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Crust Composition and the Shallow Heat Source in KS 1731-260
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The presence of a strong shallow heat source of unknown origin in accreting neutron star crusts has
been inferred by analyzing x-ray observations of their cooling in quiescence. We model the cooling of
KS 1731-260 using realistic crust compositions and nuclear heating and cooling sources from detailed
nuclear reaction network calculations. We find that the required strength of the shallow heat source in
KS 1731-260 is reduced by more than a factor of 3 compared to previous analysis, a 5o difference that
alleviates the need for exotic solutions. Our analysis also suggests the existence of an impure nuclear pasta
layer in the inner crust of KS 1731-260, though future observations will provide more stringent constraints.
In addition, we obtain constraints on the dominant surface burning modes of KS 1731-260 over its history.

DOI: 10.1103/jwc8-xthv

Neutron stars in binary systems can accrete matter from
their companion star [1]. Quasipersistent transiently accret-
ing neutron star systems are a subset of soft x-ray transients
that are characterized by extended alternating periods of
accretion and quiescence that can last years to decades
[2,3]. They are bright x-ray sources during an accretion
outburst with luminosities of 10°6-3 ergs. During quies-
cence, this luminosity drops by many orders of magnitude,
revealing the thermal emission of the neutron star crust.
X-ray observations during extended periods of quiescence
indicate a decrease in luminosity over a timescale of
months. This is interpreted as cooling of the neutron star
crust that was heated during earlier accretion outbursts [3].
The cooling rate depends on the distribution of heat
sources, cooling mechanisms, and the thermal transport
properties of the crust, and thus carries information about
its structure and composition. Comparison of models of
neutron star crust cooling with x-ray observations have led
to many new insights, such as the well-ordered lattice
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structure of the outer crust [4—6], the presence of neutron
superfluidity in the inner crust [5,6], and the possible
existence of nuclear pasta at the crust-core transition [7,8].

During accretion, the neutron star crust is heated by nuclear
reactions that are induced by the steadily increasing density of
matter throughout the crust and include electron captures,
neutron captures, neutron transfer reactions, f decays, and
pycnonuclear fusion reactions [9-13]. However, to match the
x-ray observational data at early cooling times in most
sources, models have to include an additional, relatively
shallow heat source of unknown origin [6,14-17].
Additional evidence for a hotter-than-expected crust during
accretion comes from observations of superbursts, thermo-
nuclear explosions of an accumulated layer of carbon [18].
Reconciling observed superburst recurrence times of the
order of years and inferred ignition depths with models
requires an additional shallow heat source of similar
magnitude that facilitates superburst ignition [19].

Many theories for the origin of this extra heating have
been proposed—for example, viscous heating caused by
accretion induced shear [20], convective mixing [21],
nuclear fusion of light neutron-rich elements [22], electron
captures in the crust [23,24], pion-induced heating [25],

© 2025 American Physical Society
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gravity-wave transport of angular momentum [26], or
hyperbursts powered by explosive burning of an O-Ne
mixture [27]. The strength and location of the additional
unknown shallow heating can be constrained by matching
models with the observed cooling of accreting neutron stars
in quiescence. The inferred heating varies from a few MeV
per accreted nucleon (MeV /u) for most transient systems to
more than 10 MeV/u for MAXI J0556-332 [27,28].
Limited data from multiple observed outbursts of the
same source indicate that in some systems, such as
MXB 1659-29, the shallow heating per accreted nucleon
remains the same [29], whereas in other systems, such as
Aquila X-1, it varies from outburst to outburst [30]. All
these inferences about shallow heating depend on accurate
modeling of the thermal conductivity, which, in the crust,
is largely determined by impurity scattering of elec-
trons and is characterized by the impurity parameter
Qimp [6,31]. The impurity parameter is defined as Oy, =
> Yi(Z;—(Z))/>_;Y; with isotopic abundances Y,
element number Z;, and average element number (Z).

