.5 (e.g., Gelman
et al. 1996), however, it depends on the model and situation. The
acceptance fraction of our final run was 0.14, which is lower than
0.2 but not unreasonably low. As a test, we ran the MCMC code
returning only the prior (excluding the likelihood and thus model
call) and found an acceptance fraction of 0.11.We can thus conclude
that the prior limits are constraining parameter space and causing a
larger than usual amount of steps to be proposed outside the allowed
domain and be rejected.

A final test we ran to ensure the end walker positions were
independent of the initial positions was to change the size of the
Gaussian ball the walkers were initialised around by a factor of 100.
This did not affect the marginalised posterior distributions of each
parameter.

4 DISCUSSION AND CONCLUSIONS

We have used a Bayesian approach to successfully match observed
burst fluence, alpha, and recurrence times with the settle model
to infer system parameters of an accreting millisecond pulsar in
outburst. The properties of the bursts observed from SAX J1808.4-

3658 indicate they arrive in helium rich fuel, given the relatively
short length, low flux, and high alpha values (e.g., Galloway &
Cumming 2006). We inferred X̄ < 0.2 for all bursts, as expected for
helium rich bursts. Overall, wematched the observed burst fluences,
alphas, and recurrence times to within the 1σ uncertainty of the
model.

Based on the agreement between the observed burst properties,
we then inferred and modelled composition, base flux, neutron star
mass, neutron star radius, distance, and inclination. We set the prior
for metallicity to the expected distribution of metallicities based on

the location of SAX J1808.3-3658 in the Galaxy, and deduced
the most likely CNO mass fraction (metallicity) of the source to
be between 0.009–0.019. This range covers the expected value for
solar CNO metallicity, which recent work puts at 0.01 (Lodders
et al. 2009). We inferred a slightly depleted hydrogen mass fraction
of the accreted fuel, of 0.58+0.13

−0.14, indicating that the companion star
in this system could be significantly evolved.

We inferred a base flux of 0.25–0.7 MeV/nucleon, which gives
an indication of the base heating of the neutron star. We used the
constraints on the relationship between NS mass and radius calcu-
lated by Steiner et al. (2018) for neutron stars in low mass X-ray
binaries in globular clusters as an informed prior for the distribu-
tion of acceptable mass and radius combinations and inferred a NS
mass between 0.9–1.8 M� and a radius between 10.8–13.1 km. The
mass is constrained to within 40% (1σ limit) and the radius is
constrained to within 11% (1σ limit), indicating that this method
cannot constrain neutron star mass and radius to a high precision.
This is most likely due to degeneracies in some of the other model
parameters, such as base heating (Qb), that can adjust to produce
the same burst energies and recurrence time when the mass, radius,
and thus surface gravity and redshift are varied.

Finally, we used the scaling factors we defined and the posterior
distributions of the parameters to infer a distance and inclination of
SAX J1808.4-3658, based on He & Keek (2016) disc Model A.
We found a distance range of 3.1–3.6 kpc for an inclination from
the rotation axis of 67◦–73◦. Galloway &Cumming (2006) used the
fact that the observed bursts showed photospheric radius expansion
to infer an upper limit of the distance to the source of 3.6 kpc, just
within our 1σ upper limit on the distance. An inclination of 69◦,
implies both the observed burst and persistent fluxes are artificially
increased by reflection from the disc and by the disc itself, bringing
the source closer when compared to distance estimates such as
Galloway & Cumming (2006) that do not account for inclination.

We have reported the median value and 68th percentile limits
of the predicted posterior distributions to give an indication of the
parameter values. While this is a representation of the data, the true
solutions are the posterior distributions that were calculated by the
MCMC algorithm. Parameters estimated using this technique are
limited to the accuracy of the settle model predictions. The benefit
of using such a simple model is that it can be used in a MCMC
algorithm to effectively sample parameter space.

We have demonstrated that we can infer system parameters of
a bursting source using observations of an outburst and the settle
model. Future work could apply this method of matching observed
properties with models to the other known bursting AMSPs with
observations of burst trains, or any accreting neutron star with ob-
servations of burst trains. This method enables initial exploration
of parameter space, to determine an estimate for the range of pa-
rameters for each source. These ranges could then be used in more
advanced, computationally expensive models such as Kepler to
narrow down the parameter limits.
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Table A1. SAX J1808.4-3658 derived neutron star parameters for a fixed
mass and radius

Parameter Value

X 0.57+0.13
−0.15

Z 0.012+0.004
−0.003

Qb (MeV/nucleon) 0.6+0.1
−0.1

M (M�) 1.4

R (km) 11.2

Ûmmax ( ÛmEdd) 0.035+0.002
−0.001

g (1014 cm s−2) 1.86

1 + z 1.26

d (kpc) 2.9+0.1
−0.1

ξb 0.9+0.1
−0.1

ξp 1.04+0.05
−0.04

cos i 0.35+0.08
−0.05

APPENDIX A: ADDITIONAL MODEL RUNS

In this sectionweprovide the results of additionalmodel runs carried
out in order to robustly test the MCMC code, as well as to replicate
past works.

A1 Fixed mass and radius

We held mass and radius constant at M = 1.4M� and R = 11.2 km
to replicate the analysis of Galloway & Cumming (2006). The pa-
rameter predictions are presented in Table A1 and the probability
contours for X, Z, Qb, d, ξp and ξb are presented in Figure A1.

The predicted hydrogen mass fraction in Table A1 matches
within uncertainty of those predicted by Galloway & Cumming
(2006) (X0 = 0.54 for Z = 0.02, or X0 = 0.5 for Z = 0.016).
Galloway & Cumming (2006) inferred a base flux of Qb = 0.325
and a distance of 3.1–3.8 kpc which is just outside the lower limit
of our 1-σ range of predictions for these parameters. Galloway &
Cumming (2006) used a chi-squared minimisation approach to de-
termine the parameters of interest given a fixed grid of parameters in
X , Z and Qb space to find the best fit burst fluence, recurrence times
and alpha values. We used a more robust approach to determine the
parameters of interest, and vary more parameters than just X , Z , and
Qb and so we do not expect our results to match exactly with those
of Galloway & Cumming (2006). The composition constraints and
distance estimate broadly agree with those found by Galloway &
Cumming (2006) for a fixed NS mass and radius.

A2 Flat priors on mass and radius

Here we show the parameter limits when assuming a flat prior for
mass and radius, rather than the Steiner et al. (2018) probability
distribution. The parameter limits are reported in Table A2 and
posterior distributions are plotted in Figure A2.

When assuming a flat prior range in mass and radius compared
to assuming amore informative prior,wefind that themass is equally
well constrained in both cases but that the radius is better constrained
for themore informative prior run. Otherwise, all parameters remain

Table A2. SAX J1808.4-3658 derived neutron star parameters

Parameter Value

X 0.58+0.13
−0.15

Z 0.013+0.006
−0.004

Qb (MeV/nucleon) 0.4+0.2
−0.2

M (M�) 1.6+0.5
−0.3

R (km) 11.9+1.4
−1.2

Ûmmax ( ÛmEdd) 0.037+0.002
−0.002

g (1014 cm s−2) 1.95+0.6
−0.4

1 + z 1.29+0.1
−0.06

d (kpc) 3.3+0.2
−0.2

ξb 0.74+0.1
−0.10

ξp 0.87+0.1
−0.10

cos i 0.37+0.07
−0.05

approximately the same, except for surface gravity, with a stronger
surface gravity required by the flat prior run.

