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ABSTRACT

Measuring the time evolution of the effective surface temperature of neutron stars can provide invaluable information on the
properties of their dense cores. Here, we report on a new Chandra observation of the transient neutron star low-mass X-ray
binary HETE J1900.1-2455, which was obtained ~2.5 yr after the end of its ~10-yr long accretion outburst. The source is
barely detected during the observation, collecting only six net photons, all below 2 keV. Assuming that the spectrum is shaped
as a neutron star atmosphere model, we perform a statistical analysis to determine a 1o confidence upper range for the neutron
star temperature of ~30-39 eV (for an observer at infinity), depending on its mass, radius, and distance. Given the heat injected
into the neutron star during the accretion outburst, estimated from data provided by all-sky monitors, the inferred very low
temperature suggests that the core either has a very high heat capacity or undergoes very rapid neutrino cooling. While the
present data do not allow us to disentangle these two possibilities, both suggest that a significant fraction of the dense core is
not superfluid/superconductor. Our modelling of the thermal evolution of the neutron star predicts that it may still cool further,
down to a temperature of ~15 eV. Measuring such a low temperature with a future observation may provide constraints on the
fraction of baryons that is paired in the stellar core.

Key words: accretion, accretion discs —dense matter — stars: neutron — X-rays: binaries — X-rays: individual (HETE J1900.1—

2455).

1 INTRODUCTION

Neutron stars (NSs), with maximum masses up to 2 — 2.5 Mg and
radii of the order of 10—14 km (e.g. Lattimer 2012; Ozel & Freire
2016), contain the densest stable form of matter in the observable
Universe. Possibly denser matter has been produced in relativistic
heavy ion collisions (Busza, Rajagopal & van der Schee 2018) but
in a form very far from being stable while the densest form of matter
in the interior of black holes is not observable. The bulk properties
of dense matter are encapsulated in the equation of state (EOS) as a
relationship P = P(p) between the pressure P and the mass density
p. These have been constrained by measurement of masses and radii
of NSs (e.g. Lattimer 2012; Ozel & Freire 2016; Miller et al. 2019;
Riley et al. 2019) by the observation of gravitational waves from an
NS-NS merger (Abbott et al. 2018) and by combined analysis of the
former with further constraints obtained from pulse-profile modelling
of NICER data (Miller, Chirenti & Lamb 2020; Raaijmakers et al.
2020). These characteristics are, however, well described by zero-
temperature models and miss a large part of the important properties
of dense matter.

The finite temperature behaviour of a system is what reveals
its intimate structure and can be accessed, e.g. through transport
coefficients, neutrino emission rate, or specific heat. For instance, the
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occurrence of fast neutrino emission by a process such as direct Urca'
can give us information about the proton abundance in the deep NS
interior (Lattimer et al. 1991), or the presence of baryonic particles
beyond neutrons and protons, i.e. hyperons (Prakash et al. 1992),
deconfined quark matter (Iwamoto 1980), or other exotic forms of
matter (Yakovlev et al. 2001). The specific heat is particularly elegant
as it depends mostly on the properties of the fermion particle content
and, unlike transport and emission processes, does not depend on the
very model-dependent description of particle collisions.

Low-mass X-ray binaries (LMXBs) are binary systems in which
an NS can accrete matter from a low-mass companion star, typically
through a disc. Most such systems are transient where accretion out-
bursts, with duration ranging from weeks to decades, are separated by
much longer periods of quiescence during which little or no accretion
on to the NS surface occurs. In quiescence, the bare surface of the NS,
not being outshined by the accretion disc, can be directly observable.
Moreover, these NSs in LMXBs have very low-surface magnetic
fields that have a negligible effect on the atmosphere structure and
allow for reliable measurement of the surface effective temperature
(Rutledge et al. 1999). This makes transient LMXBs unique systems
to probe the interior of NSs via surface temperature measurements
(e.g. Wijnands, Degenaar & Page 2017, for a recent review).

'In direct Urca processes, neutrinos are emitted when baryons exhibit
successive beta decay and electron capture reactions.
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Transient accretion leaves its marks on the thermal evolution of
an NS. During an accretion outburst, the accreted matter is slowly
pushed to increasing densities throughout the NS crust (i.e. the outer
regions where densities are still lower than nuclear matter density)
undergoing a series of non-equilibrium reactions, such as electron
captures, neutron emission, and pycno-nuclear fusions (Bisnovatyi-
Kogan & Chechetkin 1979; Sato 1979; Haensel & Zdunik 1990).
Together, these result in a heat release of 1.5—2 MeV per accreted
baryon, a process called deep crustal heating (Brown, Bildsten &
Rutledge 1998). For long enough outbursts, this results in the NS
crust being pulled out of thermal equilibrium with the stellar core
(the region at supra-nuclear densities comprising about 99 per cent
of the star’s mass) (Rutledge et al. 2002).

Most of the gravitational energy of the accreted matter is liberated
as heat at the surface and is immediately radiated away since the
surface is colder than the underlying ocean, which is heated by the
nuclear burning of hydrogen (see e.g. Bildsten 1998). Nevertheless,
it has been hypothesized that some fraction of this gravitational
energy can be transferred deeper into the NS to densities around
108 — 10! gcm™3 (Inogamov & Sunyaev 2010). This could be the
source for a mechanism not yet fully understood that has been
dubbed as shallow heating (Brown & Cumming 2009), although
other explanations for this apparent additional heat generation have
been proposed too (e.g. Medin & Cumming 2011; Steiner 2012).
Moreover, in the case of such a cold star as HETE J1900.1-2455, it
cannot be excluded that part of the nuclear energy from the burning
of H and He, either stable or explosive during X-ray bursts, is not
wholly radiated away and is rather able to leak into the NS crust and
contribute to the shallow heating.

Once an accretion outburst ceases, all the energy gained by deep
and shallow heating processes is radiated away through neutrinos
from the stellar core or photons from the surface. Such post-outburst
cooling of NSs has been observed for several transient LMXBs by
monitoring these systems for years to decades with sensitive X-ray
telescopes (e.g. Cackett et al. 2008; Degenaar et al. 2011b; Diaz
Trigo et al. 2011; Fridriksson et al. 2011; Merritt et al. 2016; Parikh
et al. 2017a). Such observations provide the opportunity to infer
the structure of the NS crust (e.g. Wijnands et al. 2004; Degenaar,
Brown & Wijnands 2011a; Degenaar et al. 2014a; Ootes et al. 2019a),
including the presence of a low-conductivity pasta layer (Horowitz
et al. 2015). In addition, such studies allow to investigate the heat
capacity (Cumming et al. 2017) and neutrino emissivity (Brown et al.
2018) of the dense core and even have the potential to constrain the
compactness of the NS (e.g. Deibel et al. 2015).