Cooling curve fits for quasipersistent transients typically
require Qj,, < 10 [6,32], with models either implementing
an average Qi for the entire crust or separate average
parameters for outer and inner crusts. Models, however,
predict considerable variations of Qj,, as a function of
depth [10]. Hydrogen and helium burning on the neutron
star surface, either in form of Type I x-ray bursts, or as
stable burning, produce a broad range of elements up to
Z =50 [33,34] resulting in a Qjy, of up to 100 in the
surface layers. Lau et al. [10] used a nuclear reaction
network to track the evolution of Qj,, as a function of
depth as nuclear reactions modify the composition and heat
the crust. While they found a gradual decrease of Qj,, with
depth, significant impurities are expected to persist in much
of the outer crust, depending on the initial composition
created by thermonuclear burning on the surface. Here, we
implement the detailed Qjy,,, profiles and associated nuclear
energy generation profiles for the outer crust obtained with
the nuclear reaction network described in [10] into a crust
cooling code and show that this affects the constraints of
system parameters such as the properties of additional
shallow heating significantly. We also reexamine the
possible role of a high impurity nuclear pasta layer at
the bottom of the inner crust [7,8].

We apply our updated model to the quasipersistent
transient system KS 1731-260, which entered quiescence
in early 2001 [35] after a ~12.5 yr outburst phase [36].
Since then, a number of observations with Chandra and
XMM-Newton [4,32,35,37,38] have tracked the cooling of
KS 1731-260. The data indicate that around 3000 days into
quiescence the x-ray luminosity leveled out, which has
been interpreted as the crust having cooled to the temper-
ature of the core. The previous model fits to the cooling
light curve of KS 1731-260 have obtained a shallow heat
source with a strength of 1.36 +0.18 MeV/u, a core

temperature of 9.354+0.25x 10’ K, and an average
Oimp for the crust of 4.4753 [32].

The starting point for a calculation of the crust nuclear
reactions is the composition of the ashes from thermonu-
clear burning during the accretion outburst. In principle,
x-ray observations during the outburst phase can constrain
this. KS 1731-260, however, exhibits a wide range of
burning behaviors. As the complete burning history over
the roughly 10000 yr of outburst that define the compo-
sition of the current crust is not known, it is unclear which
of these burning modes have produced the bulk of the
current crust. We perform our analysis with a range of
realistic ash compositions that represent the various
observed modes of thermonuclear burning. A total of
366 thermonuclear x-ray bursts have been detected from
KS 1731-260 with various instruments [39]. These bursts
include short bursts with timescales of seconds during
phases of high accretion (“banana branch™) that indicate
flashes of He burning. This burning regime has
a ~200-690, where «a is the ratio of energy released in
x-rays during fuel accretion to energy released in bursts.
This indicates the presence of significant concurrent stable
nuclear burning. During the phases of low accretion rate
(“island state”), longer x-ray bursts with durations of 30 s
are observed, indicating mixed hydrogen and helium
burning via the a-p and rapid proton (rp) capture processes.
A superburst, thought to be powered by explosive burning
of an accumulated carbon layer, has also been observed
from KS 1731-260 [18]. Each of these burning modes
produces a distinct abundance distribution (Fig. 1). We use
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FIG. 1. The abundances as a function of mass number for the

ashes of superbursts (blue) [34], mixed H/He bursts undergoing
rp process (red) [41], He powered x-ray bursts (orange) [33], and
stable nuclear burning (green) [42].
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the results from KEPLER [40] for the ashes of He powered
x-ray bursts [33] (accretion rates of 3.5 x 1071°M yr!
with solar metallicity), mixed H/He bursts (rp process) [41]
and superbursts [34]. For stable burning we adopt the
steady state burning results from Schatz et al. [42] for
an accretion rate of 1078Mg yr~!. For comparison with
previous work we also perform calculations assuming
thermonuclear burning produces pure >°Fe.

For each initial composition at the top of the crust,
we calculate as a function of depth the composition, Oimp>
nuclear heating, and neutrino cooling via crust Urca cool-
ing [43,44] using the nuclear reaction network XNet [45].
XNet includes a comprehensive set of nuclear reactions
such as electron captures, f~ decays, neutron capture and
emission, neutron transfer, and nuclear fusion (see
Refs. [10,11,46] for details).