This paper has been typeset from a TEX/LATEX file prepared by the author.
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Figure A1. Marginalised probability distributions for hydrogen fraction X, CNO metallicity Z , base flux Qb, distance d and anisotropy factors ξp and ξb for
the MCMC run with fixed NS mass of 1.4 M� and radius of 11.2 km.

MNRAS 000, 1–12 (2019)

5.1 matching thermonuclear x-ray burst observations with models 108



14 Goodwin et al.

0.02

0.04

Z

0.8

1.6

Q
b

(M
eV

)

3.0

4.5

d
(k

p
c)

1.5

3.0

ξ b

0.6

1.2

ξ p

1.6

2.4

M
(M
�

)

0.3 0.6
X

10

15

R
(k

m
)

0.02 0.04
Z

0.8 1.6
Qb (MeV)

3.0 4.5
d (kpc)

1.5 3.0
ξb

0.6 1.2
ξp

1.6 2.4
M (M�)

10 15
R (km)

Figure A2.Marginalised probability distributions for hydrogen fraction X, CNO metallicity Z , base flux Qb, distance d and anisotropy factors ξp and ξb, NS
mass M , and NS radius R for the MCMC run with flat prior ranges for M and R.

MNRAS 000, 1–12 (2019)

5.1 matching thermonuclear x-ray burst observations with models 109



6
T O WA R D S T H E E V O L U T I O N A N D P R O G E N I T O R S O F
A C C R E T I N G N E U T R O N S TA R S

The evolution and progenitors of accreting neutron star systems has been puzzling
for many years, primarily due to the close orbital periods of many of these systems,
as well as the phenomenon of recycled pulsars. Furthermore, most evolutionary
studies do not take full advantage of constraints obtained from other types of
models of these systems, such as X-ray burst models.

6.1 the binary evolution of sax j1808 .4–3658 : implications of an

evolved donor star

In this chapter, we use MESA (Paxton et al., 2011) and present a case study of the
binary evolution of the accreting neutron star SAX J1808.4–3658, that has observa-
tionally well constrained parameters. Studies that have modelled the binary evol-
ution of this system previously do not account for the fact that the donor star in
this system is likely evolved, as we discovered in Chapter 5 through estimation of
the accreted fuel composition. If the accreted fuel from the donor star is indeed
approximately 50% helium, then the donor star must have once been much more
massive than it is now (at≈ 0.05M� ), as stars that are . 0.7M� do not deplete hy-
drogen in their cores within the age of the Universe. In this study we also include
a treatment of the effects of donor irradiation and evaporation from the pulsar and
X-ray accretion luminosity on the overall evolution of the system.
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ABSTRACT

Observations of the accretion powered millisecond pulsar SAX J1808.4–3658 have
revealed an interesting binary evolution, with the orbit of the system expanding at an
accelerated rate. We use the recent finding that the accreted fuel in SAX J1808.4–3658
is hydrogen depleted to greatly refine models of the progenitor and prior evolution of
the binary system. We constrain the initial mass of the companion star to 1.0–1.2 M�,
more massive than previous evolutionary studies of this system have assumed. We
also infer the system must have undergone strongly non-conservative mass transfer
in order to explain the observed orbital period changes. Following Jia & Li (2015),
we include mass loss due to the pulsar radiation pressure on the donor star, inducing
an evaporative wind which is ejected at the inner Lagrangian point of the binary
system. The resulting additional loss of angular momentum resolves the discrepancy
between conservative mass transfer models and the observed orbital period derivative
of this system. We also include a treatment of donor irradiation due to the accretion
luminosity, and find this has a non-negligible effect on the evolution of the system.

Key words: (stars:) binaries, neutron – X-rays: binaries

1 INTRODUCTION

Accretion powered millisecond pulsars (AMSPs) are rapidly
spinning neutron stars in binary orbits that are thought to
be the progenitors of radio millisecond pulsars (e.g., Tau-
ris & van den Heuvel 2006). Pulsars are born with strong
(≈ 1012 G) magnetic fields, and their rotation periods spin
down over time due to rotational loss of energy (e.g., Bhat-
tacharya & van den Heuvel 1991). The peculiar observation
of fast-spinning radio pulsars with weak (≈ 108 G) magnetic
fields in the 1980s motivated the theory that these are “re-
cycled” pulsars that have been spun up through accretion of
mass from a binary companion star and now appear as radio
millisecond pulsars (e.g., Bhattacharya & van den Heuvel
1991). Further evidence for this theory was that a large
fraction of radio millisecond pulsars were observed to be in
binary systems (Bhattacharya & van den Heuvel 1991). It
was not until 1998 that this “recycling scenario” theory was
confirmed by the observation of an actively accreting mil-
lisecond pulsar (AMSP) in a binary system, SAX J1808.4–

? E-mail: ajgoodwin.astro@gmail.com

3658 (Chakrabarty & Morgan 1998; Wijnands & van der
Klis 1998). Since this discovery, more than 17 other AMSP
systems have been discovered (see e.g., Patruno & Watts
2012, for a review). Now, more than 20 years after the first
AMSP was discovered, it is thought that millisecond pulsars
go through an accretion phase, in which they are spun up
and X-ray emission is observed. Then, when the mass trans-
fer rate reduces, they switch on as rotation-powered radio
millisecond pulsars. This theory is supported by the obser-
vation of swings between rotation and accretion power in the
millisecond binary pulsar IGR J18245–2452 (Papitto et al.
2013), which provides direct evidence that a rotation pow-
ered radio millisecond pulsar can switch on during periods
of low mass inflow in an AMSP system, demonstrating an
evolutionary pathway for AMSPs to evolve into radio pul-
sars.

Numerical studies of the formation channels of AMSP
systems have been successful in modelling their population
as a whole, but individual systems are often insufficiently
constrained to reliably determine their prior evolutionary
history (e.g., Podsiadlowski et al. 2002; Nelson & Rappaport
2003). Recent efforts have used state of the art models com-
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bined with accreting neutron star observations, specifically
those that exhibit Type I (thermonuclear) X-ray bursts, to
constrain system parameters such as the accreted fuel’s com-
position, the accretion rate, and the neutron star mass and
radius (Goodwin et al. 2019a). These new constraints enable
more precise, system dependent, models of the binary evo-
lution to be obtained, potentially clearing the way to con-
straining the mass transfer history and efficiency of these
systems.

SAX J1808.4–3658 goes into outburst approximately
every 4 years (Goodwin et al. 2019b; Del Santo et al. 2015;
Markwardt et al. 2011; Markwardt & Swank 2008; Mark-
wardt et al. 2002), and is the most well studied and obser-
vationally constrained AMSP of its kind. The orbital period
evolution of SAX J1808.4–3658 has proven consistently puz-
zling, as its orbital period derivative was measured to be
an order of magnitude larger than expected by conservative
mass transfer models (di Salvo et al. 2008). The currently
prevailing theory for the unusually rapid orbital evolution
of SAX J1808.4–3658 is the radio-ejection model, in which
a significant amount of matter is ejected from the inner La-
grangian point of the system during quiescence. In the radio-
ejection model, the radiation pressure from the pulsar on the
infalling accreted matter stops the matter at the inner La-
grangian point, and ejects it from the system (e.g. Burderi
et al. 2002). This evolutionary phase occurs during the pul-
sar’s transition from an AMSP to a rotation-powered radio
millisecond pulsar, in a semi-detached binary.

