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X-ray binaries
• A compact object (neutron star or black hole) with a stellar companion, which 

donates matter via accretion
• Typical rates of mass transfer (via Roche lobe overflow/stellar winds) coupled 

with compactness of the target results in ~thermal emission in the X-ray band
• Accretion disk and companion are also detectable in UV, optical; systems also 

drive jets detectable in radio
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• Two main flavours:
High-mass X-ray binaries
• Young objects, high B-fields, 

precursors of binary NS
Low-mass X-ray binaries
• Old objects, low B-fields, precursors 

of millisecond pulsars
• Characterised by ms spin periods, 

thermonuclear bursts



High-mass X-ray binaries

• Earliest X-ray sources ever 
detected; characterized by X-ray 
pulses @ the NS spin period 
(seconds and longer)
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• Supergiant companions in close orbits, for many sources with 
few-days orbital periods correlated with spin (Corbet diagram)

• Observational work focused on measuring B-field from X-ray 
cyclotron lines, X-ray pulse shape analysis, pulse timing, etc. (see 
e.g. Takagi poster on A 0535+262 for a nice example)

• From 2015 onwards the detection of GW with LIGO led to 
renewed interest in these objects as the progenitors of BNS, 
vigorous efforts in population modelling (e.g. Mandel & 
Broekgaarden 2022)



• Lots of effort 
going on here to 
keep track of!

• Lack of 
additional BNS 
mergers to date 
a damper on 
enthusiasm

Mandel & 
Broekgaarden 

(2022)
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• Low-mass X-ray binary systems are thought to accrete through 
gigayear timescales, spinning up the neutron star (and ultimately 
producing millisecond radio pulsars)

• Total mass transfer likely results in massive neutron stars (up to 
twice solar; cf. with Romani et al. 2022)

• About half of the ~120 known sources are characterized as 
transients, with episodes of higher accretion

Low-mass X-ray binaries & X-ray bursts

Galloway - New Views on X-ray Binaries and Thermonuclear Bursts

• Thermonuclear bursts 
occur when accreted fuel 
ignites, producing bright X-
ray flashes

• ~104 events seen (with all 
instruments to date) Chandra X-ray observation of the prolific burst source 4U 1728-

34, showing quasi-regular bursting activity 

E ≈ 1039 – 1040 erg



Key thermonuclear reactions
• Bursts ignite via 

the He 3𝛼 
reaction

• If hydrogen is also 
present, burning 

will also take 
place via the (𝛼,p) 

and rp processes
• Leads to a wide 

range of nuclear 
“ashes” well 

beyond Fe
• Implications for 

crust, cooling
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3α

αp process
rp process

CNO cycle



Burst ignition
• “Normal” (frequent) bursts ignite via the triple-alpha reaction, 

unstable at these temperatures & densities
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Fuel composition and accretion 
rate (via the temperature) the 
primary determinants of the burst 
properties
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Thermonuclear X-ray bursts 7

higher for larger Ṁ. Furthermore, steady-state burning requires that fuel is burned at
the same rate as at which it is accreted. For stable burning, the temperature profile
of the neutron star envelope adjusts to facilitate this equilibrium.

Table 1 Theoretical Nuclear Burning Regimes a

ṁ/ṁEdd Burning Regime
(I) Deep H flash (burns He)

⇠ 0.1% b

(II) Shallow H flashes and deep He flash
0.4%

(III) He flash (stable H burning)
8%

(IV) Stable H/He burning
11%

(V) Mixed H/He flash

⇠ 100% c (VI) Marginally stable burning of H/He

(VII) Stable H/He burning
a For solar accretion composition and base flux Qb = 0.1MeVu�1 (see §1.1.5; [16]).
b [21], including sedimentation.
c [22]. See also [23, 24, 25].