1.1 The transient NS LMXB HETE J1900.1-2455

HETE J1900.1-2455 was discovered as an accreting NS in 2005
(Vanderspek et al. 2005). While it initially displayed X-ray pulsa-
tions, indicating that the accreted material was channelled towards the
NS magnetic poles, the pulsed signal was detected only sporadically
after ~2 months (possibly because the magnetic field was buried by
the accreted material; Patruno 2012). Various methods to estimate
the magnetic field strength of the NS suggest that it is weak, < 10° G
(Mukherjee et al. 2015).

The source continued to be seen in outburst for over a decade,
until its activity ceased in late 2015 (Degenaar et al. 2017).2 A
Chandra observation taken a few months later, in 2016 April, allowed

2We note that a brief episode of reduced accretion activity, lasting ~2 weeks,
occurred in 2007 (as described in Degenaar et al. 2017).
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to measure the effective surface temperature by fitting the X-ray
spectral data with an NS atmosphere model. These fits showed that,
despite its very long outburst, HETE J1900.1-2455 was strikingly
cold compared to other NS-LMXBs. Thermal evolution simulations
using the code NSCooL (Page & Reddy 2013; Ootes et al. 2016;
Page 2016) revealed that during this 2016 observation, the measured
temperature was likely set by that of the accretion-heated crust
(Degenaar et al. 2017). It was noted that the source would likely
cool further such that it may provide interesting constraints on
the heat capacity (Cumming et al. 2017; Degenaar et al. 2017).
Given these prospects, we observed HETE J1900.1-2455 again with
Chandra in 2018 June, ~2.5 yr after its outburst had ended. We
present in this paper the results and implications of this second
observation.

In Section 2, we analyze our 2018 observation and in Section 3,
we present first an analytical study of its implications. Section 4
then offers a detailed investigation through Markov-chain Monte
Carlo (MCMC) simulations, where we leave details on the numer-
ical modelling and MCMC setup for appendices. We conclude in
Section 5 and provide an outlook for what future observations of
HETE J1900.1-2455 may teach us about its interior properties.

2 2018 OBSERVATION AND DATA ANALYSIS

2.1 Chandra data reduction and analysis

Following our previous study of HETE J1900.1-2455, we obtained
a new Chandra observation on 2018 June 4 (PI: Degenaar, proposal
ID: 19400265). Data were collected between 03:04 and 19:10 UT
for a total exposure time of 55.9 ks. The ACIS-S3 chip was operated
in the very faint and timed data mode. We reduced and analyzed the
Chandra data using standard tools incorporated in CIAO (v. 4.9).3 As
a first step, the data were reprocessed using ACIS_PROCESS_EVENTS.
By extracting a 100-s binned light curve of the entire CCD, we then
determined that no background flares occurred during the observation
and that all data could be used in the analysis.

To extract source counts, we used a 1-arcsec circular region centred
on the source position determined by running WAVDETECT on the
0.5-2 keV image (see Section 2.2). The obtained coordinates, R.A.
= 19:00:08.686 and Dec. = —24:55:14.315 (J2000), are consistent
with the optical position of the system (known to sub-arcsecond
precision; Fox 2005). A surrounding source-free annulus with an
inner/outer radius of 5/25 arcsec was used to estimate background
counts. To facilitate spectral simulations (Section 2.2), we created
an observation-specific redistribution matrix file (rmf) and ancillary
response file (arf) with SPECEXTRACT.

2.2 Source count rate and spectral shape

Our target is not detected by eye in the full-band image of our new
2018 observation. Extracting images in different energy bands, 0.5—
2 keV and 2-7 keV, reveals that the source is detected by eye only
at lower X-ray energies (see Fig. 1). This is a first indication that
the X-ray spectrum has a soft spectral shape, as expected if thermal
emission from the NS is observable. Using DMCOPY, we extracted the
energies for each of the photons detected in the source region, which
shows that their individual energies are between 0.5 and 1.3 keV (see
Fig. 2).

3https://cxc.cfa.harvard.edu/ciao

MNRAS 508, 882-894 (2021)
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- . . " 27keV

Figure 1. Chandra/ACIS images of the field around HETE J1900.1-2455 obtained in 2018. Shown are images in the 0.5-2 keV band (left) and in the 2-7 keV
band (right). Our 1-arcsec source extraction region is indicated in red in both images.
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Figure 2. Energies of the photons detected from the position of HETE
J1900.1-2455 versus the time along our 2018 Chandra observation.

We use CIAO tool APRATES* to determine the count rate and
uncertainty for HETE J1900.1-2455 in the 0.5-2 keV band. Running
the CIAO tool SRC_PSFFRAC, we estimate that 92 percent of the
source point spread function is contained within our 1-arcsec source
extraction region and O percent in our background region. Using
these numbers as input for APRATES, we obtain a count rate of
1.1 x 107*cs~! with a 1-sigma confidence region extending from
7.2 x 1073 ¢cs™ ! to 1.7 x 10~* ¢ s~!. For comparison, using APRATES
for our 2016 observation, we obtain a count rate of 1.1 x 1073 cs™!
with a 1-sigma confidence region extending from 9.4 x 10™*cs
to 1.2 x 1073 ¢s™! (0.5-2 keV). This shows that the ACIS-S3 count
rate of our target decreased by a factor of 210, over the ~2.1 yr that
separates our two observations. Although the soft-energy response
of the ACIS-S is known to change over time (e.g. Plucinsky et al.
2016), these are variations at the percent level (Posselt & Pavlov
2018). The large change in count rate that we observe for HETE
J1900.1-2455 can thus not be explained by instrumental effects
and hence shows that HETE J1900.1-2455 faded between our two
observations.

“https://cxc.cfa.harvard.edu/ciao/ahelp/aprates.html
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2.3 Temperature determination

Our 2018 observation does not collect sufficient photons for detailed
spectral analysis. To infer the temperature of the NS, we therefore
compared the measured count rate to spectral simulations, performed
using XSPEC (v. 12.9).% To this end, we first motivate our choice of
spectral model for the simulations.

Our earlier 2016 Chandra observation allowed for spectral anal-
ysis and this revealed that, at that time, the quiescent spectrum of
HETE J1900.1-2455 had a soft thermal shape with no evidence
for a hard emission tail (Degenaar et al. 2017). Since our imaging
analysis of the 2018 Chandra observation also suggests a soft X-
ray spectrum (see Section 2.2), it is reasonable to assume that it
maintained the shape of an NS atmosphere model. The source shows
no evidence of a high inclination; both X-ray and optical studies
performed during its outburst point to a low inclination (e.g. Elebert
etal. 2008; Papitto et al. 2013), and the 2018 quiescence spectrum did
not reveal any heavy absorption (Degenaar et al. 2017). It is therefore
further reasonable to assume that the absorption along the line of
sight, the hydrogen column density, Ny, did not change between our
two observations.