SAX J1808.4–3658 is one of the few individual AMSPs
whose evolution has been extensively modelled, due to the
large amount of observational data available. However, none
of these evolutionary studies have accounted for the fact that
the donor star in this system has been shown to be signifi-
cantly evolved, as evidenced from model constraints on the
accreted fuel composition during X-ray outbursts (Goodwin
et al. 2019a; Johnston et al. 2018; Galloway & Cumming
2006). An evolved donor increases the required initial mass
of the donor star, since small (<0.7 M� ) donors could not
have depleted hydrogen in their cores within the Hubble
time.

Tailo et al. (2018) simulated evolutionary tracks for
SAX J1808.4–3658 using the stellar evolution code ATON
2.0 (Ventura et al. 2008). They followed the binary evolu-
tion of the system beginning with an orbital period of ≈6.6 hr
and modelled evolution driven by angular momentum losses
via magnetic braking, gravitational radiation, and mass loss.
They accounted for effects of irradiation of the donor by the
X-ray emission and the spin-down luminosity of the pul-
sar, but did not include evaporation in their models. They
included a treatment of radio ejection, in which the sys-
tem ejects mass lost from the donor, as well as its angular
momentum, if the period of the system exceeds the criti-
cal period predicted. They start with a companion mass of
0.75 M� , NS mass of 1.33 M� and P=6.6 hrs, assuming a NS
radius of 10 km.

Chen (2017) also simulated evolutionary tracks of SAX
J1808.4–3658 using MESA, where the evolution of the bi-
nary system was driven by angular momentum losses from
gravitational wave radiation, magnetic braking, and mass
loss. They included evaporation driven by the spin-down lu-
minosity of the pulsar and irradiation driven by the high X-
ray luminosity during transient outburst phases. These pro-

cesses induce a high wind-loss rate (∼ 10−9 M� yr−1, even-
tually resulting in a detached binary system, motivating the
authors to conclude that SAX J1808.4–3658 would evolve
into a black widow-like system.

Both of these studies required that magnetic braking
continues to be active once the companion star becomes
fully convective, with Tailo et al. (2018) arguing that due
to effects of irradiation on the internal structure of the com-
panion star, it would not be completely convective even at
its very small presently observed mass. These studies found
that a mass loss rate of ∼ 10−9 M� yr−1 from the inner La-
grangian point is required in order to match the observed
orbital period derivative of this system. Neither of the best
evolutionary tracks of these studies included an evolved com-
panion star, however, with approximately 50% helium at the
surface at the current evolutionary phase of the system be-
ing required by the observed bursting behaviour. Tailo et al.
(2018) do not discuss the H mass fraction at the surface of
the donor star for their best model, but it is assumed to be
somewhere between 0.7–0.75, and Chen (2017) found that
the current H mass fraction at the surface of the donor star
was 0.68 in their best model. Neither of these H mass frac-
tions support the evidence for a depleted H mass fraction
(X≈ 0.57) of the accreted fuel during X-ray outbursts found
by Goodwin et al. (2019a), Johnston et al. (2018) as well as
Galloway & Cumming (2006).

In particular, using a Markov Chain Monte Carlo
method to match observations of accreting neutron stars
in outburst with a semi-analytic ignition model, Goodwin
et al. (2019a) obtained constraints on the neutron star mass,
radius, accretion rate, accreted fuel composition and dis-
tance to the AMSP SAX J1808.4–3658. They found that a
present neutron star mass of approximately 1.6 M� (higher
than the traditionally adopted value of 1.4 M� (e.g. Steiner
et al. 2018) and a H fraction of approximately 0.57 for the
accreted fuel were required in order to match burst obser-
vations. This result implies that not only has the neutron
star gained mass through accretion, but that the companion
star has undergone significant hydrogen-burning, placing a
strong lower bound on its initial mass. In this work we cal-
culate the binary evolution pathway of SAX J1808.4–3658
starting after the neutron star has formed, and taking into
account the hydrogen depletion in the core of the donor star,
in order to gain insight into the evolution of this system and
its progenitor.

In Section 2 we describe the methods and physics used
to model the evolutionary tracks of SAX J1808.4–3658. In
Section 3 we present our results, providing evolutionary
tracks including the effects of evaporation and without the
effects of evaporation. Finally in Section 4 we discuss the
implications of our results and present our conclusions.

2 METHODS

We calculated possible binary evolution pathways for SAX
J1808.4–3658 using the Modules for Experiments in Stellar
Astrophysics stellar evolution binary program version 9575
(MESA; Paxton et al. 2011, 2013, 2015, 2019). We explored
a range of initial donor star masses (0.6–2.0 M� ) and orbital
separations (0.4–3 d), with a fixed initial neutron star point
mass of 1.4 M�. We initialised the donor star as a zero-age
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main sequence star with a hydrogen mass fraction of X=0.7
and metallicity of Z=0.02. We used the Ritter mass transfer
scheme (Ritter 1988) and the Eggleton Roche Lobe Overflow
scheme (Eggleton 1983) with Eddington limited accretion.

The rate at which angular momentum is lost from the
system is dependent on gravitational radiation, mass loss,
and magnetic braking, with the total change in angular mo-
mentum given by

ÛJ = ÛJGR + ÛJML + ÛJMB (1)

For the rate of angular momentum loss due to gravita-
tional radiation, ÛJGR, we used the default MESA implemen-
tation of the Peters formulae (Peters 1964) assuming zero
initial eccentricity, as described in Paxton et al. (2015),

ÛJGR = −
32
5c5

(
2πG
Porb

)7/3 (MNSMd)2
(MNS + Md)2/3

(2)

where c is the speed of light, Md is the donor star mass, MNS
is the neutron star mass, G is the gravitational constant,
and Porb is the orbital period.

For the angular momentum changes due to magnetic
braking, ÛJMB, we used the default MESA prescription, fol-
lowing Rappaport et al. (1983),

ÛJMB = −3.8 × 10−30M1R4�
(

Rd
R�

)γmb

ω3 (3)

where ω is the rotational angular frequency of the donor
star, Rd is the radius of the donor star, and γmb is the mag-
netic braking index, which we fixed at the default MESA
value of 3.1 We did not switch magnetic braking off once the
donor star has sufficiently reduced in mass to (in isolation)
become fully convective (∼ 0.3M�). As discussed in Tailo
et al. (2018), due to the effects of irradiation on the internal
structure of the donor star, it may not be fully convective
at these very low masses, and magnetic braking could still
be active in the system.