The simple ignition conditions presented in Fig. 2 are determined by considering
hydrogen, helium, and carbon burning separately. Most bursters accrete a mixture of
hydrogen and helium, and the (typically steady) burning of hydrogen influences the
ignition of helium, via the heat that is contributed to the fuel layer. Steady H burn-
ing also affects the composition of the burst fuel at ignition, and hence the overall
specific energy released by the burst, Qnuc. Where H is present in the burst fuel, the
burning can proceed to heavier species via (a, p) reactions and proton captures (the
rapid-proton, or rp-process; e.g. [26]). Qnuc can be inferred from measurements of
the so-called a parameter, the ratio of the burst fluence to the peak flux (e.g. [27]).

The variation of ignition and burning conditions for H and He leads to the pre-
diction of a range of burning regimes as a function of Ṁ (Table 1; [17, 6, 16]), some
of which have been observed (§1.2):

I At T . 7⇥108 K, hydrogen burns unstably. The hydrogen-ignited flash
quickly raises T . If the ignition depth, yign, is sufficiently large the ig-
nition curve for unstable helium burning is crossed, and helium burns
along with hydrogen in the burst.

II If yign is too shallow for runaway helium burning, the hydrogen flash
does not ignite helium. Instead, helium continues to pile up until it
reaches its ignition conditions at much larger y. This regime, therefore,
exhibits brief hydrogen flashes and long helium bursts. (No observa-
tions matching case I or case II bursting have been identified).

III At T & 7⇥108 K, bCNO cycle burning of hydrogen is stable. It heats
the envelope and converts hydrogen into helium. At Ṁ . 0.08ṀEdd,

temperature 
profiles



A key diagnostic for neutron star binaries

• Presence of bursts indicates a 
NS accretor, as opposed to a 
BH which otherwise have 
similar obs. properties

• Photospheric radius-
expansion bursts reach the 
Eddington luminosity, 
indicate the distance Kuulkers et al. 
2003, A&A 399, 633

• Burst oscillations identify the 
neutron star spin  e.g. Ootes et al. 
2017, ApJ 834, #21 
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Figure 8. An example of diagnostic plots for a cluster of TBO candidates belonging to the same frequency group. The left

panel corresponds to RP (Rise+Peak) regions, the right to T (Tail). On both panels, the background shows LC, binned in

0.125-s time bins, for the real (shaded) and mean of the simulated (line) data sets. Vertical lines mark Tpeak and dThalftime. The

regions excluded from the analysis (outside GTI, with large frequency covariance in the power spectra, or bad LC modeling) are

shown as dashed. Only candidates from time windows completely in the dashed regions were discarded. In the foreground, the

upper plot shows candidates vs. time and frequency, similarly to Fig. 1. The width of each boxcar is equal to the width of the

time window, the height to the Fourier spectral resolution. The color encodes the length of the window (red, yellow, green and

blue for 0.5–4-s windows, respectively). Sub-threshold candidates, with p(�2) < 10�1/(2000 ⇥ Twin) are plotted as grey. The

middle plot shows adopted upper limits on FA, set by the power corresponding to the threshold probability (lines) and FAs of

detections (color error bars, see Sect. 4.5 for details on the uncertainty calculation) and sub-threshold candidates (grey dots)

The FAs are given at the center of each sliding time window and are not corrected for the lack of signal during data gaps. The

dashed horizontal line marks FA of 0.7, the maximum rms FA which is allowed physically. The bottom plot shows normalized

Pm of candidates vs. time, with the length and the color of the mark representing the length of the FFT window.



A key diagnostic for neutron star binaries

• Presence of bursts indicates a 
NS accretor, as opposed to a 
BH which otherwise have 
similar obs. properties

• Photospheric radius-
expansion bursts reach the 
Eddington luminosity, 
indicate the distance Kuulkers et al. 
2003, A&A 399, 633

• Burst oscillations identify the 
neutron star spin  e.g. Ootes et al. 
2017, ApJ 834, #21 

• Time-resolved spectroscopy 
used to infer NS mass & 
radius e.g. Özel et al. 2016, ARAA 54, 401

et al. 2012b). Specifically, we write

P R C P R M P M dMdata , data 11
i

N

i p
1

( ∣ ) ( ∣ ) ( ) ( )ò�=
=

where C is an appropriate normalization constant, P R M, datai ( ∣ ) is the two-dimensional posterior likelihood over mass and radius
for each of the N sources (as given, e.g., in Equation (9) for the bursters), and Pp(M) is the Gaussian likelihood with a mean of
1.46M: and a dispersion of 0.21M: for the mass distribution inferred by Özel et al. (2012b) for the descendants of these systems.

