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ABSTRACT

This is a concise and non-technical review of topics related to neutron star (NS) cooling, for both young NSs and NSs in low-mass

x-ray binaries. Neutrino emission from the NS core drives cooling rates, via different processes including Urca processes and pair

breaking and formation at the neutron superfluid critical temperature. Key insights have been given by the temperatures of the
coldest NSs, by the rapid (questioned) cooling of the Cas A NS, and by measuring the cooling of transient NS x-ray binaries after

accretion episodes.

1 | Introduction

Neutron stars (NSs) contain extremely dense material, that can-
not be studied in such a dense and stable state elsewhere in
the Universe. This material, which may be composed primarily
of neutrons, is theorized to exhibit intriguing properties, which
may include superfluidity and rearrangement of its constituent
quarks into other hadronic particles (or possibly even into a free
quark state). One of the most powerful tools to study the physics
of NS interiors is the temperature of NSs. By studying how NSs
are heated and cooled, we get a view of the thermal state of the
interior of the star.

In this article, I will give a simple review of some interesting cur-
rent problems related to NS cooling. I first briefly remind read-
ers of NS structure (Section 2), and then simply summarize key
cooling mechanisms of NSs (Section 3). Section 4 describes some
recent results on the cooling of young NSs, with a focus on the
young NS in Cas A. Section 5 describes interesting constraints
on NS crusts from observations of x-ray binaries just after accre-
tion episodes, and Section 6 discusses results on NS cores from
the coldest NSs in x-ray binaries between outbursts. Section 7

concludes. I will not cover the cooling of NSs with high mag-
netic fields (magnetars), and heating due to decaying magnetic
fields, as that introduces additional complex theory in which Iam
not an expert; some papers covering magnetar heating and cool-
ing include Beloborodov and Li (2016), Coti Zelati et al. (2018),
Pons et al. (2007), Turolla, Zane, and Watts (2015), and Vigano
et al. (2013).

2 | Structure of NSs

NSs span a wide range of density and thus physics (see Figure 1).
Many NSs possess atmospheres, gaseous (often ionized) mate-
rial with a scale height of a few centimeters. The composition
of this atmosphere alters the observed spectrum, which can
in some cases be distinguished by x-ray spectroscopy (Ho and
Heinke 2009; Potekhin 2014; Rajagopal and Romani 1996; Zavlin,
Pavlov, and Shibanov 1996). Below the atmosphere is a liquid
envelope of normal (high-density) matter, 10s of meters deep; this
may be dominated by light elements (e.g., H, He, O) or heav-
ier elements (e.g., Fe), affecting the insulating properties of the
envelope.
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FIGURE1 | [Illustration of the structure of a NS, by Dany Page.

Below the envelope is the crust of the NS, a (quasi-) solid layer
where the material transitions from an ionic lattice to NS inte-
rior matter. This transition probably includes a so-called “pasta”
phase, where the nucleons bind into various complex shapes in
configurations larger than nuclei.

The outer core of the NS is thought to consist largely of neu-
trons, with small admixtures of protons, electrons, and muons.
As the density increases toward the inner core, some or all of
the quarks may rearrange into other forms, such as hyperons or
kaons; or conceivably become unbound from baryons into a free
quark soup.

3 | Cooling Physics

3.1 | Cooling of Young Neutron Stars

NSs are born at extremely high temperatures of billions of
degrees, in the hearts of supernovae. For the first 10°-10° years,
their cooling is thought to be dominated by neutrino emission
processes from their cores, after which surface photon emis-
sion dominates (see Figure 2). It takes roughly a hundred years
for the cooling wave (from neutrino emission in the core) to
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reach the surface; this explains the initial plateau and then sharp
drop of the surface temperature after a century. See Yakovlev
and Pethick (2004), Page et al. (2004), and Potekhin, Pons, and
Page (2015) for detailed reviews of NS cooling.

The most efficient neutrino cooling mechanism in NS cores is the
standard (proton) “direct Urca” process, in which baryons trans-
form between being a proton or neutron, emitting or absorbing a
lepton (¢, either an electron or muon);

n—pt+ET+V,
P+ > n+v,

These reactions can produce substantial neutrino emission,
rapidly cooling the star, if the chemical potential is energetically
favorable to protons (roughly >10% protons); this may be true
only above some critical density. If other particles (e.g., hyperons,
pions, kaons) are present in significant numbers, then very effi-
cient Urca cooling processes involving these particles may occur.
If direct (proton) Urca is permitted without impediment, NSs
can cool very rapidly, to near-undetectability within 100 years
(see Figure 3). If direct Urca is permitted above a density thresh-
old, then higher-mass NSs may access it, while lower-mass NSs
will not.
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FIGURE2 | Anexample coolingcurve forayoungNS, from Yakovlev
and Pethick (2004), with some datapoints from young NS temperatures.
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FIGURE 3 | Direct Urca cooling models, shown for high-mass stars
that access direct Urca (for nucleons, kaons, or muons) as well as
for lower-mass stars cooling by neutron bremsstrahlung. Some data-
points from young NS temperatures are plotted. From Yakovlev and
Pethick (2004).

If direct Urca reactions are not permitted, NSs will cool by
slower methods; modified Urca cooling, which is like direct
Urca but requires participation of another nucleon; and/or
nucleon-nucleon bremsstrahlung. These slower processes are
termed minimal cooling. A significant range in photon cooling
rates can be achieved by variation in the composition of the enve-
lope, as light elements are a more efficient conductor; thus a NS
with a light-element envelope will be hotter earlier and cool more
quickly (Figure 4; e.g., Page et al. 2004).

Log T,” [K]

Log t [yrs]

FIGURE 4 | Effects of different amounts of light elements (indicated
by the log of the mass of light elements, in M) in the NS envelope, from
Page et al. (2004).

3.2 | Effects of Superfluidity

As NSs cool, an energy gap appears between unpaired and paired
states, in which like nucleons are attracted and “pair up” into
so-called Cooper pairs, producing a superfluid state. Neutrons
and protons are thought to settle into different density-dependent
superfluid states (with a different critical temperature for each
superfluid state) in the cores and crusts of NSs, producing several
effects, including spin-up episodes known as “glitches” (Ander-
son and Itoh 1975), and several effects on the cooling of NSs
(Page et al. 2014). First, the pairing of either neutrons or pro-
tons suppresses all Urca processes, direct and modified, pre-
venting rapid cooling where nucleons are fully paired. Second,
the pairing of nucleons alters the heat capacity of the relevant
nucleon (neutrons), reducing their heat capacity at low temper-
atures, thus at late times. Finally, around the critical temper-
ature, nucleons enter into paired states, occasionally emitting
neutrino-antineutrino pairs; then gain enough thermal energy
to break the pairing, and then fall into paired states again. This
“pair breaking and formation” (PBF) process has the effect of
rapidly cooling the NS over a short period (Flowers, Ruderman,
and Sutherland 1976). These effects are illustrated in Figure 5,
from Page et al. (2004), which show that (a) pairing suppresses
cooling during the early neutrino cooling era; (b) the reduction of
heat capacity means that paired stars cool faster in the late photon
cooling era; (c) PBF produces faster early cooling.