The final contribution to orbital angular momentum
evolution is mass loss, which can cause different amounts
of angular momentum loss depending on where the mass is
ejected from the system. By default, MESA includes mass
loss prescriptions for mass ejected via a fast isotropic wind
from either star, or a circumbinary coplanar toroid. Here, we
include mass loss due to the radiation pressure of the pul-
sar on the donor star, causing an evaporative wind to blow
that is ejected at the inner Lagrangian point of the binary
system. The default MESA mass transfer efficiency, fmt, is
given by

fmt = 1 − αmt − βmt − δmt (4)

where αmt is the efficiency of mass loss from the vicinity

1 Note that while Chen (2017) write that a magnetic braking
index of 4 was used in their calculations, we can only replicate

their published results with the default MESA value, which is 3.

The correct magnetic braking index is not very well constrained
(see Rappaport et al. 1983), so we simply adopt the MESA default

value in this work.

of the donor, βmt from the accretor, and δmt from the cir-
cumbinary coplanar toroid. We assumed there is no mass
lost from the immediate vicinity of the donor or the cir-
cumbinary coplanar toroid, and chose an arbitrary βmt = 0.5
for mass lost from the vicinity of the accretor. Upon test-
ing, using different values of βmt did not significantly affect
the evolutionary tracks of our calculations. The results for
the models we calculated using only the angular momentum
losses outlined above are presented in Section 3.3.

In addition to the standard MESA mass loss implemen-
tation, we also defined an evaporation efficiency, fev, which
is the efficiency by which mass is ejected via the evaporative
wind at the inner Lagrangian point of the binary system.
This is implemented via an extras routine in MESA, as the
prescription is not included in the standard version of the
software. As in Jia & Li (2015), we assumed the pulsar radia-
tion causes evaporation of the donor star during quiescence,
when the mass transfer is temporarily interrupted, driving
a wind which is given by (van den Heuvel & van Paradijs
1988; Stevens et al. 1992)

ÛMd,evap = −
fev

2v2
d,esc

Lp

(
Rd
a

)2
(5)

where vd,esc is the escape velocity of the donor star, a is the
orbital separation, and Lp is the spin-down luminosity of the

pulsar, Lp = 4π2I ÛP/P3, where I is the pulsar moment of in-
ertia. This evaporative wind is then added to the total wind
mass transfer from the donor star, which is ejected at the
inner Lagrangian point, adding to the angular momentum
losses of the system. For the pulsar properties, we assume the
pulsar spin evolution follows the standard magnetic dipole
radiation model described by Shapiro & Teukolsky (1983),
assuming P0 = 3 ms (and in our calculations Pf = 3.1 ms),
ÛP = 1×10−20 ss−1, B ∼ 108 G, and I = 1045 gcm−2. The evolu-

tion of the pulsar spin period we adopt thus neglects spin-up
due to accretion, however, on comparison of a model calcu-
lation with a faster initial spin period pf P0 = 2.4 ms (and
Pf = 2.5 ms), the evolutionary tracks were very similar, and
the best fit model remained the same.

The total angular momentum changes due to mass loss
in our calculations are thus given by

ÛJML = (βmt ÛMd,RLOF + ÛMd,w)L1a2ω (6)

where ω = 2π/P and L1 is the distance from the inner La-
grangian point to the center of mass, in units of the sepa-
ration, a. As in Beer et al. (2007), if MNS

Md
≤ 10.0 then L1 is

given by Warner (1976)

L1 = 0.5 + 0.227log
MNS
Md

(7)

If MNS
Md
≥ 10.0 then L1 is given by Kopal (1959)

L1 =

����� Md
Md + MNS

− (1.0 − wK +
w2
K

3.0
+

w3
K

9.0
)
����� (8)

wK =

(
1.0

3.0(1 + (MNS/Md))

)1/3
(9)

Thus, in our calculations, any mass that is released from
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the donor and not transferred to the accretor is ejected from
the system with the specific angular momentum of the inner
Lagrangian point. The results for the models we calculated
including donor evaporation and mass ejection at the inner
Lagrangian point are given in Section 3.4.

We also included irradiation of the donor star due to
the X-ray accretion luminosity. We did not include irradi-
ation due to heating caused by the pulsar luminosity, as
this is typically orders of magnitude lower than the heating
caused by accretion. We used the MESA accretion-powered
irradiation prescription, which requires an accretor radius
(11.2 km (Steiner et al. 2018)) and then calculates the X-ray
luminosity as:

LX =
GMNS ÛMNS

RNS
(10)

where ÛMNS is the accretion rate onto the neutron star.
The irradiation flux incident on the companion is then

calculated as:

Firr = εirr
LX

4πa2 (11)

where a is the binary separation.
We chose to deposit the extra heating due to irradi-

ation at a column depth of 10 g cm−2, at the very surface
of the companion star. Finally, we limited the maximum
irradiation flux to 3 × 109 erg s−1 cm−2, since there is an un-
known irradiation efficiency of the accretion luminosity. It is
likely the accretion disk could prevent some of the accretion
flux being incident on the companion star, and most likely
all of the accretion luminosity would not irradiate the com-
panion. Tailo et al. (2018) assumed an irradiation efficiency
in the range of 1%–2%. We arrive at a maximum irradia-
tion flux of 3× 109 erg s−1 cm−2 by assuming MNS = 1.4 M� ,
RNS = 11.2 km, the time-averaged long term accretion rate
of the system, ÛMNS = 2.55 × 1012 msun/yr, εirr = 0.015, and
an average orbital separation of a = 1 × 1011 cm. The com-
panion star is consistently irradiated at 3 × 109 erg s−1 cm−2

for the duration of accretion in our calculations.
The results for the models we calculated including donor

evaporation, mass ejection at the inner Lagrangian point,
and irradiation are given in Section 3.5.

We used the default MESA binary timestep controls for
all evolutionary tracks calculated. As a test, we reduced all
of the ‘varcontrol’ timestep parameters by a factor of 10 and
observed no difference in the predicted evolutionary tracks
for the smaller timesteps.

The observed orbital epheremeris and predicted system
parameters for SAX J1808.4–3658, compiled from more than
20 years of observations of the source, are listed in Table
1. We calculated a grid of models with a range of initial
companion star masses and initial orbital periods, fixing the
neutron star mass to 1.4 M� , and the initial composition of
the companion star to be X = 0.7, Z = 0.02. We determined
the preferred initial companion star mass, and minimum and
maximum possible orbital periods as outlined in Section 3,
and varied the mass in increments of 0.05 M� , orbital pe-
riod in increments of 0.05 d, and evaporation efficiency in
increments of 0.01.

Table 1. Observed parameters for SAX J1808.4–3658

Parameter Value Units Ref.

Porb 7249.1569±0.0001 s 1
ÛPorb (1.6±0.7)×10−12 s s−1 2, 3, 4, 5

MNS 1.5+0.6
−0.3 M� 6

Mc 0.05+0.05
−0.03 M� 7

Xc 0.57+0.13
−0.14 6

Ref.: 1. Papitto et al. (2005), 2. Hartman et al. (2008), 3. di

Salvo et al. (2008), 4. Hartman et al. (2009), 5. Bult et al.

(2019b), 6. Goodwin et al. (2019a), 7. Bildsten & Chakrabarty
(2001)

3 RESULTS

3.1 Minimum initial mass of companion star

In order to set a strong lower bound on the minimum re-
quired mass of the companion star, we used MESA star to
evolve a single star over the age of the Universe (which we
assume is 14 billion years), to find the minimum mass star
which can achieve a central hydrogen fraction of 0.57. We
examined the central hydrogen fraction at the end of evo-
lution for a range of initial masses, and found that a star
with initial mass of 0.6 M� is the minimum mass that has a
central hydrogen fraction of 0.57 within 14 billion years of
evolution.

