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Thermonuclear X-ray bursts 

•  Occur in neutron stars accreting from low-mass binary 
companions; ~100 bursters known, ~104 bursts observed 
since early 1970s 

•  Understood since the `80s as resulting from unstable ignition 
of accreted H/He on the NS surface e.g. Fujimoto et al. 1981, ApJ 247, 267 
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Past & present X-ray missions 
•  BeppoSAX, wide-field Dutch-Italian mission 

through ‘90s 
•  RXTE high sensitivity & fast timing, 1995 Dec–

2012 Jan 
•  INTEGRAL/JEMX; wide-field, low sensitivity, 

2002 onwards 
Data from these last three make up the Multi-
INstrument Burst ARchive (MINBAR), under 
assembly at Monash 
•  Swift; wide-field, rapid response to transients, 

new bursts etc. 
•  NUSTAR, hard X-ray sensitivity 
•  ASTROSAT, launched Sep 2015, LAXPC 

large-area detector + imagers 
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Diversity of X-ray burst behaviour 

•  “Intermediate duration” bursts in low-accretion rate systems, 
burning of large pure-He reservoirs e.g. Falanga et al. 2009, A&A 496, 333 

•  Short recurrence time bursts occur too promptly to reach 
critical temperature, density Keek et al. 2010, ApJ 718, 292 

•  Multi-peaked bursts perhaps attributable to nuclear waiting 
points? e.g. Fisker et al. 2004, ApJ 608, L61 

•  Photospheric radius-expansion bursts reach the (local) 
Eddington limit; utility as standard candle e.g. Kuulkers et al. 2003, A&A 
399, 663 

•  “Superbursts” with durations of hours, likely powered by 
carbon Cornelisse et al. 2000, A&A 357, L21 
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Burst profiles and the burst fuel 

Different 
timescales for 
hot-CNO cycle 
and triple-α 
burning result in a 
diversity of burst 
profiles for 
different fuel 
mixes 

Galloway, "Reconciling observations and models of thermonuclear bursts with nuclear experiments"  

“slow” bursts; mixed H/
He 

“fast” bursts; (almost) 
pure He 



Motivation for burst studies 
•  Thermonuclear bursts offer 

fundamental astrophysical information 
about the host sources – confirm 
neutron star (rather than black hole), 
determine distance 

•  Significant efforts over the last decade 
in measuring neutron star mass and 
radius from modelling the X-ray 
spectra, and hence constraining the 
equation of state e.g. Özel 2013, arXiv:1210.0916 

•  As-yet poorly exploited utility in probing 
nuclear reactions which power the 
bursts, with possible impact on host 
parameters e.g. Heger et al. 2007, ApJ 671, L141 
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Fig. 2. Mass-radius trajectories for typical EOSs (see [6] for notation) are shown as black curves. Green curves (SQM1, SQM3) are self-bound quark

stars. Orange lines are contours of radiation radius, R∞ =R/

!
1 − 2GM/Rc2. The dark blue region is excluded by the GR constraint R > 2GM/c2,

the light blue region is excluded by the finite pressure constraint R > (9/4)GM/c2, and the green region is excluded by causality, R > 2.9GM/c2.
The light green region shows the region R > Rmax excluded by the 716 Hz pulsar J1748-2446ad [22] using Eq. (12). The upper red dashed curve is
the corresponding rotational limit for the 1122 Hz X-ray source XTE J1739-285 [23]; the lower blue dashed curve is the rogorous causal limit using
the coefficient 0.74 ms in Eq. (12).

3. Recent mass measurements and their implications

Several recent observations of neutron stars have direct bearing on the determination of the maximum mass. The
most accurately measured masses are from timing observations of the radio binary pulsars. As shown in Fig. 3, which is
compilation of the measured neutron star masses as of November 2006, observations include pulsars orbiting another
neutron star, a white dwarf or a main-sequence star. The compact nature of several binary pulsars permits detection of
relativistic effects, such as Shapiro delay or orbit shrinkage due to gravitational radiation reaction, which constrains
the inclination angle and allows the measurement of each mass in the binary. A sufficiently well-observed system can
have masses determined to impressive accuracy. The textbook case is the binary pulsar PSR 1913 + 16, in which the
masses are 1.3867 ± 0.0002 and 1.4414 ± 0.0002 M⊙, respectively [40].

One significant development concerns mass determinations in binaries with white dwarf companions, which show
a broader range of neutron star masses than binary neutron star pulsars. Perhaps a rather narrow set of evolutionary
circumstances conspire to form double neutron star binaries, leading to a restricted range of neutron star masses [53].
This restriction is likely relaxed for other neutron star binaries. Evidence is accumulating that a few of the white dwarf
binaries may contain neutron stars larger than the canonical 1.4 M⊙ value, including the intriguing case [45] of PSR
J0751 + 1807 in which the estimated mass with 1! error bars is 2.1 ± 0.2 M⊙. In addition, to 95% confidence, one of
the two pulsars Ter 5 I and J has a reported mass larger than 1.68 M⊙ [43].