The top panel in Fig. 2 shows the resulting impurity
parameter profiles for the different initial compositions
considered in this Letter. The crusts composed of stable
burning ashes have the highest impurity, followed by
rp-process ashes and then by He-burst ashes. The crusts
composed of pure *Fe or superburst ashes are the most
pure. There is a significant increase in impurity at depths
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FIG. 2. The upper panel shows the impurity parameter profile
and the lower panel shows the nuclear heating profile in the
neutron star crust. Nuclear heating is plotted as the total
integrated energy deposited up to the given depth. Different
curves correspond to different crust compositions considered in
this Letter.

of about log(P) ~30.6-30.8 for these compositions. This
is attributed to the onset of superthreshold electron-
capture cascades and superthreshold-electron-capture—
pycnonuclear fusion cycles as discussed in Lau ef al. [10].
The bottom panel in Fig. 2 shows the resulting nuclear
heating profiles in the crust. All crust compositions lead to
a similar heating profiles with the exception of He-burst
ashes. Since He-bursts are characterized by incomplete
burning of nuclear matter on the surface, their ashes carry
less binding energy per nucleon on average and hence
deposit more energy in the crust.

The nuclear reaction network outputs are then imple-
mented into the neutron star thermal transport code dStar [47].
dstar is a flexible, modular software package for calculations
of the thermal evolution of the neutron star crust during
accretion outbursts and subsequent quiescence that takes into
account a variety of heat sources and cooling mechanisms.
Qimp and nuclear heating profiles are directly taken from the
network calculations, while Urca cooling layers are imple-
mented as temperature dependent, neutrino cooling layers,
with the strength and location obtained from the nuclear
network calculations.

Nuclear theory predictions indicate the possibility of a
nuclear pasta layer in the deepest layers of the inner crust
with nucleonic densities greater than 0.05 nucleons/fm?
[48,49]. Molecular dynamics simulations predict signifi-
cant impurities in the pasta layer resulting in a relatively
high Qj,, = 40, which has been shown to significantly
affect models predicting the cooling of KS 1731-260 and
other systems [7,8]. We therefore carry out calculations
with and without such a pasta layer located at a pressure
beyond 3.5 x 10*? dyncm™2, corresponding to nuclear
pasta density of 9 x 10'* gem™.

Our model of KS 1731-260 accretes at a constant rate of
107 gs~! [50] for 4383 days before transitioning into
quiescence. The system is allowed to evolve over time and
the redshifted effective surface temperature (Tg) is tracked
at regular intervals to get the modeled cooling curves.
Technical details on the modeling of KS 1731-260
can be found in Supplemental Material [51] (see also
Refs. [52—-62] therein).

The model results are compared to quiescent Xx-ray
observations of KS 1731-260 with Chandra and XMM-
Newton satellites carried out over the years [4,32,35,37,38].
As pointed out in previous work, the calculations based on
known nuclear heating sources are unable to reproduce the
observations at early cooling times (Fig. 3). Consequently,
an artificial shallow heat source was implemented in dStar
with its strength O, and location at pressure Py, being free
parameters. The core temperature 7., is also chosen to
be a free parameter that acts as a boundary condition for
heat transfer. The three free parameters Qg,, Pg,, and Ty
are then determined from the observational data using
Bayesian inference. We start with wide uniform priors for
all three parameters and consider Gaussian likelihoods.
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FIG. 3. The best-fit cooling curves for KS 1731-260 for FIG. 4. The same as in Fig. 3 but for crust compositions that

different outer crust compositions without a nuclear pasta layer.
The best-fit values for the shallow heating parameters are listed in
Table 1.