3.2 Maximum and minimum initial orbital
periods

The maximum initial period is set by the bifurcation pe-
riod, which is the maximum period at which a system could
evolve into a close low mass X-ray binary with an ultra-short
period within the Hubble time (van der Sluys et al. 2005).
For a SAX J1808.4–3658-like system the bifurcation period
is approximately 3 d (van der Sluys et al. 2005).

We determined the minimum initial orbital period by
calculating the Roche Lobe radius of the system for an
adopted minimum mass ratio of q = 0.5 with Md =
0.7 M� and MNS = 1.4 M� . We used the Roche Lobe for-
mula from Eggleton (1983),

rL =
0.49q2/3

0.6q2/3 + ln(1 + q1/3) (12)

and then found the separation to be RZAMS/rL, where
RZAMS = 6.234 × 1010 cm to infer the period. This minimum
period is 0.4 d.

3.3 Evolution without donor evaporation

We first calculated models (labelled “A”) assuming conser-
vative mass transfer (setting βmt = 0.5) with no evaporative
wind (i.e., fev = 0.0) or donor irradiation. A full list of the
best-fitting Model A initial conditions and results is given
in Table 2.

We find that Model A is unable to reproduce the ob-
served properties of SAX J1808.4–3658, in particular the
orbital period derivative. In Figure 1, it is clear that, at the
current observed orbital period of 2.01 hours, the predicted
orbital period derivative of the system is approximately two
orders of magnitude lower than the observed value for all
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Table 2. Model A results: evolution without donor evaporation

Parameter Value Units

Md, i 1.1 M�
Md,f 0.02 M�
MNS, i 1.4 M�
MNS,f 1.94 M�
Pi 1.22 d
Pf 0.0834 d
ÛPf 5.07e-14 s s−1

fev 0.0
Xc, i 0.7

Xc,f 0.52

model combinations of initial companion masses and orbital
periods that evolve to have a period as short as the current
observed orbital period of the system. This finding is con-
sistent with the earlier work of di Salvo et al. (2008) and
Burderi et al. (2009), who showed that such a high orbital
period derivative can not be accounted for by conservative
mass transfer alone. As concluded by Hartman et al. (2008),
Hartman et al. (2009), Patruno et al. (2017), Chen (2017),
and Tailo et al. (2018), the rapid change in the orbit that
is inducing such a high orbital period derivative could be
caused by either a highly inefficient mass transfer scenario
that this model does not account for, or the observed or-
bital period derivative could be a short term evolutionary
phase caused by tidal dissipation and magnetic activity in
the companion. This kind of short timescale orbital period
evolution should have quasi-cyclic variability with timescales
∼10 years. The latest outburst of SAX J1808.4–3658 (Bult
et al. 2019a; Goodwin et al. 2019b) provided the 20th year of
observations of the orbital period derivative, and has shown
an interesting development. Bult et al. (2019b) measured a
long-term orbital period derivative of (1.6± 0.7) × 10−12 ss−1,
finding an interesting possible quasi-periodic variability in
the orbit with a ≈ 7 s amplitude around an expanding or-
bit, or a ≈ 20 s amplitude modulation around a constant bi-
nary orbit. Additional monitoring of future outbursts would
be necessary to differentiate between these scenarios. In the
next section, we model the evolution assuming that the bi-
nary orbit is not constant, and is expanding at an accelerated
rate.

3.4 Evolution with donor evaporation

We then evolved a grid of models with evaporation efficien-
cies ranging from 0.001–0.7, in which the evaporative wind
is ejected at the inner Lagrangian point of the binary sys-
tem with no irradiation of the donor star (labelled “Model
B”), as described in Section 2. The parameters for the model
with the closest match to the observed values, as well as se-
lected models with different initial orbital periods, compan-
ion masses, and evaporation efficiencies, are listed in Table
3 and plotted in Figures 2 and 3.

The best fit model including only donor evaporation,
with Md,i = 1.1 M� , Pi = 1.22 d, and fev = 0.2, matches all of
the observed system parameters within their respective un-
certainties. Due to the uncertainty of the measured orbital
period derivative, a range of evaporation efficiencies (0.15–
0.3) produce orbital period derivatives at the current ob-
served orbital period of the system that match the observed
change with time. Thus, we cannot constrain the evapora-

tion efficiency with higher accuracy, but adopt fev ≈ 0.2 as
the “best” value for Model B.

3.5 Evolution with donor evaporation and
irradiation

3.5.1 Retracing the evolution of SAX J1808.4–3658

Finally, we evolved a grid of models with evaporation ef-
ficiencies ranging from 0.001–0.7, in which the evaporative
wind is ejected at the inner Lagrangian point of the binary
system and including the effects of irradiation of the donor
star due to the accretion luminosity (labelled “Model C”),
as described in Section 2. The parameters for the model
with the closest match to the observed values, as well as se-
lected models with different initial orbital periods, compan-
ion masses, and evaporation efficiencies, are listed in Table
4 and plotted in Figures 2 and 3.

When including the effect of irradiation of the donor
star on the binary evolution, we require a much higher evap-
oration efficiency ( fev = 0.5) in order to match the observed
orbital period derivative, for the model with Md,i = 1.1 M� ,
Pi = 1.22 d. For Model C, including irradiation we find an
equally good fit of the observed parameters for a shorter ini-
tial orbital period of Pi = 1.0 d, but not for a smaller initial
companion mass. Similarly to Model B, due to the uncer-
tainty of the measured orbital period derivative, a range
of evaporation efficiencies (0.4–0.6) produce orbital period
derivatives at the current observed orbital period of the sys-
tem that match the observed orbital period derivative. Thus,
we cannot constrain the evaporation efficiency with higher
accuracy, but adopt fev ≈ 0.5 as the “best” value for Model
C.

3.5.2 The effect of evaporation and irradiation feedback
on the donor star evolution

We explored the effect of evaporation and irradiation feed-
back on the evolution of the mass and radius of the donor
star, and found that when the evaporative wind commences,
the donor star immediately begins to expand while continu-
ing to lose mass through Roche Lobe overflow. The evolution
of the mass and radius of the donor star for Model B and
Model C is plotted in Figure 4, where the black star indi-
cates the commencement of the evaporative wind. This rapid
expansion confirms that due to the effects of the pulsar irra-
diation on the donor star, the surface of the star heats up and
the star expands to become a very fluffy, low mass “brown
dwarf”. Interestingly, for Model C, in which we include the
effects of donor irradiation by the accretion luminosity, the
donor star does not expand nearly as much as Model B, in
which we only include evaporation feedback.

Figure 4 shows the evolution of the internal structure of
the donor star as a Kippenhahn diagram (right panel). At
t ≈ 3000 Myr, we see the convective envelope of the donor
star reach all the way to the core of the star, and it becomes
fully convective.
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Table 3. Model B results for different initial companion masses, orbital periods, and evaporation efficiencies.