4 | Young Neutron Stars

The surface temperatures or luminosities of young NSs can be
measured in the x-ray (or sometimes UV), and their ages can be
estimated via associations with supernova remnants or groups of
young stars, or for pulsars by using characteristic ages (how long
it would take for them to reach their current spin periods, from
an initial miniscule period, at their current spindown rate; clearly
this is a very rough estimate). This allows us to plot the positions
of young NSs, and compare them with cooling models. A compi-
lation (Figure 6) of young NS ages and temperatures by Potekhin
et al. (2020) demonstrates that the majority of young NSs could
be explained by “minimal cooling” scenarios (those using only
modified Urca and pairing, without direct Urca). However, a few
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FIGURE5 | Simple illustration of superfluid effects on NS cooling,
from Page et al. (2004). Lines indicate cooling trajectories of NSs where
pairing suppresses Urca processes, without including PBF; NSs without
pairing; and NSs including the effects of both pairing and PBF.
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FIGURE6 | Compilation by Potekhin et al. (2020) of young NS ages
and temperatures, including “TINS” thermally emitting isolated NSs;
“PSR” pulsars; and “XINS” nearby NSs detected in the x-ray. The curves
represent theoretical cooling curves with heat blanketing envelopes com-
posed of Fe, C, or He (cf. Figure 4).

objects appear to be much colder than these tracks can explain,
requiring fast cooling processes such as direct Urca to operate
in some NSs (e.g., Halpern et al. 2004; Kaplan et al. 2004; Slane,
Helfand, and Murray 2002).

The youngest NS known in our galaxy is the Cassiopeia A NS
(Cas A), only ~300years old. Heinke and Ho (2010) argued
that Chandra datasets over 10 years showed a decrease of 4% in
the surface temperature of the Cas A NS (Figure 7). This was
considered such a sharp decline that neutrons in the Cas A NS
are likely in the midst of their PBF transition to a superfluid
state (Page et al. 2011; Shternin et al. 2011). The relatively high
temperature suggests that the protons became superfluid even
earlier, suppressing modified (or direct) Urca cooling. Alternative
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FIGURE 7 | Initial Cas A temperature measurements using Chandra
ACIS data, showing a 4% temperature decline per decade. Inset shows
the superfluid model, with the modeled temperature cooling slowly ini-
tially (due to the proton superfluid suppressing modified Urca cooling),
and then rapidly dropping due to superfluid PBF as the core temperature
passes the neutron superfluid critical temperature (plot from Shternin
etal. 2011).

explanations for this rapid cooling have also been advanced (e.g.,
Blaschke et al. 2012; Hamaguchi et al. 2018).

However, the Chandra ACIS data favoring rapid cooling suffers
from potential systematic issues; the NS spectrum is piled up
(multiple photons may be registered as one photon, or misinter-
preted as a cosmic ray and discarded), while the ACIS detector
suffers increasing levels of contamination. Interactions between
these effects could alter the observed cooling rate. Elshamouty
et al. (2013) analyzed several Chandra observations of the Cas
A NS with a different detector, HRC-S, finding a temperature
drop of only 1.0+0.7% over a decade. Posselt et al. (2013)
analyzed two ACIS observations taken in a different mode,
reading out only part of the detector to prevent pileup, and
did not find a significant temperature drop between 2006 and
2012. Adding two more ACIS subarray observations produced
a best-fit temperature decline of 1.5%-2.3% per decade (Posselt
and Pavlov 2022). Intriguingly, recalibration and extension of the
original full-frame ACIS data indicates a consistent temperature
decline of 1.6%-2.2% per decade (Shternin et al. 2023). Finally,
Zhao, Heinke et al. in prep.) are analyzing new HRC-S observa-
tions of Cas A, with preliminary results of a temperature decline
of 0.9 + 0.2% per decade. Thus, three separate lines of experiment
are converging (or nearly) to say that the Cas A NS is indeed
cooling, but at ~1/4 of the originally claimed rate. Such a lower
cooling rate would be easier for the superfluid PBF transition
explanation to accomodate, while still far too fast for standard
(modified Urca) cooling to explain.

5 | X-Ray Binary Cooling Crusts

NSs can also be heated by accretion, in low-mass x-ray binary
systems, some of which undergo transient accretion “outbursts”
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followed by longer periods of quiescence. Accretion releases
heat at the surface, but also deep inside the crust, as pres-
sure forces nuclear fusion (“deep crustal heating”; Haensel and
Zdunik 1990). Observing thermal emission from NSs after out-
bursts allows us to measure heat trickling from different layers
of the NS crust, and thus to infer how deep the heat is produced,
how much heat is produced, and the insulating properties of the
crustal layers (Rutledge et al. 2002). Observations of multiple
transients with XMM-Newton and Chandra over timescales of
weeks to decades have revealed strong crustal cooling, with differ-
ences in the cooling rate and amplitude (see Figure 8; Wijnands,
Degenaar, and Page 2017).

The low-mass x-ray binaries KS 1731-260 and MXB 1659-29
returned to quiescence in 2001 after outbursts of 12 and 2.5 years
duration (respectively), and x-ray observations have measured
the cooling of their crusts since then (e.g., Cackett et al. 2008;
Merritt et al. 2016). The relatively rapid cooling implies that the
crust has high thermal conductivity, with a crystalline (rather
than amorphous) structure, and contains a neutron superfluid,
reducing the neutron heat capacity in the crust (Brown and Cum-
ming 2009; Shternin et al. 2007). Figure 9 shows how the speed
of cooling constrains the impurity parameter Q.

However, MXB 1659-29 also showed evidence for continuing
cooling 11years after its outburst ended (Cackett et al. 2013,
not shown in Figure 8), which would imply a low thermal con-
ductivity layer in the deep crust with non-superfluid neutrons,
likely in a “pasta” layer (Deibel et al. 2017), or else as a crustal
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FIGURE 8 | Crust cooling curves of 11 transient x-ray binaries after

outbursts, showing a variety of cooling amplitudes and timescales. Plot
courtesy of D. Page, modified from Page et al. (2022).
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FIGUREY9 | Crust cooling curve of MXB 1659-29 (NS temperature
vs. days after accretion ended), with model cooling curves for different
choices of impurity parameter Q (other parameters adjusted to fit the first
point), from Brown and Cumming (2009).

neutron superfluid that does not have an energy gap (Allard
and Chamel 2024). However, the small number of counts in
the crucial 11-year observation of MXB 1659-29 could also be
explained by increased photoelectric absorption of the x-rays by
matter in the accretion disk, plausible given the edge-on state
of the system (Cackett et al. 2013), and KS 1731-260 did not
show such continued cooling at 15 years into quiescence (Merritt
et al. 2016). Unfortunately for resolving this conundrum, MXB
1659-29 returned to outburst in 2015 (Sharma et al. 2018); fol-
lowing its quiescent cooling until ~2028, along with other cooling
NSs (e.g., Ootes et al. 2019), would be very helpful.