Based on the results of our 2016 Chandra observation, we model
the source spectrum with an NS atmosphere model that is subject to
interstellar absorption. As in our previous analysis, we choose the
frequently used model NSATMOS (Heinke et al. 2006). We further used
the TBABS model for the interstellar extinction, adopting VERN cross-
sections (Verner et al. 1996) and WILM abundances (Wilms, Allen &
McCray 2000). To explore our parameter space, we performed these
spectral fits for three different values of the distance (D = 3.1, 4.7,
and 5.3 kpc),® mass (M = 1.2, 1.6, and 2.2 M), and radius (R = 10,
12, and 14 km).”

Shttps://heasarc.gsfc.nasa.gov/docs/xanadu/xspec/index.html

%These three values correspond the minimum, most likely, and maximum
source distance based on the analysis of thermonuclear bursts (Galloway
et al. 2008b). We note that the distance estimate cannot be improved with
Gaia due to the optical faintness of the source; the parallax listed in Gaia
Data Release 2 has a large error of 0.325 £ 0.288".

7Unless otherwise specified by radius, R, we mean the areal coordinate such
as the surface area is 47 R> to be distinguished from the ‘radius at infinity’,
R® = ¢ 9(®R (see Section 3 for the definition of the redshift notation used
here).
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For each triplet of D, M, and R, we used the XSPEC routine FAKEIT,
adopting the observation-specific rmf and arf files, to simulate spectra
for different temperatures. Based on the measurement of our previous
Chandra observation, we choose a range running from log7 = 5.6
to 5.9, with a step size of log7 = 0.01. For each temperature, we
simulated 2 x 10* individual spectra and determined for each single
spectrum the resulting ACIS-S3 count rate in the 0.5-2 keV energy
band using the XSPEC command SHOW RATES.

We converted the obtained distribution of simulated count rates for
every chosen temperature into a temperature constraint for different
combinations of D, M, and R. For this purpose, we used a custom
PYTHON script to compute a two-dimensional (2D) cubic spline
interpolation of the simulated count rate distribution as a function
of temperature. Using the 2D interpolation, we could calculate the
probability of observing a count rate equal to or higher than the
observed count rate for any temperature. We then used a Nelder—
Mead algorithm to minimize the difference between that probability
and the two-sided 1o lower and upper limits [i.e. ~(1 — 0.682689)/2
and ~(1 + 0.682689)/2] with respect to temperature. We repeated
this procedure for all combinations of distance, mass, and radius. An
example of this analysis is shown in Fig. 3. The grid of temperatures
for different masses and radii that we obtained in this way is shown in
Fig. 4 (right), and in the left-hand panels, we include the analogous
results for the 2016 data obtained, in that case, from spectral fits.
For 2018, it ranges from 39 eV for the combination of the largest
distance and lowest mass and radius to 230 eV for the combination
of our lowest distance and maximum mass and radius.

3 AN ANALYTICAL STUDY OF HETE
J1900.1-2455

We present in this section analytical estimates of the properties of
the dense stellar core based on our new temperature measurement
of HETE J1900.1-2455 and its observed outburst properties. We
consider a spherical star, with the standard metric obtained by solving
the Tolman—Oppenheimer—Volkoff equations (see e.g. Shapiro &
Teukolsky 1983), which we assume to be in thermal equilibrium, i.e.
with a uniform internal redshifted temperature 7 = ") T'(r), where
¢?? is the redshift factor inside the NS and T(r) the local temperature.
Similarly, we denote redshifted energies as E and doubly redshifted®
luminosities as L so that general relativistic effects are automatically
taken care of with this ‘tilde’ notation.

3.1 Heat capacity and superfluid properties

It was noted by Page & Reddy (2013) that, in the case of a strong
enough or a long enough accretion outburst, not only the crust but
also the stellar core may see its temperature increase. This opened
the possibility to use NS-LMXBs as a probe of the NS heat capacity,
C, as described in detail in Cumming et al. (2017). The heat capacity
of an NS is strongly dominated by its core and is predominantly
provided by excited states of its fermionic components (i.e. particles
with half-integer spin), with bosonic excitations (i.e. integer spin
particles) making only a negligible contribution.

Fermionic components naturally present in an NS core are neu-
trons and protons, while electrons and muons (i.e. leptons) are needed
to guarantee charge neutrality. Detailed calculations (Cumming et al.
2017; Ofengeim et al. 2017) show that for a wide range of EOSs and

8Luminosity is energy per time: energy is redshifted and time is blueshifted,
so ‘per time’ is red-shifted from which a double redshift results.
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Figure 3. Method to determine a temperature confidence limit for the
observed count rate, depending on the assumed distance, mass, and radius.
Shown is an example for D = 3.1 kpc, M = 1.2Mg , and R = 12 km. Top:
The interpolation of the 2 x 10* spectral simulations to a two-dimensional
function that gives the probability for each combination of temperature and
count rate. Bottom: The probability that the count rate is higher than the
observed count rate, as a function of temperature. The red horizontal lines in
this plot correspond to the 1-o upper and lower limits.

stellar masses lower than ~ 2.2 M, the lepton contribution to the
heat capacity is in the range

C' ~ (1-5)x10° Ty ergK™" | 1)

while the contribution of unpaired (i.e. non-superfluid; see below)
nucleons is in the range of

C™ ~ (1 -3)x 107 T; erg K™ . )

MNRAS 508, 882-894 (2021)
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April 2016 Observation
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Figure 4. A three-dimensional representation of the effective NS temperatures inferred from our 2016 (left) and 2018 (right) observations for different assumed
masses and radii. We used linear interpolation from this grid in our MCMC simulations to obtain a temperature for any mass—radius combination. The three
grids correspond to distances D = 5.3 kpc for continuous (black) lines, D = 4.7 kpc for dashed (blue) ones, and D = 3.1 kpc for dotted (green) ones.

In both cases, the heat capacity is assumed to be proportional to T,as
is the case for strongly degenerate fermions (Baym & Pethick 2004),
and f’7 denotes T in units of 107 K.

At high densities, i.e. high Fermi energies, matter is expected to
take more exotic forms; hyperons (i.e. baryonic particles that contain
a strange quark) and deconfined quarks may appear. However,
in both cases, the threshold appearance density remains unknown
(see e.g. Page & Reddy 2006 for a review). Degenerate hadrons
(i.e. all particles made out of quarks), having strong attractive
interactions, are, however, likely to undergo a Cooper pair instability
(Cooper 1956) resulting in superfluidity/superconductivity (Bardeen,
Cooper & Schrieffer 1957). Such pairing is expected to occur in the
dense matter of the NS interior (Gezerlis, Pethick & Schwenk 2014,
Page et al. 2014). The formation of a condensate of Cooper pairs
lowers the energy of the system, i.e. this becomes the ground state
while single particles present an excited state separated by a certain
energy gap, the energy needed to break a pair. The appearance
of an energy gap in the single-particle excitation spectrum results
in a strong (often exponential) suppression of the specific heat
(Levenfish & Yakovlev 1994). A measurement of, or constraint on,
an NS’s heat capacity C can thus provide a handle on the extent of
pairing in its core: the higher C'is, the smaller is the extent of pairing.