Whereas the observed simple mean mass of neutron stars with white dwarf companions exceeds those with neutron
star companions by 0.25 M⊙, the weighted means of the two groups are virtually the same. The 2.1 M⊙ neutron star,
PSR J0751 + 1807, is about 4! from the canonical value of 1.4 M⊙. It is furthermore the case that the 2! errors of
all but two systems extend into the range below 1.45 M⊙, so caution should be exercised before concluding that firm
evidence of large neutron star masses exists. Continued observations, which will reduce the observational errors, are
necessary to clarify this situation.

Masses can also be estimated for another handful of binaries which contain an accreting neutron star emitting X-rays,
as shown in Fig. 3. Some of these systems are characterized by relatively large masses, but the estimated errors are also
large. The system of Vela X-1 is noteworthy because its lower mass limit (1.6–1.7 M⊙) is at least mildly constrained
by geometry [26].

Raising the limit for the neutron star maximum mass could eliminate entire families of EOSs, especially those in
which substantial softening begins around 2 to 3ns . This could be extremely significant, since exotica (hyperons, Bose
condensates, or quarks) generally reduce the maximum mass appreciably.
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TABLE 1
Average Burst Properties

Model
Number
of Bursts Z

Ṁ
( )!9 !110 M yr,

Dt
(hr)

Eburst
(1039 ergs) a

DM
(1021 g)

A1 . . . . . . 19 0.02 1.17 5.4 (0.1) 4.67 (0.20) 57.4 (2.8) 1.14 (0.03)
A2 . . . . . . 18 0.02 1.43 4.3 (0.1) 4.67 (0.11) 55.6 (1.2) 1.11 (0.03)
A3 . . . . . . 30 0.02 1.58 3.85 (0.06) 4.73 (0.07) 55.0 (0.9) 1.10 (0.02)
A4 . . . . . . 13 0.02 1.75 3.48 (0.06) 4.84 (0.06) 53.6 (0.8) 1.11 (0.02)
B1 . . . . . . 12 0.001 1.17 12.8 (0.6) 13.3 (0.7) 47.8 (0.4) 2.71 (0.14)
B2 . . . . . . 17 0.001 1.43 6.04 (0.41) 7.74 (0.49) 47.4 (1.0) 1.57 (0.11)
B3 . . . . . . 15 0.001 1.75 3.98 (0.28) 6.26 (0.32) 47.3 (2.4) 1.27 (0.09)

Note.—See text for definitions of quantities.

Fig. 1.—Comparison of observed and calculated light curves. The histogram
shows the average light curve from the bursts observed during the year 2000
when the recurrence time was ≈4 hr (G04; Fig. 2). The error bars are the
1 j variations from burst to burst. The solid and dashed curves are the average
burst profiles from models A3 ( ) and B3 ( ), which haveZ p 0.02 Z p 0.001

and 4.0 hr, respectively. The inset magnifies the rise and the initialDt p 3.9
part of the decay. The gray bands indicate the 1 j variation of the burst profiles
about the average.

large adaptive nuclear reaction network is used to follow the
nucleosynthesis at each depth, and we include convection when
needed using time-dependent mixing length theory. We use the
same input nuclear physics, stellar opacities, and neutron star
parameters as W04 but consider a wider range of accretion
rates. The Newtonian calculations are corrected for general
relativity as described in § 4.4 of W04 for a neutron star mass
of . The corresponding stellar radius is ,1.4 M R p 11.2 km,

and gravitational redshift is .z p 0.26
A summary of the results is given in Table 1. For each

sequence of bursts, we list the rest mass accretion rate ,Ṁ
recurrence time , burst energy , gravitational mass ac-Dt Eburst
cumulated between bursts , and˙DM p MDt/(1" z) a p

, all as seen by an observer at in-2F Dt/E p DMc z/EX burst burst
finity. The quantities given are averaged over all bursts except
the first burst in each sequence, which is typically more en-
ergetic than the subsequent bursts (W04). We give the standard
deviation of each quantity in parentheses, to show the burst-
to-burst variations. Models A4 and B3, which have Ṁ p

, have the same parameters as models ZM!9 !11.75# 10 M yr,

and zM of W04. There are slight differences at the level of
≈3% between the burst properties in models A4 and B3 as

compared to models ZM and zM of W04, because of refine-
ments of the KEPLER code that were made following publi-
cation of the W04 paper.
We compare these simulations to bursts observed by RXTE

between 1997 November and 2002 July. We analyze the data
as described in G04, with the following exceptions: (1) the
spectral fitting was performed using lheasoft version 5.3,
released 2003 November 17, for which the effective area of
the proportional counter instrument (and hence the source flux)
was reduced by approximately 15% compared to earlier ver-
sions; (2) improved calculation of the burst fluence that was
better able to handle gaps in the data, which increased the
estimated fluence in some cases by at most 5%. These changes
also had the effect of reducing the absolute a-values, although
the trend with persistent flux was unchanged.
In Figure 1, we compare the mean light curve for bursts

observed during 2000 (G04; Fig. 2) with the mean burst light
curves from models A3 and B3. These models are chosen
because they have similar recurrence times to the observed
recurrence time of 4.1 hr. We calculate the mean light curves
by aligning bursts in each sequence by their peak luminosities.
The error bars in Figure 1 show the 1 j burst-to-burst variation
about the mean observed light curve. The shaded region shows
the same variation for the theoretical light curves.
For this comparison, we choose the distance to the source