Deep crustal heating was thought to provide 1.5-2MeV per
accreted nucleon of heating (Haensel and Zdunik 2008). How-
ever, observations of crustal cooling have shown evidence for sig-
nificant extra heating at shallow crustal depths (e.g., Brown and
Cumming 2009; Degenaar, Brown, and Wijnands 2011; Degenaar
etal. 2019; Merritt et al. 2016; Turlione, Aguilera, and Pons 2015).
Typically this excess heating has been measured at another
1-2MeV/nucleon. However, the bright distant transient MAXI
J0556-332 showed larger extra heating, 15-17 MeV/nucleon
after its first outburst (Deibel et al. 2015; Homan et al. 2014, see
Figure 8). Some NSs have shown similar shallow heating in mul-
tiple outbursts (MXB 1659-29, Parikh et al. 2019) while different
outbursts produce very different amounts of shallow heating in
others (Aql X-1, Degenaar et al. 2019; MAXI J0556-332, Parikh
et al. 2017). The origin of this shallow heating is not understood,
with suggestions ranging from chemical convection (Medin
and Cumming 2015), to mechanical energy in the ocean layer
(Inogamov and Sunyaev 2010), to a “hyperburst” burning oxygen
and neon in deep layers (Page et al. 2022).

The original deep crustal heating paradigm assumed that
accreted elements were compressed by later accretion, with
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changes in composition caused by pressure-induced reac-
tions (Haensel and Zdunik 1990). However, Gusakov and
Chugunov (2020) recently pointed out that neutrons are free to
move within the crust, and thus will move so as to equilibrate
the free neutron chemical potential, making accreted NS crusts
energetically similar to ground-state NS crusts (as assumed
for the original post-supernova crust). This reduces the heat
released in the deep crust during accretion, but given the free
parameters remaining in shallow heating it is also possible to fit
crust cooling curves with this new model (Potekhin, Gusakov,
and Chugunov 2023).

6 | Cold Cores of X-Ray Binaries

A portion of the heat that is produced in the deep crust during
accretion episodes will flow into the core of the NS and back
out during long quiescent periods, coming to equilibrium on
timescales of ~10* years (Brown, Bildsten, and Rutledge 1998).
Thus, the temperature of NSs in deep quiescence, after their
crusts have cooled back to equilibrium with their cores, should
reflect their long-term average mass transfer rate. However, heat
can also leave the core via neutrino emission mechanisms dis-
cussed in Section 3, producing unusually cold NSs. Indeed, many
NSs have been observed to be substantially cooler than predicted
by “standard” NS cooling (Campana et al. 2002; Colpi et al. 2001;
Heinke et al. 2009, 2007; Jonker et al. 2007; Wijnands et al. 2001).
This indicates that strongly enhanced neutrino cooling must be
necessary, at the level provided by direct Urca processes, in the
most massive NSs in x-ray binaries (Beznogov and Yakovlev 2015;
Wijnands, Degenaar, and Page 2013; Yakovlev et al. 2004; see
Figure 10). Study of the cooling of MXB 1659-29 after outbursts
allow strong constraints on its neutrino luminosity, which appear

| Heating: (H) = (Que /m, )™ | | Neutrino
T T T T - cooling
108 L i
i |Slow:
— Brems.
10% ¢ - e MUrca
& A PBF
= MMUrca
T, 0%k
20 o\'\‘\% Fast:
10 Q\&\c J'(jr . ZPIC oy S Pion
);5."/" Rl Chsl DUrca
N AR G
10 2 \/ ,' //i'/
10 f"/ @ 3
r'ﬂp r ry !
107" 107" 107" 10710 107° 1078
M) Mg yr")
FIGURE10 | Inferred long-term mass transfer rate of many different

x-ray binaries, compared to their quiescent thermal x-ray luminosity, and
to predictions of several neutrino cooling mechanisms that may be oper-
ational in NS cores (plot from Wijnands, Degenaar, and Page 2013).

to require direct Urca emission (Brown et al. 2018). Intrigu-
ingly, permitting direct Urca in NS cores requires small energy
gaps in the core neutron superfluid (Fortin et al. 2018; Han and
Steiner 2017), which appears to be in tension with the superfluid
properties necessary to explain the Cas A NS cooling.

Alternatively, the coldest NSs may have very different long-term
(10* years) mass transfer rates than observed (over ~50years).
SAX J1808.4-3658’s extremely cold state is difficult to understand,
as the current mass constraints, while poor, suggest a relatively
low-mass (1.07)5 M) NS (Wang et al. 2013), while its fast cooling
suggests it should have a mass well above average. This conflict
might be rectified if SAX J1808.4-3658 is in a temporary x-ray
binary phase, and spent most of the last 10* years in a pulsar
state. Its initially fast orbital expansion suggested it might indeed
detach soon (di Salvo et al. 2008), but its orbit has reversed and
is now shrinking (Illiano et al. 2023); its orbital variation, and
longer-term behavior, remains poorly understood.

7 | Conclusions

NS cooling, measured via x-ray observations, significantly con-
strains the physics of NS cores and crusts. Many young NSs fol-
low a relatively standard cooling track, consistent with cooling
by modified Urca and/or pair breaking and formation as the neu-
trons transition into a superfluid state. However, some are sig-
nificantly colder, indicating enhanced neutrino cooling processes
such as direct Urca must be active in the cores of the most mas-
sive NSs. The young NS in the Cas A supernova remnant appears
to show detectable cooling, in the range of 1%-2% temperature
decrease per year. This rapid cooling has been attributed to pair
breaking and formation as neutrons in the interior transition to a
superfluid, though other explanations remain possible.

Older NSs in x-ray binaries experiencing transient accretion test
the thermal properties of both the crust and core. Their cooling in
the weeks to years after an accretion episode reveals the conduc-
tivity of the crust and the magnitude of crustal heating. Recent
observations have imposed strong limits on crustal impurities,
and produced evidence for additional sources of shallow crustal
heating during accretion, that vary between accretion episodes.
The baseline thermal quiescent emission is set by heat that has
collected in the NS core over many outbursts. Observations of sev-
eral quiescent NSs show evidence for very cold NSs, that appear
to require rapid cooling on the scale that can be provided by
direct Urca.