The left panel of Figure 12 shows the individual terms of the product in the equation above; i.e., the posterior likelihoods over
radius for each of the 12 sources. They are all well approximated by Gaussian distributions that peak between 9 and 12 km and
typical uncertainties of ∼2 km. The right panel of Figure 12 shows the posterior likelihood over the single radius in this mono-
parametric equation of state, which is peaked at a radius of 10.3 km with an uncertainty of 0.5 km. As expected, given that all radii
are statistically consistent with each other, combining the data of the 12 sources led to a reduction in the uncertainty by a factor of

12 3.5.� The result is a level of uncertainty that is comparable to what is required to severely constrain the neutron star equation
of state, as we will show in detail in the next section.

5. THE NEUTRON STAR EQUATION OF STATE FROM RADII AND LOW-ENERGY EXPERIMENTS

We now make use of the one-to-one mapping between the neutron star mass–radius relation and the pressure-density relation of
cold dense matter to put direct constraints on the neutron-star equation of state. In this procedure, we take the most general approach

Table 2
Properties of Quiescent LMXBs

Source NH
a

kTeff P.L. Norm.b Distancec Radiusd

(10 cm22 2- ) (eV) (10 keV s cm7 1 1 2- - - - ) (kpc) (km)

M13 0.02 0.02p
0.04

-
+ 81 12

27
-
+ 4.2 3.1p

3.6
-
+ 7.1±0.4 (1) 10.9±2.3

M28 0.30 0.03
0.03

-
+ 128 13

35
-
+ 8.3 4.7p

4.9
-
+ 5.5±0.3 (2) 8.5±1.3

M30 0.02 0.02p
0.03

-
+ 96 13

30
-
+ 9.3 5.3p

5.4
-
+ 9.0±0.5 (3), (4) 11.6±2.1

ωCen 0.15 0.04
0.04

-
+ 80 10

24
-
+ 0.8 0.7p

1.3
-
+ 4.59±0.08 (5), (6) 9.4±1.8

NGC6304 0.49 0.13
0.15

-
+ 100 17

33
-
+ 2.4 1.9p

2.7
-
+ 6.22±0.26 (7) 10.7±3.1

NGC6397 0.14 0.02
0.02

-
+ 66 7

17
-
+ 3.3 1.8

1.8
-
+ 2.51±0.07 (8) 9.2±1.8

Notes.
a NGC6397 was fitted with a Helium atmosphere model (nsx in XSPEC).
b p indicates that the posterior distribution did not converge to zero probability within the hard limit of the model.
c References: (1)Harris (1996, 2010 revision), (2)Servillat et al. (2012), (3)Carretta et al. (2000), (4)Lugger et al. (2007), (5)Watkins et al. (2013), (6)see also the
discussion in Heinke et al. (2014), (7)Guillot et al. (2013) and references therein, (8)Heinke et al. (2014).
d The radius and its 68% uncertainty obtained by marginalizing the mass–radius likelihood of each source over the observed mass distribution, as in Figure 12.

Figure 11. The combined constraints at the 68% confidence level over the neutron star mass and radius obtained from (left) all neutron stars with thermonuclear bursts
(right) all neutron stars in low-mass X-ray binaries during quiescence.
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The correct data selection criteria and 
approaches to systematic errors remain 
uncertain and there is no consensus in 
the community! See e.g. Poutanen et al. 
2014, MNRAS 442, 3777



Diversity of behaviour in large burst samples
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Shows the burst 
timescale 𝜏 
(depends upon 
the burst fuel) as 
a function of 
accretion rate, 
from MINBAR

Broad groups 
comprising the 
bulk of burst 
sources, but also 
outliers for 
atypical sources

Some of this 
behavior is 
understood, 
some not

Galloway et al. 2020, 
ApJS 249, 32

Eddington limited bursts

Non-Eddington limited

Accretion rate as a fraction of Eddington

Predicted 
stability range

Babylon 5 
Straczynski, J.M. 