(within the allowed range kpc; G04) so that the peak4 ! d ! 8
luminosity of the observed bursts agrees with the peak lumi-
nosity of bursts from model A3. The relation between the peak
burst luminosity and the observed peak flux isL peak

, where is a factor that accounts for pos-24pd y F p L yb peak peak b
sible anisotropy in the burst emission (e.g., Fujimoto 1988).
The average observed peak flux in the 2000 epoch is

, and the average peak lu-!8 !2 !1(2.93! 0.15)# 10 ergs cm s
minosity of bursts in model A3 is L p (1.29! 0.04)#peak

, giving a distance .38 !1 !1/210 ergs s d p 6.07! 0.18 kpc yb
Once the bursts have been normalized in this way, the agree-

ment between the observed and theoretical light curves for
(model A3) is remarkable. Model A3 fits the ob-Z p 0.02

served decay exceedingly well out to about 40 s, falling a little
below the observed flux between 40 and 120 s. The burst-to-
burst variations in the models are also of comparablemagnitude
to the burst-to-burst variations in the data. The most significant
difference is that the theoretical model shows a distinct two-
stage rise that is not apparent in the observed light curve (see
Fig. 1 inset).
Model B3, which has a low metallicity, does not reproduce

the observed light curve. Given the uncertainty in the distance
to the source, the normalization may be adjusted to bring the
observed and predicted peak luminosities into agreement, but
the shape of the decay provides an additional constraint. In
model B3, the lower metallicity leads to very little hydrogen



Thermonuclear burning 

•  Accreted fuel is thought to be a mix of H & He, at roughly 
solar composition (70/28%) 

•  A subset of sources have evolved companions and likely 
accrete (almost?) pure He 

Galloway, "Reconciling observations and models of thermonuclear bursts with nuclear experiments"  

•  H and He burning occur 
~independently, via the hot 
CNO cycle & rp-process 
burning, or triple-alpha 

•  Burning of both species can 
be stable or unstable, 
depending on accretion rate 

New regime of steady-state nuclear burning 3
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Figure 1. Ignition column depth, y, as a function of temperature,
T , for stable and unstable burning of hydrogen and helium from
a solar accretion composition. Accreted material moves to larger
y and T with time, and thus reaches any of the ignition curves.
Additionally the burning conditions for a helium mass fraction
of 0.98 are shown, for when all hydrogen has burned to helium.
The dashed line denotes the depth �y where helium is depleted by
3↵ burning induced by �CNO heating. The temperature profiles
for two time-dependent models are shown: steady-state burning
(upper line; Qb = 0.75MeVu�1) and just prior to unstable helium
ignition (lower; Qb = 0.1MeVu�1). Their respective locations of
hydrogen and helium depletion are marked with ‘+’.

3.2 Helium depletion before runaway

These ignition conditions are calculated assuming that hy-
drogen and helium burning are independent. If only helium
is accreted, the temperature increases with depth until igni-
tion is reached. Because of the strong temperature depend-
ence of the 3↵ rate, very little helium burns before the ig-
nition depth. If, however, hydrogen burning takes place at
shallow depths, the envelope is heated substantially, and he-
lium burning is initiated already before its ignition curve
is reached. Therefore, before helium burning dominates the
energy generation rate, some helium already burns away.

For each point on the �CNO line, we calculate the 3↵
burning rate assuming all hydrogen has been converted to
helium, and we determine the helium burning timescale, ⌧nuc
(Section 2.1). Given the ṁ associated with steady-state hy-
drogen burning (Equation 2), we estimate the change in
column during ⌧nuc as �y = ⌧nucṁ. Here we assume that the
temperature remains constant going to larger values of y, and
we neglect the small increase in ✏nuc from the increasing dens-
ity. Where �y is smaller than the depth of stable 1H burning
(Figure 1), helium is depleted at a depth close to where hy-
drogen burns: both hydrogen and helium burning proceed
in a steady-state, and no thermonuclear runaway occurs.
This happens only in a small temperature interval around
T = 2.6⇥108 K, which is associated with a small range of ac-
cretion rates 0.08 < ṁ/ṁEdd < 0.11. At lower T pure helium
bursts ignite, whereas at higher T mixed hydrogen/helium
bursts occur.
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Figure 2. Helium mass fraction, Y, as a function of column depth,
y, for two time-dependent models with base heating, Qb, in units
of MeVu�1. They overlap at y < 6⇥107 gcm�2, but at larger depth
Y drops faster for the hotter model. Dotted lines mark the condi-
tions for unstable ignition for the two models. The colder model
hits the unstable curve and ignites a burst, whereas the hotter
model does not reach its unstable curve and has stable burning.

This is a simplistic approximation of time-dependent
burning. Although it gives a good qualitative description
of the behaviour, time-dependent models are required for
accurate quantitative predictions as well as for a better un-
derstanding of the new stable burning regime.