The details of NS thermal evolution still have many unanswered
questions, such as: Are neutron superfluid gaps large or small?
What is the source of shallow heating observed in cooling NS
crusts? Which process (direct Urca with protons, or something
more exotic) cools the fastest-cooling NSs? What is the mass
threshold at which this process is available in NS cores? The
results so far have depended on access to highly sensitive x-ray
telescopes, such as XMM-Newton and particularly the Chan-
dra x-ray Observatory; continued advances will require contin-
ued access to these telescopes, and eventually to more powerful
SuCcessors.

6 of 9

Astronomische Nachrichten, 2025

511901 SUOWIWIOD dAIERID 3|qedt|dde au Ag paueA0b a1e S3P1Le YO 138N JO S3IN1 10} Afeiq1 7 8UIUO AB]1AA UO (SUOIPLOD-PUB-SLUBI WD 43| 1M ARe.q1 Ul |UO//SAIY) SUORIPUOD PUe SW L 81 39S *[S202/20/70] uo Atlqiauliuo Ao|im puloliqiqenueZ - AS3A Ad 0TTOYZ0Z BuSe/Z00T OT/I0p/W0d" 3] 1w Akeiq 1juljuo//:sdiy wouj papeo|umoq ‘T ‘5202 ‘Y66ETZST



Acknowledgments

I particularly thank Peter Shternin for extensive suggestions, and Dany
Page for providing an updated version of Figure 8. I also thank Dima
Yakovlev for a great suggestion, and Dany Page, Peter Shternin, Dima
Yakovlev, Ed Brown, Sasha Potekhin, and Rudy Wijnands for permissions
to reuse figures.

Conflicts of Interest

The author declares no conflicts of interest.

References

Allard, V., and N. Chamel. 2024. “Gapless Neutron Superfluidity Can
Explain the Late Time Cooling of Transiently Accreting Neutron Stars.”
Physical Review Letters 132, no. 18: 181001. https://doi.org/10.1103
/PhysRevLett.132.181001.

Anderson, P. W., and N. Itoh. 1975. “Pulsar Glitches and Restlessness
as a Hard Superfluidity Phenomenon.” Nature 256, no. 5512: 25-27.
https://doi.org/10.1038/256025a0.

Beloborodov, A. M., and X. Li. 2016. “Magnetar Heating.” ApJ 833, no. 2:
261. https://doi.org/10.3847/1538-4357/833/2/261.

Beznogov, M. V., and D. G. Yakovlev. 2015. “Statistical Theory of Thermal
Evolution of Neutron Stars — II. Limitations on Direct Urca Threshold.”
Monthly Notices of the Royal Astronomical Society 452, no. 1: 540-548.
https://doi.org/10.1093/mnras/stv1293.

Blaschke, D., H. Grigorian, D. N. Voskresensky, and F. Weber. 2012.
“Cooling of the Neutron Star in Cassiopeia.” Physical Review C 85, no.
2:022802. https://doi.org/10.1103/PhysRevC.85.022802.

Brown, E. F., L. Bildsten, and R. E. Rutledge. 1998. “Crustal Heating and
Quiescent Emission From Transiently Accreting Neutron Stars.” ApJ 504,
no. 2: L95-198. https://doi.org/10.1086/311578.

Brown, E. F., and A. Cumming. 2009. “Mapping Crustal Heating With
the Cooling Light Curves of Quasi-Persistent Transients.” ApJ 698, no. 2:
1020-1032. https://doi.org/10.1088/0004-637X/698/2/1020.

Brown, E. F., A. Cumming, F. J. Fattoyev, C. J. Horowitz, D. Page, and
S. Reddy. 2018. “Rapid Neutrino Cooling in the Neutron Star MXB
1659-29.” Physical Review Letters 120, no. 18: 182701. https://doi.org/10
.1103/PhysRevLett.120.182701.

Cackett, E. M., E. F. Brown, A. Cumming, et al. 2013. “A Change in the
Quiescent X-Ray Spectrum of the Neutron Star Low-Mass X-Ray Binary
MXB 1659-29.” ApJ 774, no. 2: 131. https://doi.org/10.1088/0004-637X
/774/2/131.

Cackett, E. M., R. Wijnands, J. M. Miller, E. F. Brown, and N. Degenaar.
2008. “Cooling of the Crust in the Neutron Star Low-Mass X-Ray Binary
MXB 1659-29.” ApJ 687, no. 2: L87. https://doi.org/10.1086/593703.

Campana, S., L. Stella, F. Gastaldello, et al. 2002. “An XMM-Newton
Study of the 401 Hz Accreting Pulsar SAX J1808.4-3658 in Quiescence.”
ApJ 575, no. 1: L15-L19. https://doi.org/10.1086/342505.

Colpi, M., U. Geppert, D. Page, and A. Possenti. 2001. “Charting the Tem-
perature of the Hot Neutron Star in a Soft X-Ray Transient.” ApJ 548, no.
2:L175-L178. https://doi.org/10.1086/319107.

Coti Zelati, F., N. Rea, J. A. Pons, S. Campana, and P. Esposito. 2018.
“Systematic Study of Magnetar Outbursts.” Monthly Notices of the Royal
Astronomical Society 474,no.1: 961-1017. https://doi.org/10.1093/mnras
/stx2679.

Degenaar, N., E. F. Brown, and R. Wijnands. 2011. “Evidence for Crust
Cooling in the Transiently Accreting 11-Hz X-Ray Pulsar in the Globular
Cluster Terzan 5.” Monthly Notices of the Royal Astronomical Society 418,
no. 1: L152-L156. https://doi.org/10.1111/j.1745-3933.2011.01164.x.

Degenaar, N., L. S. Ootes, D. Page, et al. 2019. “Crust Cooling of the Neu-
tron Star in Aql X-1: Different Depth and Magnitude of Shallow Heating
During Similar Accretion Outbursts.” Monthly Notices of the Royal Astro-
nomical Society 488, no. 4: 4477-4486. https://doi.org/10.1093/mnras
/stz1963.

Deibel, A., A. Cumming, E. F. Brown, and D. Page. 2015. “A Strong Shal-
low Heat Source in the Accreting Neutron Star MAXI J0556-332.” ApJ
809, no. 2: L31. https://doi.org/10.1088/2041-8205/809/2/L31.

Deibel, A., A. Cumming, E. F. Brown, and S. Reddy. 2017. “Late-Time
Cooling of Neutron Star Transients and the Physics of the Inner Crust.”
ApJ 839, no. 2: 95. https://doi.org/10.3847/1538-4357/aa6al9.

di Salvo, T., L. Burderi, A. Riggio, A. Papitto, and M. T. Menna. 2008. “Or-
bital Evolution of an Accreting Millisecond Pulsar: Witnessing the Ban-
quet of a Hidden Black Widow?” Monthly Notices of the Royal Astronom-
ical Society 389, no. 4: 1851-1857. https://doi.org/10.1111/j.1365-2966
.2008.13709.x.