(1994)
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The correct data selection criteria and 
approaches to systematic errors remain 
uncertainty and there is no single 
consensus in the community! See e.g. 
Poutanen et al. 2014, MNRAS 442, 3777



Still some profound puzzles
• Many bursts (perhaps the majority) do not behave as predicted 

by numerical models; 3-D effects probably a factor
• E.g. it has long been known that for some sources the burst rate 

decreases as the accretion rate increases, the opposite of the 
predictions of numerical models
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• Remarkably, rotation seems to play 
a role in this turnover, with the 
maximum burst rate occurring at 
lower accretion rates for faster-
spinning neutron stars

• Perhaps explained by an increasing 
role for equatorial steady burning as 
accretion rate rises, plus additional 
rotationally-induced mixing Cavecchi et al.  
2020, MNRAS 499, 2148 G

al
lo

w
ay

 e
t a

l. 
(2

01
8,

 A
pJ

L 
85

7,
 L

24
)



New view 1: new instruments

• New satellite-based instruments 
offer somewhat different quality 
data than what’s been gathered 
to date, but generally can’t 
compete with the accumulated 
quantity

• Coverage of high priority targets, 
e.g. AMSP outbursts is much, 
much better

• E.g. Aoyama poster describing 
followup of a new transient 
object with NinjaSat

• Additionally can test for 
polarization, which has now been 
detected from an AMSP with IXPE 
(but not during bursts) Papitto et al. 
2024, arXiv:2408.00608

Galloway - New Views on X-ray Binaries and Thermonuclear Bursts

Insight/HXMT This remarkable set of 
observations revealed 
>100 bursts from this 
object!

See also Dohi poster on this “clocked” burster



New view 2: new burst regimes

• There has long been difficulty 
conclusively identifying the 
ignition source (H/He)

• Observations unusually early 
in the outburst of SAX 
J1808.4–3658 show weak 
bursts very different from the 
normal strong H-poor PRE 
bursts later in the outburst 
(Casten et al. 2023, ApJ 948, 117)

• Also very different from 
model predictions… could 
these bursts be H-triggered?
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New view 3: new wavebands

• Neutron-star binaries also 
drive relativistic jets, which 
can be detected in radio

• Observations with the 
Australia Telescope Compact 
Array reveal radio “flares” 
following thermonuclear 
bursts detected with 
INTEGRAL Russell et al. 2024, Nature 627, 
8005

• Delay between X-ray and 
radio allows the speed of the 
jet to be measured; exciting 
implications for future work
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Seeing bursts through a 1D lens
• We can’t directly identify what fuel is burning (& hence exactly 

what nuclear reactions are taking place) so we have to compare 
our observations (burst rate, energy, lightcurve shape) with 
numerical simulations to infer system properties

• We want to know these properties so we can correctly interpret 
the burst behaviour AND learn about the host neutron stars, 
bursting systems and their evolutionary history

• The most detailed simulations are generally limited to 1D due to 
the requirement for extensive nuclear networks (and hence 
computational expense) as well as uncertainty about 3D effects

• It’s a necessary assumption that the burst fuel spreads (evenly?) 
over the neutron-star surface, and ignites completely, producing 
uniform emission; although demonstrably false in many cases

• There are other astrophysical uncertainties (distance, emission 
anisotropy, fuel composition etc.) that confound our analysis

Galloway - New Views on X-ray Binaries and Thermonuclear Bursts
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• These neutron-star binaries also 
show X-ray pulsations which 
indicate the neutron star spin 
(hundreds of times per second!)

• Only about 25 known; long-duration 
observational program with 
INTEGRAL led by Falanga, Li (ISSI)

• Several are bursters, including SAX 
J1808.4–3658 (the first such 
example discovered)

• This and several other sources are 
the focus of comparison with a 
simple (fast) ignition code via an 
MCMC approach, developed by 
Adelle Goodwin and myself, with 
the help of the Astronomy Data and 
Computing Services (ADACS) 
https://github.com/adellej/beans 
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This is the thermonuclear burst version 
of pulsar timing – but our model is 
much less straightforward than the 
pulse timing model

https://github.com/adellej/beans
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• These neutron-star binaries also 
show X-ray pulsations which 
indicate the neutron star spin 
(hundreds of times per second!)