3.3 Two time-dependent simulations

The one-zone models predict the new steady-state regime
to occur in a very narrow range of ṁ, making it di�cult
to locate with time-dependent models. Instead, we create
two KEPLER simulations with ṁ = 0.02 ṁEdd: one with the
same Qb = 0.1MeVu�1 as the one-zone models, and one with
stronger base heating of Qb = 0.75MeVu�1. As expected from
Figure 1, the first model exhibits pure helium bursts after
hydrogen is depleted (similar to model Zm by Woosley et al.
2004). The second model, however, displays the new steady-
state regime, even though ṁ is much lower than where we
expected it to occur. We compare the ignition conditions —
which exhibit for Qb = 0.75MeVu�1 only small shifts with
respect to Qb = 0.1MeVu�1 — to the T -profiles of the two
models, where for the unstable model we select a time just
prior to the runaway (Figure 1). The locations where, re-
spectively, the hydrogen and helium mass fractions are re-
duced by an order of magnitude agree well with the one-zone
estimates.

Even though the two models have roughly similar tem-
perature profiles, their burning behaviour is rather di↵erent.
Up to the depth of hydrogen-depletion, the helium mass frac-
tion is identical for both models (Figure 2). For the steady-
state model, the temperature profile is slightly steeper (Fig-
ure 1), and the strong temperature dependence of the 3↵ re-
action causes helium to burn faster than in the other model.
As Y drops, the relevant unstable ignition curve moves to
larger y. We create a series of ignition curves for a range of
Y, and show their points of intersection with the T -profiles
of the KEPLER models (Figure 2). For the unstable model,
Y is reduced by stable burning to 0.63 before it hits the in-
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the reaction 14N(p, !)15O (e.g., Paczyński 1983a),

"14 ¼ 3:1" 1010
X#

g cm#3

! "#1

T2=3
6 expð152:313T#1=3

6 Þ s ;

ð29Þ

where T6 ¼ T=ð106 KÞ. The timescale 862.0 s refers to the
$-decay timescale of 13N, 278.2 s is the sum of the $-decay
timescales of 14O and 15O, and 1038.0 s is the sum of the $-
decay timescales of 13N and 15O. In deriving the above rates
we have assumed that the various species have reached their
equilibrium abundances.

Figure 1 shows the variation of %H and %He with tem-
perature for some typical densities. For low and moderate
temperatures, the hydrogen-burning rate is a steeply increas-
ing function of temperature, and it is this steep dependence
that drives a thermonuclear instability. For a temperature
greater than about 107.8–107.9 K, however, hydrogen burning
switches rather abruptly to the saturated burning regime.
Beyond this temperature, hydrogen burning is stable. As we
discuss in x 3, this change has a noticeable effect on the
sequence of equilibria. We have corrected the proton capture
rates for screening using the formulae of Dewitt, Graboske,
& Cooper (1973) for the nonresonant reactions and the for-
mulae of Itoh et al. (2003) for the resonant reaction [13N(p,
!)14O]. Screening increases the reaction rates at temperatures
where the CNO cycle is not saturated.

For %He, we use the fitting formula given in equations
(4.7), (4.8a), and (4.8b) of Fushiki & Lamb (1987a), which
include screening. We introduce a smooth transition
between the various regimes defined by these authors in
order to more faithfully reproduce the numerical results

they have depicted in their Figure 3. Our fitting results are
shown in Figure 1.

3. EQUILIBRIUM SOLUTIONS

Paczyński (1983a) has presented a very helpful analysis of
the stability of nuclear burning on the surface of a compact
star. His model involves numerous simplifications: he uses a
one-zone approximation, he considers only helium burning,
and he assumes an inner boundary condition on the flux
rather than on the temperature. Nevertheless, many of the
insights he has obtained via his simple analysis carry over to
ourmore detailed work. In particular, following his work, we
have found it very helpful to consider equilibria in the Fout-
!layer plane. The Appendix discusses why the insights from
Paczyński’s analysis apply to ourmore complicatedmodel.

Figures 2 and 3 show sequences of equilibria of the
accreted layer for a 1.4 M& neutron star with a radius of
10.4 km and a core temperature of 108 K. The different
panels correspond to different mass accretion rates _MM,
parameterized by the accretion luminosity Lacc measured at
infinity,

Lacc ¼ _MMc2
z

ð1þ zÞ
( laccLEdd ; ð30Þ

where LEdd ¼ 4&GMc='es, with 'es ¼ 0:4 cm2 g#1, is the
Eddington luminosity measured at infinity. The local
surface mass accretion rate _!! is related to _MM by

_!! ¼
_MM

4&R2
ð1þ zÞ : ð31Þ

The mass accretion rate _MM, or equivalently _!!, is a key
parameter that determines the nature of bursts. Since it is,
however, not directly measured, we prefer to give all our
results in terms of the dimensionless luminosity
lacc ¼ Lacc=LEdd. In doing this, we assume that the accretion
is radiatively efficient and satisfies the relation given in
equation (30).

The eight panels in Figures 2 and 3 correspond to accre-
tion luminosities log lacc ¼ #0:5, #0.75, #1, #1.25, #1.5,
#1.75,#2.75, and#3 in Eddington units. In each panel, the
horizontal axis shows the escaping flux fout from the
accreted layer, normalized by the maximum nuclear-
burning energy available in the accreting gas:

fout (
Fout

Fnuc
; Fnuc ¼ _!! XoutE

)
H þ Xout þ Youtð ÞE)He

# $
:

ð32Þ

The vertical axis shows the column density of the layer,
!layer.