Elshamouty, K. G., C. O. Heinke, G. R. Sivakoff, et al. 2013. “Measuring
the Cooling of the Neutron Star in Cassiopeia A With All Chandra X-Ray
Observatory Detectors.” ApJ 777, no. 1: 22. https://doi.org/10.1088/0004
-637X/777/1/22.

Flowers, E., M. Ruderman, and P. Sutherland. 1976. “Neutrino Pair
Emission From Finite-Temperature Neutron Superfluid and the Cool-
ing of Young Neutron Stars.” ApJ 205: 541-544. https://doi.org/10.1086
/154308.

Fortin, M., G. Taranto, G. F. Burgio, P. Haensel, H. J. Schulze, and J. L.
Zdunik. 2018. “Thermal States of Neutron Stars With a Consistent Model
of Interior.” Monthly Notices of the Royal Astronomical Society 475, no. 4:
5010-5022. https://doi.org/10.1093/mnras/sty147.

Gusakov, M. E., and A. I. Chugunov. 2020. “Thermodynamically Con-
sistent Equation of State for an Accreted Neutron Star Crust.” Physical
Review Letters 124, no. 19: 191101. https://doi.org/10.1103/PhysRevLett
.124.191101.

Haensel, P., and J. L. Zdunik. 1990. “Non-Equilibrium Processes in the
Crust of an Accreting Neutron Star.” A&A 227, no. 2: 431-436.

Haensel, P., and J. L. Zdunik. 2008. “Models of Crustal Heating in Accret-
ing Neutron Stars.” A&A 480, no. 2: 459-464. https://doi.org/10.1051
/0004-6361:20078578.

Halpern, J. P, E. V. Gotthelf, F. Camilo, D. J. Helfand, and S. M. Ransom.
2004. “X-Ray, Radio, and Optical Observations of the Putative Pulsar in
the Supernova Remnant CTA 1.” ApJ 612, no. 1: 398-407. https://doi.org
/10.1086/422409.

Hamaguchi, K., N. Nagata, K. Yanagi, and J. Zheng. 2018. “Limit on the
Axion Decay Constant From the Cooling Neutron Star in Cassiopeia A.”
Physical Review D 98, no. 10: 103015. https://doi.org/10.1103/PhysRevD
.98.103015.

Han, S., and A. W. Steiner. 2017. “Cooling of Neutron Stars in Soft X-Ray
Transients.” Physical Review C 96, no. 3: 035802. https://doi.org/10.1103
/PhysRevC.96.035802.

Heinke, C. O., and W. C. G. Ho. 2010. “Direct Observation of the Cooling
of the Cassiopeia A Neutron Star.” ApJ 719, no. 2: L167-L171. https://doi
.0rg/10.1088/2041-8205/719/2/L167.

Heinke, C. O., P. G. Jonker, R. Wijnands, C. J. Deloye, and R. E. Taam.
2009. “Further Constraints on Thermal Quiescent X-Ray Emission From
SAX J1808.4-3658.” ApJ 691, no. 2: 1035-1041. https://doi.org/10.1088
/0004-637X/691/2/1035.

Heinke, C. O., P. G. Jonker, R. Wijnands, and R. E. Taam. 2007. “Con-
straints on Thermal X-Ray Radiation From SAX J1808.4-3658 and Impli-
cations for Neutron Star Neutrino Emission.” ApJ 660, no. 2: 1424-1427.
https://doi.org/10.1086/513140.

7 of 9

511901 SUOWIWIOD dAIERID 3|qedt|dde au Ag paueA0b a1e S3P1Le YO 138N JO S3IN1 10} Afeiq1 7 8UIUO AB]1AA UO (SUOIPLOD-PUB-SLUBI WD 43| 1M ARe.q1 Ul |UO//SAIY) SUORIPUOD PUe SW L 81 39S *[S202/20/70] uo Atlqiauliuo Ao|im puloliqiqenueZ - AS3A Ad 0TTOYZ0Z BuSe/Z00T OT/I0p/W0d" 3] 1w Akeiq 1juljuo//:sdiy wouj papeo|umoq ‘T ‘5202 ‘Y66ETZST


https://doi.org/10.1103/PhysRevLett.132.181001
https://doi.org/10.1103/PhysRevLett.132.181001
https://doi.org/10.1103/PhysRevLett.132.181001
https://doi.org/10.1038/256025a0
https://doi.org/10.1038/256025a0
https://doi.org/10.3847/1538-4357/833/2/261
https://doi.org/10.3847/1538-4357/833/2/261
https://doi.org/10.1093/mnras/stv1293
https://doi.org/10.1093/mnras/stv1293
https://doi.org/10.1103/PhysRevC.85.022802
https://doi.org/10.1103/PhysRevC.85.022802
https://doi.org/10.1086/311578
https://doi.org/10.1086/311578
https://doi.org/10.1088/0004-637X/698/2/1020
https://doi.org/10.1088/0004-637X/698/2/1020
https://doi.org/10.1103/PhysRevLett.120.182701
https://doi.org/10.1103/PhysRevLett.120.182701
https://doi.org/10.1103/PhysRevLett.120.182701
https://doi.org/10.1088/0004-637X/774/2/131
https://doi.org/10.1088/0004-637X/774/2/131
https://doi.org/10.1088/0004-637X/774/2/131
https://doi.org/10.1086/593703
https://doi.org/10.1086/593703
https://doi.org/10.1086/342505
https://doi.org/10.1086/342505
https://doi.org/10.1086/319107
https://doi.org/10.1086/319107
https://doi.org/10.1093/mnras/stx2679
https://doi.org/10.1093/mnras/stx2679
https://doi.org/10.1093/mnras/stx2679
https://doi.org/10.1111/j.1745-3933.2011.01164.x
https://doi.org/10.1111/j.1745-3933.2011.01164.x
https://doi.org/10.1093/mnras/stz1963
https://doi.org/10.1093/mnras/stz1963
https://doi.org/10.1093/mnras/stz1963
https://doi.org/10.1088/2041-8205/809/2/L31
https://doi.org/10.1088/2041-8205/809/2/L31
https://doi.org/10.3847/1538-4357/aa6a19
https://doi.org/10.3847/1538-4357/aa6a19
https://doi.org/10.1111/j.1365-2966.2008.13709.x
https://doi.org/10.1111/j.1365-2966.2008.13709.x
https://doi.org/10.1111/j.1365-2966.2008.13709.x
https://doi.org/10.1088/0004-637X/777/1/22
https://doi.org/10.1088/0004-637X/777/1/22
https://doi.org/10.1088/0004-637X/777/1/22
https://doi.org/10.1086/154308
https://doi.org/10.1086/154308
https://doi.org/10.1086/154308
https://doi.org/10.1093/mnras/sty147
https://doi.org/10.1093/mnras/sty147
https://doi.org/10.1103/PhysRevLett.124.191101
https://doi.org/10.1103/PhysRevLett.124.191101
https://doi.org/10.1103/PhysRevLett.124.191101
https://doi.org/10.1051/0004-6361:20078578
https://doi.org/10.1051/0004-6361:20078578
https://doi.org/10.1051/0004-6361:20078578
https://doi.org/10.1086/422409
https://doi.org/10.1086/422409
https://doi.org/10.1086/422409
https://doi.org/10.1103/PhysRevD.98.103015
https://doi.org/10.1103/PhysRevD.98.103015
https://doi.org/10.1103/PhysRevD.98.103015
https://doi.org/10.1103/PhysRevC.96.035802
https://doi.org/10.1103/PhysRevC.96.035802
https://doi.org/10.1103/PhysRevC.96.035802
https://doi.org/10.1088/2041-8205/719/2/L167
https://doi.org/10.1088/2041-8205/719/2/L167
https://doi.org/10.1088/2041-8205/719/2/L167
https://doi.org/10.1088/0004-637X/691/2/1035
https://doi.org/10.1088/0004-637X/691/2/1035
https://doi.org/10.1088/0004-637X/691/2/1035
https://doi.org/10.1086/513140
https://doi.org/10.1086/513140