To see how observations of NS-LMXBs can be used to put
constraints on the core heat capacity, let us consider the thermal
evolution of the star from an initial uniform redshifted temperature
Ty, through an accretion outburst during which a total amount of
heat Eh was injected into the star, and follow it till the thermal
disequilibrium between the crust and the core has relaxed so that the
star is finally at a new uniform, redshifted, temperature Tl. We can
write its heat capacity from degenerate fermions as C (Ty=D-T,
where D is a T-independent quantity, and the thermal energy as
En(T) = %D - T?. If we had measurements, or at least reliable

estimates, of fo, fl and Eh, then we could simply obtain D from
= = I~/
AEw =By = 3D (T1 —TO) . 3)

Unfortunately, there are no cases where strong heating of an NS core
occurred and a final isothermal state 77 has been reached, for which

MNRAS 508, 882-894 (2021)

we have a known initial fo. So, to date, the best we can obtain is a
lower limit

~\  ~~ _ 2E,

c(fi)=pf= =" @
T

obtained by considering the extreme case where To < Th.

Cumming et al. (2017) used measurements of the core tem-
peratures and accretion energetics of three NS-LMXBs with long
outbursts and cold cores (KS 1731-260, MXB 1659-29, and XTE
J1701-462) to explore the resulting constraints on the NS heat
capacity (see Fig. 5). This methodology was also applied to HETE
J1900.1-2455 and its T,5 ~ 55 eV inferred from the 2016 obser-
vation (Degenaar et al. 2017). For all four sources, it was found
that the lower limits on C were still a factor of a few below the
heat capacity provided by leptons only (equation 1). This implies
that those data do not provide constraints on the level of baryon
pairing.

We can now consider the consequence of the much lower 73
of HETE J1900.1-2455 from the 2018 observation. We adopt
TS =~ 35 eV as is appropriate for the parameter combination D =
4.7 kpc, M = 1.6 Mg, and R = 12 km (i.e. the middle of the full
range we consider; see Fig. 4). From the right-hand panel of fig. 3
in Degenaar et al. (2017), which shows the mapping between the
observed surface temperature and that of the NS interior, one then
immediately deduces® an internal temperature 7; ~ 107 K. With an
average mass accretion rate of ~ 2.3 x 10'°gs~! (Degenaar et al.
2017) and assuming an injected energy Q ~ 2 MeV per accreted
baryon, the total heat deposited into HETE J1900.1-2455s interior
during its 10-yr long outburst is Ej, ~ 10* ergs. Employing these

9As can be seen in fig. 3 of Degenaar et al. (2017), for the very cold NS in
HETE J1900.1-2455 the relation between these temperatures is independent
of the unknown amount of light elements in the NS envelope as long as
it is above ~10° gem~2. These light elements present in quiescence were
previously deposited during the accretion phase and, at a rate of 1 percent
of the Eddington rate with riiggq ~ 10° gcm™2, it took less than an hour to
accrete this minimum of ~10° gcm™2.
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Figure 5. Location in the E-T) plane of the estimated values of generated
heat, Eh, and core temperature, fl, of the NS in HETE J1900.1-2455 at the
time of our 2018 Chandra observation, compared to similar results from three
other systems (Cumming et al. 2017). The three dotted lines show the lower
limits, from equation (4), on the total stellar heat capacity C7 > 2E, / T -
(107 K/ Tl) evaluated at an internal redshifted temperature of T=10" K.
Coloured in green and blue are the expected ranges of C7 originating from only
the leptons and from the whole star, i.e. leptons + unpaired nucleons, at the
same temperature, see equations (1) and (2). The three black contours show,
from the inner to the outer one, the 1o, 20, and 30 confidence levels from the
position of the cooling models of our MCMC run B delimiting the range of
inferred values of deposited energy E = Ey and T for HETE 11900.1-2455
at the time of our 2018 observation. The three dotted contours show the same
but when considering neutrino losses, i.e. with E= Eeff = Eh — Eu.

values, one obtains an approximate lower limit from equation (4) of
c,=C (T - 107K) >2 % 10erg K. )

This rough estimate is already in the range of theoretically expected
values of C'°P, see equation (1), meaning that we have in HETE
J1900.1-2455 a system that may allow us to test some basic tenets
of physics. We show in Fig. 5 the location of HETE J1900.1-2455’s
estimated values of Eh and Tl in an E — T plane and compare it with
the three other NS-LMXBs used by Cumming et al. (2017). Our new
observation appears to provide us with a one order-of-magnitude
improvement on the lower limit of an NS’s heat capacity.

3.2 Outburst recurrence time and core neutrino emission

On time-scales much longer than the outburst and crust relaxation
time, it is likely that the star will maintain a balance between the
average heating luminosity, (Lp), and the average cooling luminosity
(L), from photons and/or neutrinos (Brown et al. 1998; Colpi et al.
2001). Under the simplifying assumption that accretion outbursts
occur regularly with a recurrence time T, one can consider for
practical estimates that (Lp) & Ejp/Trec-

We have no direct information on the recurrence time 7. of HETE
J1900.1-2455, but if one observed outburst of length 7, >~ 10 yr in
50 yr of X-ray astronomy is indicative, then 7, > 50 yr. However,
it is possible that a previous outburst in the past century has been
missed. Perhaps a more conservative lower limit would be 7. >
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20 yr, which is roughly since when all-sky X-ray monitoring has
been happening continuously (with various instruments). In many
LMXBs, 7, is estimated to be of the order of 10-100 times the
outburst time 7o, (e.g2. Yan & Yu 2015). Indeed, the NS systems
Aquila X-1 and SAX J1808.4-3658, which have the lowest (Ootes
et al. 2018) and highest (Heinke et al. 2007) inferred neutrino
efficiencies, respectively, and have exhibited several outbursts over
the past decades, both have 7. & 10 X 74,. As another example, the
crust-cooling source MXB 1659-29 has exhibited three outbursts,
with a summed duration of ~6.5 yr, since its discovery in 1976 and
thus appears to have T, & 7 X T4, (Parikh et al. 2019). If HETE
J1900.1-2455 has a similar duty cycle of ~10 per cent, we would
thus expect 7. ~ 100 yr. Bearing this in mind, we can now consider
the thermal state of the NS in view of its outburst history.