The most obvious feature of the various panels is that the
equilibria do not form monotonic sequences in the Fout-
!layer plane. At a given !layer, there can be one, three, or
even five distinct solutions for Fout. (There are no cases of
five solutions in the sequences shown here, but it is fairly
common when the core temperature is lower, e.g., 107.5 K.)
Because the equations are nonlinear and include many dif-
ferent physical effects, it is not surprising to have multiple
solutions.

Consider as an example Figure 2b, which corresponds to
an accretion luminosity log lacc ¼ #0:75. The sequence of
equilibria shows two peaks, one at log fout * #2 and one at

Fig. 1.—Nuclear reaction rates for hydrogen and helium, plotted as a
function of temperature. From bottom to top, the four curves correspond
to densities of 105, 105.5, 106, and 106.5 g cm#3. The hydrogen-burning curve
is dominated by the p-p chain at low temperatures, the CNO cycle at
intermediate temperatures, and saturates above about 107.8–107.9 K. The
dashed lines trace the results if one ignores screening. The helium rates are
taken fromFushiki & Lamb (1987b).
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End-point of rp-process burning 

•  Dominates late-time burning in mixed H/He bursts; 
terminates in a Sn-Sb-Te cycle  

Galloway, "Reconciling observations and models of thermonuclear bursts with nuclear experiments"  
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The nuclear reaction network includes all proton rich
nuclei from hydrogen to xenon and was updated relative
to the data described in [19]. The theoretical Hauser-
Feshbach reaction rates have been recalculated with the
new Hauser-Feshbach code NON-SMOKER [22]. A more
detailed discussion of the nuclear physics input and the
x-ray burst model will be published in a forthcoming paper.

Figure 1 shows our results for the time integrated reac-
tion flow during an x-ray burst. Ignition takes place at a
density of 1.1 3 106 g!cm3 and the burst reaches a peak
temperature of 1.9 GK, with a rise time scale of "4 s, and
a cooling phase lasting "200 s. Helium burns via the 3a
reaction, and the ap process [7], a sequence of alternating
(a, p) and # p, g$ reactions into the Sc region. These he-
lium burning processes provide the seed nuclei for the rp
process. The rp process reaction flow reaches the Sn iso-
topes in the 99Sn 101Sn range "80 s (time for half maxi-
mum) after the burst peak and proceeds then along the Sn
isotopic chain towards more stable nuclei.

Processing beyond Sn occurs if the corresponding
Sb isotone is sufficiently proton bound for the (g, p)
photodisintegration to be small. This occurs at 105Sn.
However, after two proton captures a strong 107Te#g, a$
photodisintegration rate cycles the reaction flow back to
103Sn. The reaction path is characterized by a cyclic flow
pattern, the SnSbTe cycle which represents the end point
for the rp-process reaction flow towards higher masses
(see Fig. 2). The SnSbTe cycle forms because the neutron
deficient 106 108Te isotopes are a unbound by "4 MeV. In
fact, 107Te is a known ground state a emitter [23]. A frac-
tion of the reaction flow proceeds via b decay of 105Sn into
106Sn, and the reaction sequence 106Sn# p, g$107Sb# p, g$-
108Te#g, a$104Sn leads to a second, weaker cycle. Calcu-

lations with different ignition conditions confirm that the
rp process cannot proceed beyond the SnSbTe cycles.

A previous calculation of the rp process in steady-state
burning found that most material accumulated at the end
of the network (the Sn isotopes) for an accretion rate of
40 !mEdd [6]. Figure 1 shows the reaction flow at that ac-
cretion rate. We find that the rp process ends in a similar
SnSbTe cycle as in x-ray bursts. Some of the material is
now cycled back via 106Sb# p, a$, which successfully com-
petes with 106Sb# p, g$ at steady-state burning conditions.
Calculations at different accretion rates show that the rp
process can never overcome the closed SnSbTe cycle. For
steady-state burning, we are now able to compute accu-
rately the composition of the ashes for all accretion rates.

The SnSbTe cycle impacts the light curve of x-ray bursts
and the consumption of hydrogen. This is illustrated in
Fig. 3, which shows the correlation between the x-ray burst
luminosity, the abundances of some important long-lived
nuclei (waiting points) in the rp process, and the hydro-
gen and helium abundances. Clearly the slow hydrogen
burning via the rp process beyond 56Ni is responsible for
the extended burst tail. The SnSbTe cycle builds up the
abundance of the longest-lived nucleus in the cycle, 104Sn
(20.8 s half-life), and produces helium towards the end of
the burst. This triggers an increase in the 3a flow and sub-
sequently an increase in energy production and hydrogen
consumption. As a consequence, the burst lasts longer and
hydrogen is completely burned.

The SnSbTe cycle also affects the composition of the
rp process ashes, shown for the x-ray burst and the steady-
state calculation in Fig. 4. The limitation imposed on the
rp process by the SnSbTe cycle is clearly reflected in the
lack of nuclei heavier than A " 107. Nevertheless we
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FIG. 1. The time integrated reaction flow above Ga during an x-ray burst and for steady-state burning. Shown are reaction flows
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GS 1826-24: a case history 
•  An unusual source in that it consistently* shows regular, 

consistent bursts 
•  Early analysis of the variation of the recurrence time with 

accretion rate  suggested metal-poor material Galloway et al. 2004 
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Fig. 1.— Comparison of observed and calculated lightcurves. The histogram shows the
average lightcurve from the bursts observed during the year 2000 when the recurrence time
was ≈ 4 hours (G04, Figure 2). The error bars are the 1σ variations from burst to burst.