Ho, W. C. G,, and C. O. Heinke. 2009. “A Neutron Star With a Carbon
Atmosphere in the Cassiopeia A Supernova Remnant.” Nature 462, no.
7269: 71-73. https://doi.org/10.1038/nature08525.

Homan, J., J. K. Fridriksson, R. Wijnands, et al. 2014. “A Strongly Heated
Neutron Star in the Transient Z Source MAXI J0556-332.” ApJ 795, no. 2:
131. https://doi.org/10.1088/0004-637X/795/2/131.

Illiano, G., A. Papitto, A. Sanna, et al. 2023. “Timing Analysis of the 2022
Outburst of the Accreting Millisecond X-Ray Pulsar SAX J1808.4-3658:
Hints of an Orbital Shrinking.” ApJ 942, no. 2: L40. https://doi.org/10
.3847/2041-8213/acad81.

Inogamov, N. A., and R. A. Sunyaev. 2010. “Spread of Matter Over
a Neutron-Star Surface During Disk Accretion: Deceleration of Rapid
Rotation.” Astronomy Letters 36, no. 12: 848-894. https://doi.org/10.1134
/S81063773710120029.

Jonker, P. G., D. Steeghs, D. Chakrabarty, and A. M. Juett. 2007. “The Cold
Neutron Star in the Soft X-Ray Transient 1H 1905+000.” ApJ 665, no. 2:
L147-L150. https://doi.org/10.1086/521079.

Kaplan, D. L., D. A. Frail, B. M. Gaensler, et al. 2004. “An X-Ray Search for
Compact Central Sources in Supernova Remnants. I. SNRS G093.3+6.9,
G315.4-2.3, G084.24+0.8, and G127.14+0.5.” ApJS 153, no. 1: 269-315.
https://doi.org/10.1086/421065.

Medin, Z., and A. Cumming. 2015. “Time-Dependent, Compositionally
Driven Convection in the Oceans of Accreting Neutron Stars.” ApJ 802,
no. 1: 29. https://doi.org/10.1088/0004-637X/802/1/29.

Merritt, R. L., E. M. Cackett, E. F. Brown, et al. 2016. “The Thermal
State of KS 1731-260 After 14.5 Years in Quiescence.” ApJ 833, no. 2: 186.
https://doi.org/10.3847/1538-4357/833/2/186.

Ootes, L. S., S. Vats, D. Page, et al. 2019. “Continued Cooling of
the Accretion-Heated Neutron Star Crust in the X-Ray Transient IGR
J17480-2446 Located in the Globular Cluster Terzan 5.” Monthly Notices
of the Royal Astronomical Society 487, no. 1: 1447-1461. https://doi.org
/10.1093/mnras/stz1406.

Page, D., J. Homan, M. Nava-Callejas, et al. 2022. “A “Hyperburst” in the
MAXI J0556-332 Neutron Star: Evidence for a New Type of Thermonu-
clear Explosion.” ApJ 933, no. 2: 216. https://doi.org/10.3847/1538-4357
/ac72a8.

Page, D., J. M. Lattimer, M. Prakash, and A. W. Steiner. 2004. “Minimal
Cooling of Neutron Stars: A New Paradigm.” ApJS 155, no. 2: 623-650.
https://doi.org/10.1086/424844.

Page, D., J. M. Lattimer, M. Prakash, and A. W. Steiner. 2014. “Stellar
Superfluids.” In Novel Superfluids, edited by K.-H. Bennemann and J.~B.
Ketterson, Vol. 2, 505. Oxford UK: Oxford University Press.

Page, D., M. Prakash, J. M. Lattimer, and A. W. Steiner. 2011. “Rapid Cool-
ing of the Neutron Star in Cassiopeia A Triggered by Neutron Superfluid-
ity in Dense Matter.” Physical Review Letters 106, no. 8: 081101. https://doi
.org/10.1103/PhysRevLett.106.081101.

Parikh, A. S., J. Homan, R. Wijnands, et al. 2017. “Different Accre-
tion Heating of the Neutron Star Crust During Multiple Outbursts in
MAXIJ0556-332.” ApJ 851, no. 2: L28. https://doi.org/10.3847/2041-8213
/aa9e03.

Parikh, A. S., R. Wijnands, L. S. Ootes, et al. 2019. “Consistent
Accretion-Induced Heating of the Neutron-Star Crust in MXB 1659-29
During Two Different Outbursts.” A&A 624: A84. https://doi.org/10.1051
/0004-6361/201834412.

Pons, J. A., B. Link, J. A. Miralles, and U. Geppert. 2007. “Evidence for
Heating of Neutron Stars by Magnetic-Field Decay.” Physical Review Let-
ters 98, no. 7: 071101. https://doi.org/10.1103/PhysRevLett.98.071101.

Posselt, B., and G. G. Pavlov. 2022. “The Cooling of the Central Compact
Object in Cas A From 2006 to 2020.” ApJ 932, no. 2: 83. https://doi.org/10
.3847/1538-4357/ac6dca.

Posselt, B., G. G. Pavlov, V. Suleimanov, and O. Kargaltsev. 2013. “New
Constraints on the Cooling of the Central Compact Object in Cas A.” ApJ
779, no. 2: 186. https://doi.org/10.1088/0004-637X/779/2/186.

Potekhin, A. Y. 2014. “Atmospheres and Radiating Surfaces of Neutron
Stars.” Physics Uspekhi 57, no. 8: 735-770. https://doi.org/10.3367/UFNe
.0184.201408a.0793.