Assuming that all thermal X-ray emission detected from HETE
J1900.1-2455 in quiescence (ZV ~ 3 x 10! erg s7!) is re-radiation
of heat that was deposited there during accretion episodes (Ep ~
10® ergs; see Section 3.1) would suggest that it exhibits an outburst
EVery Tree ~ Eh / L ~ 10* yr. This is three orders of magnitude larger
than the outburst tlme Tob = 10 yr. For HETE J1900.1-2455 to have
a similar outburst recurrence time as other (NS) LMXBs would
thus require that a large fraction of the energy deposited during
accretion episodes is radiated away by other means, i.e. through
neutrinos emitted from its dense core. At internal temperatures 7'
~ 107 K, the neutrino luminosity from the standard modified-Urca
processes is even lower than the photon luminosity and negligible
(Page, Geppert & Weber 2006). So, unless T is unusually long (as
estimated above), HETE J1900.1-2455 must be undergoing more
efficient neutrino core cooling. To gauge this, let us consider the case
of the direct Urca (DU) process (Lattimer et al. 1991), which results
in LDU ~ xDUIO”T(’ erg s~!, where xpy is the volume fractlon of
the core where DU is acting. In that case, T & 3xDU yr and
hence a more common duty cycle, resulting in a recurrence time of
a few decades/centuries, is readily possible.

Based on these considerations, we conclude that HETE J1900.1-
2455 is a strong candidate to exhibit enhanced neutrino cooling.
This is exciting because the rate of neutrino cooling depends on
what particles are present in the stellar core and whether or not these
are paired in a superfluid (e.g. Page & Baron 1990; Page & Applegate
1992; Yakovlev & Pethick 2004; Page et al. 2006; Page & Reddy
2006). Establishing that rapid neutrino cooling is occurring in an NS
core can probe what fraction of it is not superfluid/superconducting
(e.g. Ho et al. 2015), and what the relative fraction of protons is
(which gives information about the symmetry energy relevant for
nuclear physics; e.g. Horowitz et al. 2014), or the presence of some
exotic form of matter as hyperons or quarks, all of which provide
valuable insight into the behaviour of neutron-rich, ultra-dense matter
(see also Brown et al. 2018).

While exciting in itself, the possibility of the occurrence of fast
neutrino emission in the inner core of HETE J1900.1-2455 weakens;
however, our lower limit on C in equations (4) and (5) as the bound
is not anymore simply from Ey but rather from an effective heating
Eer = Ey — E,, where E, is the energy lost to neutrinos during the
process. This bound could be much lower, and much less interesting,
than the one naively obtained from just Ey.

4 A MARKOV-CHAIN MONTE CARLO
EXPLORATION OF HETE J1900.1-2455

To assess more quantitatively the possibility of a realistic constraint
on the heat capacity and the occurrence of fast neutrino emission, we
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Figure 6. Mass accretion rate during HETE J1900.1-2455’s outburst as
calculated from the all-sky X-ray monitors RXTE/ASM, Swift/BAT, and
MAXI (see Section 4), which was used as input for our thermal evolution
calculations. The range of this graph corresponds to the onset (in 2005) and
end (2016) of the accretion outburst of HETE J1900.1-2455.

need to perform thermal evolution simulations. These need to model
both the heating of the NS during outburst and its cooling during the
subsequent phase of quiescence. For the purpose of the present work,
we performed new thermal evolution simulations that significantly
expand the models previously described for HETE J1900.1-2455 in
Degenaar et al. (2017).

The data that we use in our thermal evolution calculations are the
same as described in Degenaar et al. (2017), with the addition of
our new 2018 Chandra data point. In brief, to follow the thermal
evolution of the NS temperature during the accretion outburst,
we make use of publicly available X-ray light curves from the
RXTE/All-Sky Monitor (ASM; 2-10 keV),! the Monitor of All-sky
X-ray Image (MAXD)'' (2-20 keV; Matsuoka et al. 2009), and the
Swift/Burst Alert Telescope (BAT) transient monitor'? (15-50 keV;
Krimm et al. 2013). These light curves are used to estimate the
(evolution of the) mass accretion rate during the outburst, to which
the heating of the NS is presumed to be proportional. As described in
Degenaar et al. (2017), the instrument count rates were first converted
to Crab units and then to bolometric fluxes by assuming a bolometric
correction factor of ¢y, = 2 (Galloway, Morgan & Chakrabarty
2008a) and an accretion efficiency of n = 0.2. The result of converting
these public X-ray monitoring light curves into a mass accretion rate
is shown in Fig. 6.

To constrain the thermal evolution of the NS in the subsequent
quiescent phase, we make use of the fact that the source was not
detected in Swift observations performed in 2016 March—April, i.e. in
the run-up to our first Chandra. In addition, we include a temperature
upper limit obtained from a Swift observation in 2007, when the
source appeared to experience a very brief period of quiescence (as
described in Degenaar et al. 2017; see also Fig. 6). Finally, we use the
temperature constraints of our two Chandra observations performed
in 2016 and 2018.

1Ohttp://xte.mit.edu/ASM_lc.html
http://maxi.riken.jp/top/index.html
Rhttps://swift.gsfc.nasa.gov/results/transients/
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Figure 7. Generic sample of our thermal evolution models for HETE
J1900.1-2455 during outburst (—10.3yr < ¢ < 0) and in quiescence (f >
0). This plot contains about 22 000 models extracted from our MCMC run
A. The yellow to red to black colours show the density of the curves. The
continuous cyan curve is an example of one of our best fits and the dashed
magenta curve is one of the coldest possible models. The green upper limit
and the two green filled circles show the three observational constraints.

4.1 Modelling setup

Based on our previous experiences in modelling the thermal evolution
of NSs in LMXBs (e.g. Parikh et al. 2017b; Degenaar et al. 2019;
Ootes et al. 2019b), we performed extensive MCMC runs with our
driver MXMX (see e.g. Lin et al. 2018; Ootes et al. 2019b) and our
NS cooling code NSCOOL. In these simulations, we take into account
various observational and theoretical uncertainties in both the data
analysis and the model definition. We generated more than 10 million
heating—cooling curves of the accreting NS and display in Fig. 7 a
generic sample of these.

In the MCMC, we employ a set of 18 parameters. The first 16
parameters are: (1) distance D, (2) mass M, and (3) radius R of
the NS, (4) initial redshifted (uniform) internal temperature T"O, (5-
9) impurity parameter Q{,~!- in five crustal density ranges, (10)
column density of light elements in the envelope, y;, (11) strength
of the shallow heating Qy, and (12,13) density range over which it is
acting, pgﬂi“ — pa, (14,15) density range of neutron superfluidity,
,oé"Fi“ — pgi™, and (16) fraction aep of entrained inner crust superfluid
neutrons. We provide details on all model parameters, including a
motivation for the ranges used for each, in Appendix A.