• Only about 25 known; long-duration 
observational program with 
INTEGRAL led by Falanga, Li (ISSI)

• Several are bursters, including SAX 
J1808.4–3658 (the first such 
example discovered)

• This and several other sources are 
the focus of comparison with a 
simple (fast) ignition code via an 
MCMC approach, developed by 
Adelle Goodwin and myself, with 
the help of the Astronomy Data and 
Computing Services (ADACS) 
https://github.com/adellej/beans 

• Latest result: system parameter 
constraints in IGR J17498–2921 
Galloway et al. 2024, MNRAS 535, 647
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This is the thermonuclear burst version 
of pulsar timing – but our model is 
much less straightforward than the 
pulse timing model
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Going to larger numbers of bursts is a problem
• Convergence of the chains is 

incomplete; it’s not clear if our 
solution is the best globally (or even 
locally!)

• There is not much literature on how 
to “fix” badly-behaved MCMC chains

• One issue we know affects our results 
arises from the goal of simulating an 
entire burst history coherently, which 
means that errors accumulate
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Going to larger numbers of bursts is a problem
• Convergence of the chains is 

incomplete; it’s not clear if our 
solution is the best globally (or even 
locally!)

• There is not much literature on how 
to “fix” badly-behaved MCMC chains

• One issue we know affects our results 
arises from the goal of simulating an 
entire burst history coherently, which 
means that errors accumulate

• Given that we can only know the 
accretion rate approximately, 
accurately simulating the entire 
“train” accurately is likely 
unachievable in practice

• Extensive work over the last few 
months during a visit to ISSI (Bern), 
first to allow “gaps” in the burst trains

• … and next to simulate each burst 
pair independently, starting from 
each observed burst
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Latest runs
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beansp v2.51.4 run punkt ind mrt last 1000/12904
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12904  steps in, still not 
converging 

Comparison of burst times and 
fluences is good; RMS≈1 hr
Very low H-fraction & CNO 

metallicity
Very (unbelievably?) narrow 

posterior distributions

Also includes 
systematic variation
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Broader population context

• What is the distribution 
of fuel composition for 
the entire population of 
bursters?

• This information is 
critical to guide reaction 
rate sensitivity studies 
(for example) – see 
Sultana poster

• These studies in turn 
have historically 
influenced 
experimental work; 
setting priorities for 
most important 
reactions to investigate

• To date only really done 
for one case (GS 1826-
24; Cyburt et al. 2010, 
2016) but other ignition 
cases exist
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SAX J1808.4°3658 base
IGR J17498°2921 base22p
IGR J17511°3057 punkt ind mrt
GS 1826-24 (Johnston et al. 2020)

10°3

10°2

Z

0.8

1.6

2.4

M
(M

Ø
)

10°2 10°1

X

10.0

12.5

15.0

R
(k

m
)

10°3 10°2

Z
0.8 1.6 2.4

M (MØ)
10.0 12.5 15.0

R (km)



Summary and lessons learned
• Thermonuclear bursts are a key phenomenon to probe X-ray binaries and 

measure neutron star properties
• Utility is improving with time thanks to new sources, new observational 

capabilities and new analysis tools
• Numerical models remain critical to understanding thermonuclear bursts – we 

need (more) large samples of model results to apply, WITH full nuclear 
reaction networks, quantify model uncertainties etc.

• Development of software tools for burst observation-model comparison 
remains promising, can take advantage of existing model codes (and grids) & 
extensive accumulated observations

• Code development remains a challenge! Learn and adopt software 
development best practice, or work with someone who knows how to do this, 
like ADACS (do your unit tests!)

• Understanding complex tools like MCMC is also a challenge; applying the code 
to additional sources will promote increased robustness, additional tests like 
applying different samplers (e.g. via bilby) may be helpful

• These tools can be combined with additional constraints from different types 
of data including observational, theoretical, nuclear experimental
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