The solid and dashed curves are the average burst profiles from models A3 (Z = 0.02) and
B3 (Z = 0.001), which have ∆t = 3.9 and 4.0 hours respectively. The inset magnifies the

rise and the initial part of the decay. The grey bands indicate the 1σ variation of the burst
profiles about the average.
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•  Subsequent study 
showed good 
agreement with time-
dependent 1-D models 
& solar composition Heger 
et al. 2007 

•  Relied on lightcurve 
comparison at a single 
epoch 

* from ~1986 to 2014 June 



“precision” nuclear astrophysics from 
thermonuclear bursts 

Meaning, we want to reduce the astrophysical 
uncertainties for observations of bursts, to the 

point where we are sensitive to the nuclear 
physics 

our objective: 



Our approach 
•  The three main obstacles to this goal are 

–  Lack of well-calibrated observational data for modelers 
–  Difficulty to observers in obtaining model results suitable for 

comparisons (run time/lack of large model grids) 
–  No tools to formally compare models and observations in response 

to variations in nuclear data 

•  We are pursuing this goal via the Joint Intitute for Nuclear 
Astrophysics (JINA) Centre for the Evolution of the Elements 

•  Allow us to draw together experimentalists and observers 
and offer the long-term opportunity of guiding the 
experiments 

•  We have assembled a team of observers, theorists, and 
nuclear physicists who met in December 2015 at ISSI, Bern, 
&subsequently in Japan in mid-2016 http://www.issibern.ch/teams/labtostars  
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Theory-compliant bursts 

•  We will target systems that 
show trains of regular, 
consistent bursts amenable 
to comparisons with 
models (e.g. KEPLER) 

•  We seek to improve the 
comparisons that are 
possible via sharing of 
software tools, observed 
data & burst model results 
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Fig. 1.— Comparison of observed and calculated lightcurves. The histogram shows the
average lightcurve from the bursts observed during the year 2000 when the recurrence time
was ≈ 4 hours (G04, Figure 2). The error bars are the 1σ variations from burst to burst.

The solid and dashed curves are the average burst profiles from models A3 (Z = 0.02) and
B3 (Z = 0.001), which have ∆t = 3.9 and 4.0 hours respectively. The inset magnifies the

rise and the initial part of the decay. The grey bands indicate the 1σ variation of the burst
profiles about the average.

Model-observation comparison for regular, 
consistent bursts from GS 1826-24, the “clocked” or 

“textbook” burster;  
Heger et al. 2007, ApJ 671, 141L 

Inferred posterior 
distributions for model-

observation comparison; 
p1 is the inverse redshift 

(i.e. 1/1+z) 
 

p2 is the 
relative 
scaling 

(prop. To 
distance) 

 



New databases of model results 

•  We have assembled, published, a large sample of KEPLER 
simulations for comparison with observations  

Galloway, "Reconciling observations and models of thermonuclear bursts with nuclear experiments"  
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Calibrating burst models 
•  Another important activity is quantifying the uncertainty in 

our predictions of burst lightcurves (beyond that introduced 
from nuclear physics) 

•  To this end we are working on a set of test cases for 
numerical models 

•  Numericists with different codes will be encouraged to test 
their codes against our best estimates for the system 
parameters (accretion rate etc.) of these objects 

•  Can compare code results directly against each other 
•  Will be out soon (preliminary results available now) 
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Reaction rates and bursts 

•  Some theoretical work on the 
expected influence of individual 
reactions on burst rates, lightcurve 
shape 

•  Most important reactions identified 
from 1-D multizone models Fisker et al. 
2008; Cyburt et al. 2010 & 2016 

•  At the same time, extensive 
experimental efforts to measure the 
rates of important reactions, e.g. 
15O(α,γ)19Ne Tan et al. 2009 
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Fig. 4.— X-ray burst light curves predicted by single-zone
(red dashed) and multi-zone (blue solid) models. The line
width for the multi-zone model light curve indicates the 1�
error of the average light curve.

changes are the largest changes that likely would by
themselves a↵ect the interpretation of observational
data. Category 2 changes are smaller changes, that
may nevertheless be observable given, for example,
observational error bars that can be achieved by av-
eraging light curves (Galloway et al. 2004). Cate-
gory 3 changes are insignificant, but confirm that
the varied rate is part of the reaction path and may
become significant for larger variations.
The composition of the burst ashes is summed by

mass number as electron captures will change the
isotopic composition with increasing depth within
a constant mass number chain. Summing by mass
number allows averaging over a greater depth range
as it removes the e↵ects of changes in the composi-
tion due to the decay of long-lived radioactive iso-
topes and weak interactions in the ocean and crust
of the neutron star, which are not of interest here.