In addition to the 16 parameters listed above, the two most
important parameters in our model are those that describe the fast
neutrino emission and the core heat capacity. The direct-Urca process
between nucleons is not the only possible fast neutrino emission
process. Of comparable efficiency are the same direct Urcas involving
hyperons (Prakash et al. 1992) or deconfined quarks (Iwamoto 1980).
Similar processes in the presence of charged meson condensates also
have a oc T° temperature dependence but with an efficiency reduced
by one to two orders of magnitude (Maxwell et al. 1977; Brown
et al. 1988; Tatsumi 1988). We thus apply a generic fast neutrino
luminosity as

Zfas‘ = Xpuge X 10% T"f ergs™! (6)

considering values of LogoXpas from —6 to 0.
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Figure 8. Histograms of the distributions of our most important MCMC results: (a) initial redshifted core temperature, To, (b) strength of shallow heating, Ogp,
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observation, El,, (e) neutrino luminosity scale factor Xp,s, and (f) core heat capacity rescaled at 7 =
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star’, as defined in Fig. 5, outlined. Black and red curves correspond to our MCMC runs A and B, described in Section 4 and detailed in Appendix A. In panel
(f), dotted curves correspond to the subsets of results restricted by the condition Xpa < 1074, i.e. models with no significant fast neutrino emission. Vertical

scales are linear and chosen such that all curves have the same maximum.

For the core heat capacity, we write it as C“™ = C3°° x

(T/IO7 K), assuming a linear dependence on T as applies to de-
generate fermions (Baym & Pethick 2004), with

coore = ceore (f — 107 K) — 10" erg K~ 0

and values of the exponent I' between 35 up to 37.5. Within
baryonic models, the minimal expected value of I' is 36 and
corresponds to the case where the whole baryon contribution is
strongly suppressed by pairing and the heat capacity is fully set
by the leptons’ contribution, see equation (1). However, in the
presence of an extended region of deconfined quark matter in the
colour-flavour locked (CFL) phase that contains no leptons and
has vanishingly small specific heat (Alford, Rajagopal & Wilczek
1999), the core heat capacity may be smaller than the lepton
contribution: we allow for this possibility by considering values
of T down to 35. Values of I'" below 35 had, moreover, already
been excluded by the study of Cumming et al. (2017). The upper
value of I' = 37.5 corresponds to the theoretically expected value
for the most massive NSs when the whole baryon contribution
is accounted for (i.e. no pairing suppression is occurring). We
refer to Ofengeim et al. (2017) and Cumming et al. (2017) for
details.

We point out here that we probed two different schemes, A and B,
for the electron thermal conductivity, K., in the crust. This is the main
parameter that determines how the heat that is generated locally in
the crust will spread over the rest of the NS, and it is controlled by the
impurity parameter Qimp. At very low temperature, K. o lep, and
we consider two possibilities for our prior on Qjyp: either linear in
the range of 0-100 (MCMC runs A) or logarithmic with Log;Qimp
covering (linearly) the range of —2 to 42 (MCMC runs B). Overall,
our models are set up conservatively, covering a very large number
and range of physical and astrophysical uncertainties.

For each model, we estimate its recurrence time as the age f,
counting from the beginning of the accretion outburst, at which the
star has reached again an isothermal state with temperature T equal
to its initial 7 so that it could restart a new identical accretion cycle.
Since we argued in Section 3.2 that the recurrence time of HETE
J1900.1-2455 is unlikely to be shorter than 20 yr or longer than 10*
yr, we discard models for which #. is outside this range.

4.2 Results for HETE J1900.1-2455

We present in Fig. 8 the most relevant results from our two
MCMC runs. In spite of differences between our run A and B,
corresponding to different priors on the thermal conductivity, we
see that HETE J1900.1-2455’s core temperature T"O (panel a) is
very likely below 107 K. For the shallow heating strength, Qg
(panel b), differences between runs A and B are more noticeable,
which is also reflected by the noticeable differences in the total
amount of heat injected into the star, Eh (panel c), and the total
amount of energy lost to neutrinos E, (panel d). However, when
considering our main results, i.e. constraints on the fast neutrino
emission Xp,y and heat capacity C*°" in panels (e) and (f), differences
between runs A and B are minor. We see in panel (e) that there
is a strong preference for significant fast neutrino emission. We
note that a very low neutrino emission rate Z]:ast, i.e. with Xpu
< 107*, cannot be excluded but results in models with 7. of
several thousands of years, which may not be very likely (see
Section 3.2).

For the core heat capacity, panel (f) of Fig. 8, we find that its
value at 7 = 107 K, C5°r, s preferred to be above 10%¢ erg K.
However, there is also a significant tail below 10°® erg K~! that
comprises just slightly less than a quarter of the total posterior.
Most interesting are models with C$°® above the maximum lepton
contribution of 5 x 10% erg K~ v [see equation (1)] since this
implies that some fraction of the baryons are not paired: we find
that about 43 per cent of our models in Scenario A, and 46 per cent
in Scenario B, are in this upper range. If we restrict ourselves to
models that exclude extreme phases of matter (such as CFL quark
matter) and that have C; larger than the minimal value from only
the leptons, 10% erg K~!, then the fraction of models with C5°®
above 5 x 10% erg K~! that imply some fraction of baryon not
being paired is now 55 percent in Scenario A and 60 percent in
Scenario B.

The dotted curves in panel (f) illustrate that the weak con-
straint on C7 is directly due to the possibility of fast neutrino
emission: restricting ourselves to models with Xp < —4, i.e.
models where Lp, is just comparable to or even lower than
L,, we would have a strong constraint with 95 percent in run
A and 87 percent in run B posterior probability of C5° > 36,
i.e. implying a nucleon contribution to the specific heat. Fig. 9
further illustrates that the low C° regime is directly correlated

MNRAS 508, 882-894 (2021)
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Figure 9. Correlation between the recurrence time, fast neutrino emission
(equation 6), and core heat capacity (equation 7) from our MCMC run B.
(Our MCMC run A gives very similar results.) Contour lines, continuous,
dotted, and dash—dotted, show 1, 2, and 30 confidence ranges, respectively.

with high neutrino emission and also exhibits the clear corre-
lation between the recurrence time t,. and the fast neutrino
emission.

We also add in Fig. 5 contour lines, at 1o, 20, and 30, from our
MCMC run B. Uncertainties on M, R, and D affect the deduced
value of T.& in 2018 (see Fig. 4) and result in a broader range of
inferred values of 7. Similarly, our MCMC results imply a broader
range of estimated deposited energy, Ey, due to both the uncertainty
in D that directly impacts on the inferred M and the uncertainty on
the shallow heating. Adding the possibility of fast neutrino cooling,
dotted contour lines in this same Fig. 5, significantly increases the
range of the inferred 77 and total heat capacity as also presented in
Figs 8 and 9.

Having presented our main results here, we briefly describe in
Appendix B two additional results of our MCMC runs that provide
some complementary analysis on our main results: we discuss how
our simulations seem to prefer a small NS radius and large mass and
concisely prove that crustal matter forms a solid lattice.