Posterior distributions are sampled using MCMC sampling.
The median of the distributions is chosen to be the best-fit
value and asymmetric errors are quoted at the 68%
credibility intervals (16th and 84th percentile). Figures 3
and 4 show the best-fit cooling curves for different crust
compositions of KS 1731-260 without and with a nuclear
pasta layer in the inner crust, respectively. Table I lists the
corresponding best-fit values for the shallow heating
parameters. One finds that different crust compositions
require very different levels of shallow heating to fit the
same observational data; crusts composed of °Fe or
superburst ashes require more than 3 times the shallow

TABLE L.

include a nuclear pasta layer at the crust-core transition.

heating than crusts composed of stable burning ashes. In
contrast, shallow heating depth and core temperature are
relatively robust and do not depend strongly on the
composition of the outer crust.

We find significant differences in the fit quality and the
best fit Qg, for different composition and heating profiles
in the outer crust. This highlights the importance of the
nuclear reactions during thermonuclear burning on the
surface, and the importance of tracking the detailed
composition in the outer crust. In principle, this can be
used to constrain the outer crust composition and thus to
define the dominant thermonuclear burning mode of the
system. However, the conclusions depend significantly on
whether a nuclear pasta layer is included or not. Without a

Best-fit parameters for the shallow heat source in KS 1731-260 from crust cooling observations in quiescence for different

outer crust compositions. They are reported for models with and without a nuclear pasta layer at the crust-core transition.

Nuclear pasta Crust Strength Oy, Depth Core temperature Reduced—y?
layer composition (MeV /u) logo(Pg,/dyncm™2) (Teore/107 K) (8—=3=5) dof.
No S6Fe ashes 1.60%912 27.2+08 7.024014 5.84
Superburst ashes 1.527518 27.1°09 6.98 01 5.47
Rp-process ashes 0.6170:9° 26.670¢ 6.552013 3.37
He-burst ashes 0.827006 267103 6.40703 3.66
Stable burning ashes 0.45%00% 269707 7.0970% 2.75
Yes 50Fe ashes 123105 26.7101 5771048 1.39
Superburst ashes 1175008 26.74)1 57701 1.63
Rp-process ashes 0.467 00 26.610% 573500 6.75
He-burst ashes 0.52:009 26.7°01 5317018 8.89
Stable burning ashes 0.3870:% 26.7104 6.1910:17 1.52
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nuclear pasta layer, stable burning ashes are preferred while
relatively pure superburst and pure >’Fe ashes are signifi-
cantly disfavored. This suggests that stable burning in the
high accretion rate state is the dominant thermonuclear
surface burning mode of KS 1731-260. This burning mode
does produce significant amounts of carbon and is one
of the most promising pathways to explain the existence of
superbursts since unstable H and He burning tends to
produce only negligible amounts of carbon. The disfavor-
ing of superburst ashes would then imply that the con-
ditions are such that the carbon produced in stable burning
is itself burned mostly stably, with superbursts being a rare
occurrence over the lifetime of the system. However, when
anuclear pasta layer is included, the picture changes. While
stable burning ashes still provide a very good fit, the fit
quality with a high purity composition such as superburst
ashes or %Fe is similar. As a consequence, high accretion
rate stable burning is again preferred (by producing an
outer crust composition that fits observations, or by
producing the fuel for superbursts, which in turn produce
an acceptable outer crust composition), but there would be
no constraint on the frequency of superbursts and the
fraction of stable burning ashes they process.

An outer crust composed of stable burning ashes results
in an excellent fit of the observational data with a shallow
heating strength of just 0.38 or 0.45 MeV/u, with and
without pasta layer, respectively. These values are consid-
erably lower compared to previous work, e.g., the inferred
1.36 + 0.18 MeV/u in the analysis of Merritt et al. [32]
using a uniform, low Qj,, and standard heating profiles.
The high impurity in the outer crust slows down the cooling
and therefore the crust need not be as hot at the beginning
of quiescence to fit the first observation. This new, much
lower inferred value for the strength of shallow heating is
comparable to the uncertainties in nuclear heating [24],
alleviating the need for more exotic solutions to the shallow
heating problem, though the location of heat deposition has
to be considered as well. The low shallow heating does
lead to distinct cooling profiles prior to the first data point
of KS 1731-260 65 days after the onset of quiescence,
highlighting the importance of early observations to con-
strain shallow heating and, according to our new calcu-
lations, also the composition of the outer crust.