Parameter Best fit Higher fev Lower Mc,f Lower Pi
Md, i ( M� ) 1.1 1.1 0.6 1.1

Md,f ( M� ) 0.031 0.035 0.038 0.036

MNS, i ( M� ) 1.4 1.4 1.4 1.4
MNS,f ( M� ) 1.92 1.92 1.67 1.92

Pi (d) 1.22 1.22 1.22 1.0
Pf (d) 0.0832 0.0832 0.0836 0.0832
ÛPf (10−12 s s−1) 1.65 3.27 1.41 1.29

fev 0.2 0.4 0.2 0.2
Xc, i 0.7 0.7 0.7 0.7

Xc,f 0.52 0.52 0.68 0.64

Table 4. Model C results for different initial companion masses, orbital periods, and evaporation efficiencies.

Parameter Best fit Lower fev Lower Mc,f Lower Pi
Md, i ( M� ) 1.1 1.1 0.6 1.1

Md,f ( M� ) 0.086 0.068 0.173 0.0920

MNS, i ( M� ) 1.4 1.4 1.4 1.4
MNS,f ( M� ) 1.89 1.89 1.61 1.89

Pi (d) 1.22 1.22 1.22 1.0

Pf (d) 0.0867 0.0830 0.0836 0.0831
ÛPf (10−12 s s−1) 1.73 0.492 -0.175 1.59

fev 0.5 0.2 0.5 0.5
Xc, i 0.7 0.7 0.7 0.7

Xc,f 0.42 0.42 0.57 0.57
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Figure 4. Left: The evolution of the mass and radius of the companion star for Model B (no irradiation, solid line) and Model C
(including irradiation, dashed line) for a model with Md, i = 1.1 M� , Pi = 1.22, fev = 0.5. The black star indicates when evaporation begins,

and it is clear that this evaporative feedback causes the companion star to expand. Right: Kippenhahn diagram of the evolution of the

internal structure of the donor star for a Model C calculation with Md, i = 1.1 M� , Pi = 1.22, fev = 0.5. Green hatching indicates convective
regions and blue shading is temperature (K).

4 DISCUSSION

We modelled the binary evolution of SAX J1808.4–3658,
taking into account evidence that the donor star is signif-
icantly evolved, and the implications on the initial mass of
the donor. We found the most likely progenitor of this sys-
tem is a 1.1 M� companion star with an initial 1.0–1.22 day

orbital period. In order to match the observed orbital period
derivative, our model requires that a significant amount of
mass is ejected from the inner Lagrangian point of the bi-
nary system, by an evaporative wind caused by radiation
pressure from the pulsar evaporating the donor star during
quiescence. We also explored the effects of donor irradiation
due to the accretion luminosity and found this has a non-
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negligible effect on the evolution of the system, particularly
the donor star. These findings agree with previous calcula-
tions by Chen (2017) and Tailo et al. (2018).

In particular, our model requires a larger initial mass
and orbital period than both Chen (2017) and Tailo et al.
(2018) in order to match the observed composition con-
straints of the accreted fuel. This requirement has implica-
tions for the progenitor systems of low mass X-ray binaries,
and requires that the donor star in SAX J1808.4–3658 has
undergone significant mass loss during the evolution of the
system, and more than previously suspected.

Interestingly, in order to match the current observed
system parameters, our model requires that magnetic brak-
ing remains active throughout the entire evolution of the
system, even after the companion star becomes fully con-
vective. Tailo et al. (2018) found that, due to the effects of
irradiation, the companion star did not become fully convec-
tive, thus justifying keeping magnetic braking active. How-
ever, we found that even including irradiation of the donor
star did not prevent the companion star from becoming fully
convective. There are two points to consider in this regard:
Firstly, our MESA models may not be appropriately evalu-
ating stability against convection for the conditions in the
irradiated donor, and the donor should actually still be at
least partially radiative at its present mass. Secondly, the
donor star in SAX J1808.4–3658 could in fact still have
a strong magnetic field despite being fully convective, and
therefore magnetic braking continues unabated. There have
been some observations of fully convective dwarf stars with
evidence for strong, stable magnetic fields (e.g., Morin et al.
2008; Shulyak et al. 2017). On theoretical grounds, some
have proposed that intense activity and strong magnetism
in fully convective dwarfs could be due to non-solar dynamo
processes, concluding that fully convective stars could have
significant magnetic fields that are generated in lower con-
vection zones, and differential rotation contributes very little
to the magnetic field (e.g. Durney et al. 1993).

In our best fit model (Model C), it takes 3.73×109 years
for the system to evolve from an orbital period of 1.22 d
with a companion star of 1.1 M� to the current observed
period of 2.01 hours with a 0.08 M� companion star. This
model requires an evaporation efficiency of fev = 0.5. Since
the initial primary must have been massive, and evolved
very quickly through a common envelope (to bring it in to a
short orbit) and a supernova, the timescale we find for the
subsequent evolution of the donor is approximately the total
present system lifetime, ∼3.7 billion years.

As noted by numerous authors (e.g. Chakrabarty &
Morgan 1998), the binary parameters of SAX J1808.4–3658
are reminiscent of a black widow millisecond radio pulsar,
which are known to ablate their companions and have very
low mass companion stars. This work confirms that SAX
J1808.4–3658 could indeed be a hidden black widow pul-
sar, since we require that SAX J1808.4–3658 switches on
as a radio pulsar during quiescence in order to evaporate
the companion star and eject mass at the inner Lagrangian
point of the system.

Optical observations of the 1998 and 2005 outbursts of
SAX J1808.4–3658 revealed an optical i-band excess (Green-
hill et al. 2006; Wang et al. 2001), which could be indicative
of a circumbinary disk in this system. Future work could
look into constraining theoretically the possibility of the ex-

istence of such a disk, and if the mass ejected at the inner
Lagrangian point is sufficient to create it.

5 CONCLUSION

We have demonstrated the necessity of taking into account
that SAX J1808.4–3658 has an evolved donor star when
modelling the evolution of the binary system. Our model
requires an initial companion mass of 1.1 M� and orbital pe-
riod of 1.0–1.22 d in order to match the current observed sys-
tem parameters (including for the first time the donor’s mea-
sured hydrogen abundance) for an initial solar composition
of the companion star and a 1.4 M� neutron star. As previ-
ous authors have found, conservative mass transfer models
do not reproduce the observed orbital period derivative of
the system. In this work, we find that including the effects of
pulsar evaporation and irradiation on the donor star, eject-
ing the evaporative wind at the inner Lagrangian point of the
binary system provides sufficient angular momentum losses
to match the current observed rate of change of the orbital
period. We emphasize that the effects of both irradiation of
the donor star due to the accretion luminosity and evapo-
ration of the donor star due to the pulsar luminosity are
non-negligible, and both are a key component in describing
the binary evolution of SAX J1808.4–3658.
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7
S U M M A RY A N D C O N C L U S I O N

7.1 summary

7.1.1 A simple relation to estimate X-ray burst energy

In Chapter 3 we used Kepler to model thermonuclear X-ray bursts that can occur
on the surface of accreting neutron stars and determined a simple relation for the
total energy output of a burst based on the fuel composition of the material that
is burned. We found that the total energy released can be well approximated by
the relation Qnuc = 1.31+ 6.95X̄− 1.92X̄2MeV nucleon−1, where X̄ is the average
hydrogen mass fraction of the ignition column. This relation can be used in ob-
servational studies to determine the accreted fuel content, as in Chapter 4, or in
simple modelling studies to estimate burst energy, as in Chapter 5. Using these
burst models we were also able to constrain the total neutrino energy released
during a burst, and found it ranged from ≈ 0–14% of the total burst energy, signi-
ficantly less than the typically adopted value of 35% (e.g. Cumming and Bildsten,
2000). Finally, we measured how completely the energy available in the burned
fuel was extracted in our models, and found that in some cases, ≈ 14% of the total
energy available to be released in the burned fuel was leftover in the ashes of the
burst.