5 CONCLUSIONS

We presented a new post-accretion outburst Chandra observation of
HETE J1900.1-2455, obtained in 2018. While only six net photons
were detected in our new observations, we performed extensive
simulations to infer a temperature of 7,3 ~ 30 — 39 eV, depending
on the assumed distance, mass, and radius. The new data thus reveal
that the NS experienced significant further cooling compared to our
previous observation obtained in 2016, during which we measured
Ty ~55¢eV (for D =47kpc, M =14Mg, and R = 10 km;
Degenaar et al. 2017).

For our new observation, we infer a thermal photon luminosity of
Lot & 103! erg s~!, which makes HETE J1900.1-2455 one of the
three dimmest quiescent NSs in an LMXB. The other two are SAX
J1808.4-3658, which has a thermal luminosity Ly, < 6 x 10% erg

MNRAS 508, 882-894 (2021)

s~! (Heinke et al. 2009),'3 and 1H 1905 4 000 with Ly, < 2.4 x 10%°
erg s~! (Jonker et al. 2007).

Very cold NSs that are heated during accretion outbursts in LMXBs
can potentially pose interesting constraints on the properties of the
ultra-dense matter in their cores (e.g. Cumming et al. 2017; Brown
et al. 2018). Even though it is generally assumed that an NS in
a binary system is heated during an accretion phase, there are no
direct observational constraints showing that this happens in SAX
J1808.4-3658, nor are there data to show this for 1H 1905 + 000.
However, in the case of HETE J1900.1-2455, the two Chandra
observations of 2016 and 2018 clearly show significant cooling
implying that, in HETE J1900.1-2455, heating of the NS crust did
occur. We set out to see if the new, lower temperature measurement
of HETE J1900.1-2455 can provide improved constraints on the heat
capacity of the NS core. To this end, we performed simulations of its
thermal evolution during and after the accretion phase, taking into
account many physical and astrophysical uncertainties (as detailed in
Section 4 and Appendix A). Interestingly, we find probable solutions
that require a high heat capacity, suggesting that nucleons have a
significant contribution to the heat capacity (i.e. cannot be paired in a
superfluid). However, the strong probability of HETE J1900.1-2455
exhibiting fast neutrino cooling prohibits us from drawing strong
conclusions.

Simple arguments suggest that the NS in HETE J1900.1-2455
is likely exhibiting rapid core neutrino cooling. The ~10-yr long
accretion outburst of HETE J1900.1-2455 was very well covered
by all-sky X-ray monitors, and hence we have a reasonable handle
on the amount of heat that was injected into the NS. Combining
this with the very low observed core temperature would require the
system to have a recurrence time of thousands of years. This would
appear unreasonable since many Galactic NS LMXBs have relatively
high-duty cycles on the order of ~10 percent (e.g. Degenaar &
Wijnands 2010; Yan & Yu 2015). However, selection effects could
limit our verification of LMXBs with very low-duty cycles (e.g.
Heinke 2010; Wijnands, Degenaar & Page 2013). For recurrence
times that are not this excessively long, explaining the very low core
temperature would require the NS to exhibit rapid neutrino cooling.
Indeed, our thermal evolution simulations provide solutions with
very fast neutrino emissions. These solutions, however, allow for a
low heat capacity that can simply be explained by leptons.

On theoretical grounds, a high neutrino luminosity requires a large
number of thermally excited pseudo-particles'* that can participate
in the corresponding process and these very same pseudo-particles do
provide a significant contribution to the heat capacity. Quantifying
this contribution is, however, very model dependent. As seen in
Fig. 9, low values of C* favour Xp, ~ 0.1. A value of Xpue ~
0.1 could be provided by a nucleonic direct-Urca process acting
in about 10 percent of the core’s volume implying that at least
10 per cent of the core nucleons are not paired and that C5°° > 10
erg K=!. It could also, however, be provided by a meson condensate,
whose neutrino emissivity is much lower, which would then imply
that most of the core’s volume contribute to this emission and thus

13We note that SAX J1808.4-3658 is detected in quiescence with an X-ray
luminosity of Lx ~ 10°% erg s~! (0.5-10 keV) but is fully dominated by
power-law emission (of unknown origin) and does not appear to contain
any significant surface emission from the NS. Modelling of the X-ray data
provides an upper limit on such thermal emission as quoted in the text (Heinke
et al. 2009).

4“Tn many-body theory of strongly interacting particles, this term is used to
indicate that a particle is excited and dragging/pushing other particles around
as if moving with a cloud of excitations around it.

Z20z Aienige4 gz uo Jasn wepisswy Jo Alsianiun Aq 06Z6££9/288/1/80S/010N1e/SeIuW/Wwoo dnoolwapeoe//:sdiy wWoll papeojumoq



most of the core’s nucleons are not paired resulting in a very large
heat capacity, C5°™ > 10°° erg K~!. These constraints are, however,
strongly based on theoretical arguments and cannot be considered as
constraints directly derived from the data.

We end up with the interesting situation that our modelling of
HETE J1900.1-2455 requires the NS core to have either a very high
heat capacity or a very high rate of neutrino emission. Both options
suggest that a significant fraction of the core particles cannot be
paired in a superfluid. Our thermal evolution simulations of HETE
J1900.1-2455 predict that the NS may not have had sufficient time to
thermally relax from its accretion phase. We find that further cooling,
possibly to temperatures as low as 15 eV, may have occurred after
our 2018 measurement. A new, deeper Chandra observation of HETE
J1900.1-2455 may provide more stringent constraints on its core
temperature. This brings about the exciting prospect that it may
allow us to set a tighter limit on the fraction of baryons that is paired.
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APPENDIX A: SETUP OF OUR MCMC RUNS

We employ the Markov-chain Monte Carlo techniques (see e.g.
Gregory 2005) to cover extensively the parameter space of both
astrophysical and physical uncertainties in our understanding of the
HETE J1900.1-2455 structure and evolution. In total, we have 18
parameters, which we describe below. These cover, and probably
exaggerate, the range of uncertainties on the microphysics and the
astrophysical settings and give us confidence that our results will be
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as model-independent as possible. The posterior distributions of our
parameters are shown in Fig. Al and their prior distributions were
uniform in the range shown in the figure, either linear or logarithmic

the prior was logarithmic, i.e. linear in Log,, Of with a range from
—2to +2.

The first three parameters are the distance, D, the mass, M, and
the radius, R, of the NS. These three properties impact the data
interpretation as described in Section 2 and displayed in Fig. 4.
Moreover, M and R determine the thickness of the NS crust,
the essential region where the time evolution constrained by our
two temperature measurements is taking place. Importantly too, D
controls our inference of the mass accretion rate M, which is o D?.
The prior range of D is taken from Galloway et al. (2008b) while the
range of M, 1.2-2.4 M, is chosen to cover the range of presently
known pulsar masses (Lattimer 2012; Ozel & Freire 2016). For the
radius range, we consider both the NICER (Miller et al. 2019; Riley
et al. 2019) and the LIGO (Abbott et al. 2018) results and assume R
to be between 9 and 14 km.