Overall we find significantly better fits of the observa-
tional data with the models that include a nuclear pasta
layer. This confirms the result of Deibel et al. [8] that was
based on a simplified outer crust composition. However, it
contradicts previous work that found cooling curves could
be fit equally well with and without pasta [7,32]. Inclusion
of the pasta layer brings an important change in the
interpretation of the leveling off of the observed cooling
curve as it does not require reaching the core temperature.
Instead, it merely indicates the slowdown in cooling
produced by the low thermal conductivity pasta layer,
and cooling is predicted to continue to a significantly lower

core temperature. This has been found before [7,8] and in
fact has been used to explain the initially surprising
continued cooling observed in MXB 1659-29. Clearly
future observations of KS 1731-260 could be used to
provide more evidence for the existence of a high impurity
pasta layer. One difference in our analysis is the somewhat
lower inferred core temperature (7. = 5-7 x 107 K, vs
9 x 107 K [8]) that would result in stronger continued
cooling that may be more straightforward to observe.

In conclusion, we find that taking into account the
detailed composition of the outer crust, defined by the
thermonuclear burning on the surface and nuclear reactions
in the crust is important for the interpretation of observa-
tions of cooling in quasipersistent soft x-ray transients. The
outer crust composition not only defines nuclear heating
profiles, as has been pointed out before, but also affects
thermal conductivity as a function of depth. Applying our
model to KS 1731-260, we find that for the best fit realistic
outer crust composition, only 0.35-0.45 MeV /u of addi-
tional shallow heating is required. This is lower by 5o
compared to previous work that obtained values in excess
of 1 MeV /u. Such a low value could possibly be reconciled
with nuclear heating uncertainties, and thus may alleviate
the need for more exotic explanations. It remains to be seen
if this result is applicable to other sources, in particular
sources where observational data are available at earlier
times in the quiescence phase.

We also find that based on the observed x-ray cooling data
during quiescence, the crust is likely to be dominated by the
ashes of stable H and He burning, possibly modified further
by subsequent superbursts. Our fits to the observational data
have some preference for the existence of a low conductivity
disordered nuclear pasta layer in the inner crust. Future
observations of KS 1731-260 can be used to test this
hypothesis more conclusively, and our results predict a
stronger signature compared to previous calculations.

Our assumption of the outer crust of KS 1731-260 being
dominated by a single thermonuclear burning mode and
associated crustal reactions is a simplification. Given the
variety of thermonuclear burning modes observed in KS
1731-260, the crust could in principle be composed of
layers with different compositions. Shorter term variations
over timescales of years may be affected by sedimentation
and phase separation in the liquid ocean [21]. This may lead
to homogenization or further separation in steady state and
remains to be explored. Lateral composition differences
from anisotropies in accretion or nuclear burning may also
exist [63,64]. We also assume a constant accretion rate
during outburst in line with previous work [6,32,50]. Ootes
et al. [65] pointed out that the variations in the accretion
rate may affect the modeled cooling curves, mainly prior to
the first observed data point in KS 1731-260. We per-
formed test calculations with their time variable accretion
rate that changed the extracted shallow heat strength by
less than 10%.
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It was recently suggested [13,66,67] that accounting for
the diffusion of the superfluid neutrons and associated
hydrostatic equilibrium conditions induce an early transi-
tion to a composition close to equilibrium. This would
prevent pycnonuclear fusion in the inner crust and reduce
deep nuclear heating. Recent work by Potekhin et al. [68]
demonstrated that cooling curves can be fitted equally well
with this model, while still requiring additional ingredients
like shallow heating, and variations in thermal conductivity.
While the impact of adopting an alternative inner crust
model on our results remains to be explored, we do not
expect a major impact on our main conclusions in regards
to shallow heating, which are primarily based on a novel
treatment of the outer crust.
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