Potekhin, A. Y., M. E. Gusakov, and A. I. Chugunov. 2023. “Thermal
Evolution of Neutron Stars in Soft X-Ray Transients With Thermodynam-
ically Consistent Models of the Accreted Crust.” Monthly Notices of the
Royal Astronomical Society 522, no. 4: 4830-4840. https://doi.org/10.1093
/mnras/stad1309.

Potekhin, A. Y., J. A. Pons, and D. Page. 2015. “Neutron Stars— Cooling
and Transport.” Space Science Reviews 191, no. 1-4: 239-291. https://doi
.org/10.1007/s11214-015-0180-9.

Potekhin, A. Y., D. A. Zyuzin, D. G. Yakovlev, M. V. Beznogov, and
Y. A. Shibanov. 2020. “Thermal Luminosities of Cooling Neutron Stars.”
Monthly Notices of the Royal Astronomical Society 496, no. 4: 5052-5071.
https://doi.org/10.1093/mnras/staal871.

Rajagopal, M., and R. W. Romani. 1996. “Model Atmospheres for
Low-Field Neutron Stars.” ApJ 461: 327. https://doi.org/10.1086/177059.

Rutledge, R. E., L. Bildsten, E. F. Brown, G. G. Pavlov, V. E. Zavlin, and
G. Ushomirsky. 2002. “Crustal Emission and the Quiescent Spectrum of
the Neutron Star in KS 1731-260.” ApJ 580, no. 1: 413-422. https://doi
.0rg/10.1086/342745.

Sharma, R., A. Jaleel, C. Jain, J. C. Pandey, B. Paul, and A. Dutta. 2018.
“Spectral Properties of MXB 1658-298 in the Low/Hard and High/Soft
State.” Monthly Notices of the Royal Astronomical Society 481, no. 4:
5560-5569. https://doi.org/10.1093/mnras/sty2678.

Shternin, P. S., D. D. Ofengeim, C. O. Heinke, and W. C. G. Ho. 2023. “Con-
straints on Neutron Star Superfluidity From the Cooling Neutron Star in
Cassiopeia A Using all Chandra ACIS-S Observations.” Monthly Notices
of the Royal Astronomical Society 518, no. 2: 2775-2793. https://doi.org
/10.1093/mnras/stac3226.

Shternin, P. S., D. G. Yakovlev, P. Haensel, and A. Y. Potekhin. 2007. “Neu-
tron Star Cooling After Deep Crustal Heating in the X-Ray Transient KS
1731-260.” Monthly Notices of the Royal Astronomical Society 382, no. 1:
L43-147. https://doi.org/10.1111/j.1745-3933.2007.00386.X.

Shternin, P. S., D. G. Yakovlev, C. O. Heinke, W. C. G. Ho, and D. J.
Patnaude. 2011. “Cooling Neutron Star in the Cassiopeia A Supernova
Remnant: Evidence for Superfluidity in the Core.” Monthly Notices of the
Royal Astronomical Society 412, no. 1: L108-L112. https://doi.org/10.1111
/j.1745-3933.2011.01015.x.

Slane, P. O., D. J. Helfand, and S. S. Murray. 2002. “New Constraints on
Neutron Star Cooling From Chandra Observations of 3C 58.” ApJ 571, no.
1: L45-149. https://doi.org/10.1086/341179.

Turlione, A., D. N. Aguilera, and J. A. Pons. 2015. “Quiescent Thermal
Emission From Neutron Stars in Low-Mass X-Ray Binaries.” A&A 577:
AS5. https://doi.org/10.1051/0004-6361/201322690.

Turolla, R., S. Zane, and A. L. Watts. 2015. “Magnetars: The Physics
Behind Observations. A Review.” Reports on Progress in Physics 78, no.
11: 116901. https://doi.org/10.1088/0034-4885/78/11/116901.

Vigano, D., N. Rea, J. A. Pons, R. Perna, D. N. Aguilera, and J. A. Miralles.
2013. “Unifying the Observational Diversity of Isolated Neutron Stars
via Magneto-Thermal Evolution Models.” Monthly Notices of the Royal
Astronomical Society 434, no. 1: 123-141. https://doi.org/10.1093/mnras
/stt1008.

Wang, Z., R. P. Breton, C. O. Heinke, C. J. Deloye, and J. Zhong. 2013.
“Multiband Studies of the Optical Periodic Modulation in the X-Ray
Binary SAX J1808.4-3658 During Its Quiescence and 2008 Outburst.” ApJ
765, no. 2: 151. https://doi.org/10.1088/0004-637X/765/2/151.

8 of 9

Astronomische Nachrichten, 2025

511901 SUOWIWIOD dAIERID 3|qedt|dde au Ag paueA0b a1e S3P1Le YO 138N JO S3IN1 10} Afeiq1 7 8UIUO AB]1AA UO (SUOIPLOD-PUB-SLUBI WD 43| 1M ARe.q1 Ul |UO//SAIY) SUORIPUOD PUe SW L 81 39S *[S202/20/70] uo Atlqiauliuo Ao|im puloliqiqenueZ - AS3A Ad 0TTOYZ0Z BuSe/Z00T OT/I0p/W0d" 3] 1w Akeiq 1juljuo//:sdiy wouj papeo|umoq ‘T ‘5202 ‘Y66ETZST