3.1. Single-zone model results

A total of 1,931 (p,�), (↵,p), and (↵, �) reac-
tions, together with their respective inverse reac-
tions, were varied individually in the single-zone
burst model by factors of 100 up and down. The
reactions selected were those at or near the time in-
tegrated reaction flow sequence of the baseline single
zone model (see Fig. 12).
As expected, the number of individual reaction

rate variations that a↵ect the burst light curve
significantly (Category 1) is rather small. Fig. 5
and Fig. 6 show the largest resulting variations
in the light curve. A large light curve change
is produced by variations in 7 (p,�) reactions, 7
(↵,p) reactions, and the 15O(↵,�)19Ne reaction (see
also Tab. 1 and Fig. 12). By far the largest

TABLE 1
Reactions that impact the burst light curve in the

single-zone x-ray burst model.

Rank Reaction Typea Sensitivityb Category

1 56Ni(↵,p)59Cu U 12.5 1
2 59Cu(p,�)60Zn D 12.1 1
3 15O(↵,�)19Ne D 7.9 1
4 30S(↵,p)33Cl U 7.8 1
5 26Si(↵,p)29P U 5.3 1
6 61Ga(p,�)62Ge D 5.0 1
7 23Al(p,�)24Si U 4.8 1
8 27P(p,�)28S D 4.4 1
9 63Ga(p,�)64Ge D 3.8 1
10 60Zn(↵,p)63Ga U 3.6 1
11 22Mg(↵,p)25Al D 3.5 1
12 56Ni(p,�)57Cu D 3.4 1
13 29S(↵,p)32Cl U 2.8 1
14 28S(↵,p)31Cl U 2.7 1
15 31Cl(p,�)32Ar U 2.7 1
16 35K(p,�)36Ca U 2.5 2
17 18Ne(↵,p)21Na D 2.3 2
18 25Si(↵,p)28P U 1.9 2
19 57Cu(p,�)58Zn D 1.7 2
20 34Ar(↵,p)37K U 1.6 3
21 24Si(↵,p)27P U 1.4 3
22 22Mg(p,�)23Al D 1.1 3
23 65As(p,�)66Se U 1.0 3
24 14O(↵,p)17F U 1.0 3
25 40Sc(p,�)41Ti D 0.9 3
26 34Ar(p,�)35K D 0.8 3
27 47Mn(p,�)48Fe D 0.8 3
28 39Ca(p,�)40Sc D 0.8 3

a Up (U) or down (D) variation that has the largest impact
b M

(i)
LC in units of 1017ergs/g/s

change is produced by varying the 59Cu(p,�)60Zn
and 59Cu(p,↵)56Ni rates, because a low 59Cu(p,�)
rate or a high 59Cu(p,↵)56Ni rate lead to the for-
mation of a stronger NiCu cycle (van Wormer et al.
1994) that strongly limits synthesis of heavier nu-
clei. The critical quantity determining the strength
of the NiCu cycle is the ratio of the (p,↵) to (p,�)
reaction rates at 59Cu. The 15O(↵,�)19Ne reaction
rate has a strong impact on the total luminosity and
leads to a strongly increased peak energy release
when lowered. Variations of 4 additional Category
2 reactions listed in Tab. 1 cause smaller, but still
significant changes in the light curve. An additional
9 reactions do have some noticeable impact on the
light curve, but rate variations of much more than a
factor of 100 will be needed for a significant change.
We included the top 28 reactions in the multi-zone
variations.
The composition of the burst ashes is a↵ected by a

much larger number of reactions. Tab. 4 and Fig. 12
list reactions for which a factor of 100 change (either
up or down) of the rate leads to at least a factor of
2 change in the mass fraction of a mass chain with
significant (> 10�4) mass fraction. The maximum
ratio listed in Tab. 4 gives the largest change in the
mass fraction of a mass chain, calculated for each
mass chain as max(Xinitial, 10�4)/max(Xfinal, 10�4)

https://arxiv.org/abs/1607.03416 



A caveat: burst physics is far from complete 

Galloway, "Reconciling observations and models of thermonuclear bursts with nuclear experiments"  

bolometric correction 

1+z 

Preliminary MINBAR data (v0.6) 
+KEPLER models  
    [Lampe et al. 2015, ApJ 819, 46] 

Burst behaviour 
varies from source to 
source… 
… and broadly does 
not match models 

KEPLER 
models 



Summary and future prospects 

•  There remain some fundamental shortcomings in our 
understanding of the various burst phenomena 

•  At the same time we have access to a substantial 
accumulated dataset to analyse, as well as detailed models 

•  Prospects for future model-observation comparisons are 
excellent, and incorporating nuclear physics may allow us to 
constrain reaction rates etc. 