7.1.2 A 2D model of X-ray burst ignition location

In Chapter 3 we presented a 2D model of heat conduction and transport in the
accreted layers on the surface of accreting neutron stars, and found that a hotspot
on the surface may induce off-equator ignition of bursts, if the hotspot is hotter
than ≈ 1× 108K. This finding is contrary to the common assumption that bursts
will always ignite at the equator due to the lower surface gravity at this location
(e.g. Spitkovsky, Levin and Ushomirsky, 2002). This model is the first 2D study
of the ignition location of bursts, and the first of its kind to consider an accretion
hotspot on the surface. We found that the phase locking of accretion pulsations
with burst oscillations in the two X-ray pulsars XTE J1814–338 and IGR 17480–
2446 could be explained by burst ignition preferentially igniting under the hotspot
due to heating induced in the deeper layers by the hotspot, but the continued
phase-locking of the pulsations during the burst would also require "stalling" of the
flame front. We independently confirmed in 2D models that ignition of bursts will
preferentially occur at the equator if the neutron star surface is an approximately
uniform temperature, due to the lower surface gravity.

122



7.1 summary 123

7.1.3 Detailed multiwavelength observations of the rise to outburst of an accreting neut-
ron star

In Chapter 4 we presented the first detailed multiwavelength observations of the
rise to outburst of an accreting neutron star. The spectral temperature we inferred
during the optical rise (and before any X-ray detection) corresponds to the temper-
ature range at which hydrogen ionises, and thus our observations support the disk
instability model theory that outbursts in the disks around accreting neutron stars
are likely initiated by ionisation of the hydrogen in the disk. We measured a 12 d
delay between the first optical activity in the system and the first X-ray detection,
and inferred a 4 d optical to X-ray delay. This 4 d delay corresponds to the viscous
time, or the time taken for the truncated disk to fill in to the surface of the neutron
star, at which time UV and X-ray emission is detected. The 8 d of optical activity
prior to the clear beginning of the outburst in optical that we observed is some-
what puzzling, and could be explained by either increased mass transfer from the
companion star, geometric effects in the outer accretion disk, or fluctuations in the
pulsar radiation pressure.

7.1.4 A new ultracompact X-ray binary

In Chapter 4 we also analysed X-ray bursts discovered in archival RXTE data from
the accreting neutron star XMMU J181227.8–181234. These are the first bursts detec-
ted from this system. By analysing the burst energy and using the relation we de-
veloped in Chapter 3, we inferred that the accreted fuel in this system is most likely
pure helium. We thus were able to classify the system as a candidate ultracompact
X-ray binary. We also detected two short waiting time bursts, just 18 min apart,
which could be the first short waiting time bursts observed with pure helium fuel
composition.

7.1.5 BEANS: Bayesian Estimation of Accreting Neutron Star parameters

In Chapter 5 we presented a new method of obtaining accreting neutron star sys-
tem parameters by matching observations of burst trains with the Settle model,
called BEANS. The software documentation is publicly available on Github. We ap-
plied BEANS to observations of the 2002 outburst of SAX J1808.4–3658 and inferred
the system has hydrogen depleted accreted fuel, that the system inclination is likely
between 67–73 deg, and we were able to constrain the neutron star mass and radius
to within 40% and 11% respectively. The method appears promising for studies of
other accreting neutron stars, and enables an initial exploration of parameter space
to determine reasonable ranges for parameters which could then be used in more
detail models such as Kepler to model the systems in detail.

7.1.6 The binary evolution of SAX J1808.4–3658

Finally, in Chapter 6, we modelled the binary evolution of SAX J1808.4–3658 given
our finding in Chapter 5 that the donor star is significantly evolved (with Xc ≈
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0.57). SAX J1808.4–3658 shows peculiar binary evolution, with a larger than expec-
ted orbital period derivative that cannot be explained by conservative mass transfer
models (e.g. Hartman et al., 2008). We modelled the binary evolution of this sys-
tem using MESA, including evaporation of the companion due to pulsar radiation
pressure with the evaporative wind being ejected at the inner Lagrangian point
of the binary, and irradiation of the companion due to the accretion luminosity.
We found that these phenomenon are a key requirement in describing the binary
evolution of SAX J1808.4–3658, and many orbital evolutionary calculations do not
account for irradiation or evaporation. Our models required an initial companion
mass of 1.1 msun and an orbital period of 1.0-1.22 d for the system to accurately
match the current observed system parameters. This result implies that the donor
star has lost a significant amount of mass during the ≈ 3.7Gyr evolution of the
binary, with the neutron star stripping away ≈ 95% of the donor stars mass. This
study demonstrates that SAX J1808.4–3658 could indeed be a hidden black widow
millisecond radio pulsar, as has been suggested by numerous authors (e.g., Chakra-
barty and Morgan, 1998), since we require that the pulsar switches on as a radio
pulsar during quiescence in order to evaporate the companion and eject mass at
the inner Lagrangian point of the system.

7.2 conclusion

In this thesis we have presented detailed modelling and observational studies of
accreting neutron star systems. The primary results of this work include new ob-
servations and modelling techniques. In Chapter 3, we presented two modelling
studies of X-ray bursts. The first study used a pre-existing state-of-the-art model
to perform detailed simulations of the energy release and burning during X-ray
bursts for different accretion rates and fuel compositions. The second study presen-
ted a 2D code we wrote to simulate heat conduction and transport in the accreted
layers on the surface in the lead up to an X-ray burst, in order to model the ig-
nition location of bursts. In Chapter 4 we presented two observational studies of
accreting neutron star systems. We obtained the first, detailed, multiwavelength ob-
servations of the beginnings and rise to outburst of a transient accreting neutron
star system, providing important observational constraints for the disk instability
model. We also analysed X-ray bursts we discovered in archival data for the source
XMMU J181227.8–181234, and were able to classify the source as a candidate rare
ultracompact X-ray binary. In Chapter 5 through a case study of SAX J1808.4–3658,
we demonstrated a new method of determining accreting neutron star paramet-
ers that are notoriously difficult to constrain, including neutron star mass, radius,
fuel composition, and system inclination, by matching observations of X-ray burst
trains with a simple X-ray burst model. In Chapter 6 we demonstrated the util-
ity of using system constraints obtained from other modelling efforts to inform
evolutionary studies of accreting neutron stars. We modelled the binary evolution
of SAX J1808.4–3658 given our finding in Chapter 5 that the accreted fuel in this
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system is likely hydrogen deficient, and also included a treatment of the effects of
donor star irradiation and evaporation on the system evolution.