https://doi.org/10.1038/nature08525
https://doi.org/10.1038/nature08525
https://doi.org/10.1088/0004-637X/795/2/131
https://doi.org/10.1088/0004-637X/795/2/131
https://doi.org/10.3847/2041-8213/acad81
https://doi.org/10.3847/2041-8213/acad81
https://doi.org/10.3847/2041-8213/acad81
https://doi.org/10.1134/S1063773710120029
https://doi.org/10.1134/S1063773710120029
https://doi.org/10.1134/S1063773710120029
https://doi.org/10.1086/521079
https://doi.org/10.1086/521079
https://doi.org/10.1086/421065
https://doi.org/10.1086/421065
https://doi.org/10.1088/0004-637X/802/1/29
https://doi.org/10.1088/0004-637X/802/1/29
https://doi.org/10.3847/1538-4357/833/2/186
https://doi.org/10.3847/1538-4357/833/2/186
https://doi.org/10.1093/mnras/stz1406
https://doi.org/10.1093/mnras/stz1406
https://doi.org/10.1093/mnras/stz1406
https://doi.org/10.3847/1538-4357/ac72a8
https://doi.org/10.3847/1538-4357/ac72a8
https://doi.org/10.3847/1538-4357/ac72a8
https://doi.org/10.1086/424844
https://doi.org/10.1086/424844
https://doi.org/10.1103/PhysRevLett.106.081101
https://doi.org/10.1103/PhysRevLett.106.081101
https://doi.org/10.1103/PhysRevLett.106.081101
https://doi.org/10.3847/2041-8213/aa9e03
https://doi.org/10.3847/2041-8213/aa9e03
https://doi.org/10.3847/2041-8213/aa9e03
https://doi.org/10.1051/0004-6361/201834412
https://doi.org/10.1051/0004-6361/201834412
https://doi.org/10.1051/0004-6361/201834412
https://doi.org/10.1103/PhysRevLett.98.071101
https://doi.org/10.1103/PhysRevLett.98.071101
https://doi.org/10.3847/1538-4357/ac6dca
https://doi.org/10.3847/1538-4357/ac6dca
https://doi.org/10.3847/1538-4357/ac6dca
https://doi.org/10.1088/0004-637X/779/2/186
https://doi.org/10.1088/0004-637X/779/2/186
https://doi.org/10.3367/UFNe.0184.201408a.0793
https://doi.org/10.3367/UFNe.0184.201408a.0793
https://doi.org/10.3367/UFNe.0184.201408a.0793
https://doi.org/10.1093/mnras/stad1309
https://doi.org/10.1093/mnras/stad1309
https://doi.org/10.1093/mnras/stad1309
https://doi.org/10.1007/s11214-015-0180-9
https://doi.org/10.1007/s11214-015-0180-9
https://doi.org/10.1007/s11214-015-0180-9
https://doi.org/10.1093/mnras/staa1871
https://doi.org/10.1093/mnras/staa1871
https://doi.org/10.1086/177059
https://doi.org/10.1086/177059
https://doi.org/10.1086/342745
https://doi.org/10.1086/342745
https://doi.org/10.1086/342745
https://doi.org/10.1093/mnras/sty2678
https://doi.org/10.1093/mnras/sty2678
https://doi.org/10.1093/mnras/stac3226
https://doi.org/10.1093/mnras/stac3226
https://doi.org/10.1093/mnras/stac3226
https://doi.org/10.1111/j.1745-3933.2007.00386.x
https://doi.org/10.1111/j.1745-3933.2007.00386.x
https://doi.org/10.1111/j.1745-3933.2011.01015.x
https://doi.org/10.1111/j.1745-3933.2011.01015.x
https://doi.org/10.1111/j.1745-3933.2011.01015.x
https://doi.org/10.1086/341179
https://doi.org/10.1086/341179
https://doi.org/10.1051/0004-6361/201322690
https://doi.org/10.1051/0004-6361/201322690
https://doi.org/10.1088/0034-4885/78/11/116901
https://doi.org/10.1088/0034-4885/78/11/116901
https://doi.org/10.1093/mnras/stt1008
https://doi.org/10.1093/mnras/stt1008
https://doi.org/10.1093/mnras/stt1008
https://doi.org/10.1088/0004-637X/765/2/151
https://doi.org/10.1088/0004-637X/765/2/151

Wijnands, R., N. Degenaar, and D. Page. 2013. “Testing the Deep-Crustal
Heating Model Using Quiescent Neutron-Star Very-Faint X-Ray Tran-
sients and the Possibility of Partially Accreted Crusts in Accreting Neu-
tron Stars.” Monthly Notices of the Royal Astronomical Society 432, no. 3:
2366-2377. https://doi.org/10.1093/mnras/stt599.

Wijnands, R., N. Degenaar, and D. Page. 2017. “Cooling of
Accretion-Heated Neutron Stars.” Journal of Astrophysics and Astronomy
38, no. 3: 49. https://doi.org/10.1007/s12036-017-9466-5.

Wijnands, R., J. M. Miller, C. Markwardt, W. H. G. Lewin, and M. van der
Klis. 2001. “A Chandra Observation of the Long-Duration X-Ray Tran-
sient KS 1731-260 in Quiescence: Too Cold a Neutron Star?” ApJ 560, no.
2:L159-L162. https://doi.org/10.1086/324378.

Yakovlev, D. G., K. P. Levenfish, A. Y. Potekhin, O. Y. Gnedin, and
G. Chabrier. 2004. “Thermal States of Coldest and Hottest Neutron Stars
in Soft X-Ray Transients.” A&A 417: 169-179. https://doi.org/10.1051
/0004-6361:20034191.

Yakovlev, D. G., and C. J. Pethick. 2004. “Neutron Star Cooling.”
ARA&A 42, no. 1: 169-210. https://doi.org/10.1146/annurev.astro.42
.053102.134013.

Zavlin, V. E., G. G. Pavlov, and Y. A. Shibanov. 1996. “Model Neutron
Star Atmospheres With Low Magnetic Fields. I. Atmospheres in Radiative
Equilibrium.” A&A 315: 141-152. https://doi.org/10.48550/arXiv.astro
-ph/9604072.

90f9

511901 SUOWIWIOD dAIERID 3|qedt|dde au Ag paueA0b a1e S3P1Le YO 138N JO S3IN1 10} Afeiq1 7 8UIUO AB]1AA UO (SUOIPLOD-PUB-SLUBI WD 43| 1M ARe.q1 Ul |UO//SAIY) SUORIPUOD PUe SW L 81 39S *[S202/20/70] uo Atlqiauliuo Ao|im puloliqiqenueZ - AS3A Ad 0TTOYZ0Z BuSe/Z00T OT/I0p/W0d" 3] 1w Akeiq 1juljuo//:sdiy wouj papeo|umoq ‘T ‘5202 ‘Y66ETZST


https://doi.org/10.1093/mnras/stt599
https://doi.org/10.1093/mnras/stt599
https://doi.org/10.1007/s12036-017-9466-5
https://doi.org/10.1007/s12036-017-9466-5
https://doi.org/10.1086/324378
https://doi.org/10.1086/324378
https://doi.org/10.1051/0004-6361:20034191
https://doi.org/10.1051/0004-6361:20034191
https://doi.org/10.1051/0004-6361:20034191
https://doi.org/10.1146/annurev.astro.42.053102.134013
https://doi.org/10.1146/annurev.astro.42.053102.134013
https://doi.org/10.1146/annurev.astro.42.053102.134013
https://doi.org/10.48550/arXiv.astro-ph/9604072
https://doi.org/10.48550/arXiv.astro-ph/9604072
https://doi.org/10.48550/arXiv.astro-ph/9604072

	A Brief, Biased View of Neutron Star Cooling
	ABSTRACT
	1 | Introduction
	2 | Structure of NSs
	3 | Cooling Physics
	3.1 | Cooling of Young Neutron Stars
	3.2 | Effects of Superfluidity

	4 | Young Neutron Stars
	5 | X-Ray Binary Cooling Crusts
	6 | Cold Cores of X-Ray Binaries

	7 | Conclusions
	Acknowledgments
	Conflicts of Interest
	References