•  Longer term we have the prospect of exciting new data 
coming in from ASTROSAT and NICER 
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Observational milestones 

•  Photospheric radius-expansion bursts reach the (local) 
Eddington limit; utility as standard candle Basinska et al. 1984; Kuulkers 
et al. 2003 

•  Burst oscillations measure the neutron star spin; exhibit 1–2 
Hz drifts Strohmayer et al. 1996; Chakrabarty et al. 2003; Watts 2012 

•  “Superbursts” with durations of hours likely arising from 
carbon burning Cornelisse et al. 2000 

•  “Intermediate duration” bursts arising in low-accretion rate 
systems, burning of large pure-He fuel reservoirs Falanga et al. 
2009 

•  Burst spectra exploited to measure neutron star M, R Özel et al. 
2006, 2009, 2012 etc; Steiner et al. 2010 

… see also in ‘t Zand, arXiv:1102.3345, Strohmayer & Bildsten 2003 
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Cases of thermonuclear burning 
Label Accretion rate H-burning He-burning Notes 

I > 0.25 stable stable no bursts 
II 0.15–0.25 stable? overstable not observed? 
III 0.04–0.15 stable unstable mixed H/He bursts+ 

short recurrence times 
III* ? none present unstable “fast” pure-He bursts in 

ultracompacts 
IV 0.004–0.04 stable unstable pure He bursts 
V < 0.004 unstable unstable mixed H/He triggered 

by H; not observed 
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Accretion rate given as a fraction of the Eddington rate, 1.75×10-8 M¤ yr-1 
From global linear stability analysis of Narayan & Heyl (2003) 



Outstanding questions 

•  What causes burst oscillations? 
•  What causes the decrease in burst rate, observed for most 

sources at accretion rates above ~5% Eddington? 
•  Can we use bursts to unambiguously measure neutron star 

mass and radius? 
•  What ignites in superbursts? 
•  Why do all types of bursts – short, intermediate-duration, 

and super – seem to ignite at columns well below theoretical 
predictions? 

•  Can we use bursts to constrain (or measure) nuclear 
reactions? 
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Global burst behaviour 
R. Cornelisse et al.: Six years of Wide Field Cameras observations 1037

Fig. 2. Burst rate, Nburst, as a function of the observed count rate, Fpers (WFC cts s⌃1 cm⌃2; bottom axis) and the persistent flux, Fpers
(10⌃8 erg s⌃1 cm⌃2; top axis) for the nine frequent X-ray bursters in the galactic center region. The photon and energy flux are for a band-
pass of 2⌃28 keV.

GX3+1 and 4U1820-30. GS 1826-24 shows a large range of

decay times at all persistent flux levels, but almost no bursts

below 10 s are observed (i.e., less than 5% of all bursts). Of the

nine sources, this is the only one that shows this behavior.

Two trends can be observed for the decay times of

KS 1731-260. At high persistent flux (> 0.14WFC cts s⌃1 cm⌃2)
all decay times are below 10 s, as for e.g. GX 354-0. At lower

fluxes the spread in decay times increases rapidly and most

bursts have decay times well above 10 s, as for GS 1826-24.

However, in contrast to GS 1826-24, still a significant frac-

tion of bursts show decay times below 10 s (about 30%). The

same behavior is also suggested by the figures for 4U1702-

429, 4U 1705-44 and A 1742-294.

A spectral change instead of a change in persistent emis-

sion could be the only indication of a change in mass accretion

(van der Klis et al. 1990). This could explain the occurrence of

both long and short bursts at low persistent flux. We therefore

investigated the low persistent flux levels of KS 1731-260 in a

little more detail. At MJD 51799.60 and MJD 51799.72 there

were bursts with decay times of 4.7 ± 0.1 s and 20.8 ± 3.5 s,
respectively. Due to the low flux level of the source full reso-

lution spectra do not have enough statistics, and we resorted to

the study of hardness ratios. TheWFC passband was divided in

two channels from 2⌃6 keV and 6⌃28 keV, and derived hard-
ness ratios by dividing the count rates in the 6⌃28 keV with
the count rates in the 2⌃6 keV band. We found hardness ra-
tios of 0.68 ± 0.07 and 0.70 ± 0.08 for the periods prior to the
two bursts, respectively.We note that the average persistent flux

stayed constant at 0.111 and 0.115 WFC cts s⌃1 cm⌃2 in these
periods. The 1⌃ statistical fluctuations at one minute time res-
olution are 24% and 30%, respectively. We conclude that no

significant changes occurred between the two bursts.

The transition from short bursts to long/short bursts
in KS 1731-260 is rapid. Therefore, an observation

(at MJD 51637) where the persistent emission is at

this transition was analyzed in more detail. A spectrum

was derived for this observation, assuming an absorbed

bremsstrahlung spectrum with a hydrogen absorption column

of 1.3 ⇥ 1022 atoms cm⌃2 (Predehl & Schmitt 1995). A

temperature of 21.4 ± 3.4 keV and an unabsorbed flux of

(2.4 ± 0.3) ⇥ 10⌃9 erg cm⌃2 s⌃1 (2⌃28 keV) was estimated.
A power law spectrum with a photon index of 1.64 ± 0.06
gives a flux of (2.6 ± 0.2) ⇥ 10⌃9 erg cm⌃2 s⌃1 (2⌃28 keV;
corrected for absorption). Converting these numbers to a mass

accretion rate, assuming standard neutron star parameters

(R = 10 km, M = 1.4 M⇧, solar abundances) and 100%

•  Burst ignition models 
predict increasing burst 
rate with increasing 
accretion rate, up to the 
stable burning threshold 

•  Observations instead show 
a peak burst rate achieved 
at much lower accretion 
rate, and then decreasing 
burst rate at higher 
accretion rates 
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Analysis of 6 years of BeppoSAX 
data; Cornelisse et al. 2003 