In summary, our main conclusions are:

1. Accretion outbursts in low mass X-ray binaries are likely caused by hydro-
gen ionisation in the accretion disk, and the heating front caused by an initial
instability will propagate through the disk on the viscous timescale. We in-
dependently confirmed these postulations by obtaining detailed optical, UV,
and X-ray observations of the rise to outburst of the accretion-powered milli-
second pulsar SAX J1808.4–3658.

2. The total energy released during an X-ray burst is primarily dependent on
the hydrogen content of the ignited material, and can be approximated by the
relation Qnuc = 1.31+ 6.95X̄− 1.92X̄2MeV nucleon−1, where X̄ is the average
hydrogen fraction of the ignition column.

3. Hotspots on the surface of an accreting X-ray pulsar may induce heating
deep into the accreted layers, causing burst ignition away from the equator
at the location of the hotspot, if the hotspot is hotter than ≈ 1× 108K.

4. Observations of X-ray burst trains from accreting neutron stars combined
with simple burst models can be used to infer system parameters that are
difficult to observationally constrain, such as neutron star mass, radius, ac-
creted fuel composition, and system inclination. We developed publicly avail-
able software that can be used to infer parameters for any accreting neutron
star system with observations of a burst train.

5. An accreting neutron star can strip away ≈ 95% of a donor stars mass dur-
ing their evolution as a binary, and some donor stars may have once been
significantly more massive than they are observed today. The effects of X-
ray irradiation and evaporation of the donor star in accreting pulsar binary
systems are non-negligible and must be accounted for in evolutionary track
calculations. Certain accretion-powered millisecond X-ray pulsars could be
the progenitors for radio black widow millisecond pulsar systems.

7.3 future work

Understanding the physics of accreting neutron star systems is crucial in obtain-
ing a comprehensive picture of the extremes of physics: from strong gravitational
fields, to nuclear reactions in extreme environments, to the densest matter we know.
This thesis provides significant advancements in our understanding of accretion
outbursts onto neutron stars, however, there is still much to explore and under-
stand in our endeavour to understand the accreting neutron stars.

7.3.1 Models of thermonuclear X-ray bursts

Whilst the addition of complex nuclear reaction networks to 1D calculations of
X-ray bursts has provided much insight into detailed studies of burst energetics
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(e.g. Kepler, MESA), the 1D nature of these models significantly impedes their abil-
ity to accurately model burst flame spreading, ignition location, and other related
physics. In this thesis, we developed a 2D ignition code to explore the ignition
location of bursts, however, this code is static: there is no time-dependence or
treatment of hydrodynamics. In future, this code could be upgraded to compre-
hensively model an X-ray burst by including a detailed nuclear reaction network,
time-dependence of the integration, and hydrodynamics. This code, combined
with multi-dimensional models of convection and in Type I X-ray bursts (e.g. Zin-
gale et al., 2015), would then be extremely useful in understand the phenomenon
of burst oscillations, and the phase locking of burst oscillations with accretion-
powered pulsations in a couple of systems, as well as other poorly understood
observational phenomenon such as the short waiting time bursts.

7.3.2 Observations

With new X-ray telescopes coming online (such as the already operational such
as NICER) there are new possibilities for obtaining detailed observations of accret-
ing neutron stars. In this thesis we presented observations of the rise to outburst of
SAX J1808.4–3658 that we were able to obtain due to optical monitoring campaigns
and our understanding of the recurrence time of outburst for the system. Catching
accreting neutron stars in the act of switching on is crucial in providing observa-
tional constraints for the disk instability model theory, and our understanding of
what causes accretion outbursts onto neutron stars. We observed some unexpec-
ted extended optical activity just prior to the commencement of outburst for SAX
J1808.4–3658, and future observations of the lead up to outburst in this system as
well as other similar systems is necessary in understanding the physics occurring
during this time.

Furthermore, obtaining high duty cycle observations of accreting neutron stars
in outburst maximises the likelihood of catching X-ray bursts and constraining the
recurrence time. In the case of short waiting time bursts, more observations of this
phenomenon would aid in understanding the mechanism behind it as well as the
systems in which they occur.

The code we developed that matches observations of burst trains to the Settle

model, BEANS can be applied to any system in which a train of bursts is observed
(the more precisely the recurrence time is constrained through observations the
better), and thus in future should be applied to as many systems as possible. Con-
straints obtained using this software will be useful in population studies of the
accreting neutron stars as well as providing starting parameters for more detailed,
time-intensive, models.

7.3.3 Evolutionary Studies

In this thesis we showed that SAX J1808.4–3658 could be the progenitor of a black
widow millisecond pulsar system. There are few systems with parameters that are
as observationally well constrained as SAX J1808.4–3658, however, with the addi-
tion of new observations and constraints from models, detailed evolutionary cal-
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culations of each accretion-powered millisecond pulsar could be performed. These
kinds of observationally constrained case studies that could be carried out in future
are crucial in understanding the possible evolutionary pathways of the accreting
X-ray pulsars, and binary populations.
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A P P E N D I X - AU X I L I A RY D ATA

Here we present the auxiliary data files for all chapters in this work. The data files
are located at https://bridges.monash.edu/articles/software/Thesis_Auxiliary_
Files/13049837. The repository is structured to contain a folder for each published
work, and the folder contents are outlined below.

a.1 xte j1812–182 observational data

This folder contains the observational data and spectral fits that were used for the
analysis of XTE J1812–182 in Chapter 4. The observational data are archival RXTE
data, and the spectral fits were performed using HEASoft.

a.2 sax j1808 .4–3658 2019 outburst observational data

This folder contains the observational data that were used for the analysis of the
2019 outburst of SAX J1808.4–3658 in Chapter 4. There are folders for each tele-
scope: LCO, Swift (UVOT and XRT), NICER, and SALT.

a.3 kepler generator files

This folder contains the Kepler generator files hg and rpabg that were used to
perform the X-ray burst calculations in Chapter 3. It also contains an example
Kepler dump file, lightcurve file, and convection file from one of the runs in the
grid. The dump file contains information such as the Kepler version that was used.
Additionally, there is a folder containing a summary of properties for the 84 Kepler

runs in the grid, including the input parameters (X, Z, ṁ), and the results (number
of bursts, total burst energy, neutrino energy, etc.)

a.4 mesa inlists

This folder contains the MESA inlists and extras routines that were used to perform
the evolutionary track calculations in Chapter 6. There are two folders, one con-
taining inlists for a run with no irradiation of the donor star due to the pulsar
irradiation, and one containing inlists for a run including this irradiation.

a.5 ignition location code

The finite volume code written for the simulations in Chapter 3 is publicly avail-
able on Github via https://github.com/adellej/ignition-calculations. In the
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ignition calculations folder there is a folder for the code, run scripts, opacity tables,
and the Kepler dump files used by the code.

a.6 mcmc chains and beans

This folder contains the raw MCMC chains and BEANS input files that were used
for the analysis in Chapter 5. Additionally, the software BEANS (Bayesian Estimation
of Accreting Neutron Star parameters) is publicly available on Github (https://
github.com/adellej/beans) and you can read the documentation on usage here
(https://beans-7.readthedocs.io/en/latest/). Please note that BEANS has been
updated since Goodwin et al. (2019a) was published, so the input files provided
in this folder may not work out of the box, but all of the input parameters are
contained in these files.

https://github.com/adellej/beans
https://github.com/adellej/beans
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