The fourth parameter is the initial redshifted (uniform) internal
temperature of the NS, Tp. Since HETE J1900.1-2455 was dis-
covered at the initiation of its only known outburst, we ha~ve no
information about its pre-outburst thermal state and thus take 7 as a
free parameter within a range from almost zero up to 3 x 107 K. The
posterior distribution of T, shows that this range covered all possible
values.

Next, the five parameters 5-9 control the thermal conductivity in
the crust through the impurity parameter Qi that takes different
values in five different zones. At the low temperatures present in the
crust of HETE J1900.1-2455, the thermal conductivity is strongly
dominated by electrons. Electron scattering is controlled by ion
scattering when these are in a liquid phase, in which case we follow
Yakovlev & Urpin (1980), and by phonon scattering when ions are
crystalized, where we employ the results of Gnedin, Yakovlev &
Potekhin (2001) augmented by impurity scattering. For the latter, we
apply a simple formalism (Flowers & Itoh 1976; Yakovlev & Urpin
1980; Itoh & Kohyama 1993, but see also Roggero & Reddy 2016)
in which the electron-impurity scattering rate is written as ve_imp =
Qimp X vél_)imp where vél_)imp is a fiducial frequency. Formally defined
as the average-squared charge fluctuation, Qiyp = ((Z — (Z))?) where
Z is the charge number of nuclei and (Z) its average, modelling of
X-ray bursts and the evolution of nuclei in the accretion-compressed
crust indicate that large values are possible (Gupta et al. 2007; Gupta,
Kawano & Moller 2008), while phase separation at crystallization
is predicted to reduce it (Horowitz, Caballero & Berry 2009). In
modelling crust relaxation in LMXBS, Qi has been treated as a free
parameter, as we do here, and small values near unity have usually
been preferred when fitting observations (see e.g. Brown & Cumming
2009; Page & Reddy 2013; Turlione, Aguilera & Pons 2015; Ootes
et al. 2018; Parikh et al. 2019), but some large values have also been
reported (Qimp A 40; Degenaar et al. 2014b). Moreover, Qjy, is not
expected to be uniform within the crust, so we split the latter in five
zones, employing values Q{i—!~> in the density range p =1 — p©
with p@ =10+ gecm=3.

The tenth model parameter reflects the chemical composition
of the NS envelope, which is important because it determines the
‘Ty — T’ relationship, i.e. the relationship between the boundary
temperature 7}, at the last zone of the outer crust included in
the numerical simulation at density p, = 10® gm cm™> and the
surface effective temperature, T.s. It is a potentially important, and
essentially free, parameter. The presence of light elements, as H,
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Figure A1. Histograms of the posterior distributions of our 18 MCMC parameters; see text for their description. Black and red lines correspond to our MCMC
runs A and B, respectively, and vertical scales are arbitrary but histograms are renormalized so that both have the same area. Priors were linear and uniform over

the displayed range except for the Qi(é,ﬁ,l """ 2

in run B where the prior was logarithmic, i.e. Logy, an:pl,..j) uniformly distributed over the range of —2 to +2.

Vertical scales are linear and chosen such that all curves have the same maximum.

He, or C deposited by the accretion and/or produced by surface
nuclear burning, is naturally expected and results in an increase in
T for a given T, compared to a model composition comprising
heavy elements as Fe. This is parametrized by the column density
of light elements y;. and our envelope model was displayed in fig. 3
of Degenaar et al. (2017). We note that this figure shows that the
mapping between the observed surface temperature and the interior
temperature is virtually independent of the (uncertain) light-element
content of the envelope for the very low temperature of HETE
J1900.1-2455 found in our 2018 observation but not in the case
of the 2016 observation.

Parameters 11-13 then characterize the shallow heating in the
crust, with parameter 11 defining its strength and 12—13 the density
range in the crust over which it is acting. As mentioned in the main
body of the article, a major unknown in modelling crust relaxation
in NS-LMXBs has turned out to be the presence of this shallow
heating: its nature, and hence what determines its magnitude, is still
an open issue. We describe it numerically by a time-dependent energy
injection, per unit volume, gg,(7), as

Qshﬂ
AV m,’

gsn(t) = (A1)

which acts within a shell of volume AV delimited by the densities
pMin and pMmA = pmin 4 Apg so that a total energy Oy, is injected
per accreted baryon (m, being the atomic mass unit). psmhi“, Apgh, and
Qg are our MCMC parameters. As maximum strength, we consider
10 MeV per nucleon, the strong value found in MAXI J0556-532
(Deibel et al. 2015; Parikh et al. 2017b).

Next, parameters 14—16 describe the occurrence of neutron su-
perfluidity in the crust. The occurrence of superfluidity affects the
crust-specific heat, and the major uncertainty here is the state of
the dripped neutrons in the inner crust. If these are normal, they
have an enormous contribution that dominates all other components
(electrons and phonons), while when in a superfluid state their
contribution becomes largely negligible. Theoretical predictions
for the density dependence of the neutron singlet superfluid crit-
ical temperature 7, show bell-shaped curves with a maximum at
mid-densities (10'3 gcm™?) that vanishes around nuclear matter
density. Typical maximum values are of the order of 10! K,
higher than temperatures present in HETE J1900.1-2455 by about
3 orders of magnitude. The critical regions where uncertainties
on the shape of the 7.(p) are of importance to determine the
extent of the normal/superfluid regimes are thus the two regions
just above neutron drip where 7.(p) grows rapidly and when
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approaching the crust—core interface where 7,(p) decreases and then
vanishes. To incorporate these uncertainties in a simple fashion,
we introduce two parameters (numbers 14 and 15), pg" and

o and posit that neutrons are superfluid with 7, ~ 10" K

in between these two densities and normal below p&i" and above

max
OsF

Dripped neutrons can moreover be entrained by the nuclei in their
vibrational motion because of the coupling to the lattice through
band effects (Chamel 2005). The main effect of entrainment, in our
present concerns, is to increase the effective mass of nuclei in the
inner crust, thus reducing the speed of phonons, transverse as well
as longitudinal modes, which results in an increase in the lattice
specific heat when cold enough to be in the Debye regime (Chamel,
Page & Reddy 2013). This effect is parametrized by the fraction depy
of entrained dripped neutrons (model parameter 16).

The penultimate parameter Xp, controls the fast neutrino emission
whose luminosity is given by equation (6). We implement this energy
loss in the inner half of the core (since it is theoretically expected
to act only at high densities) with an emissivity gF*(7T) = go x T,
qo being a constant independent of density or temperature such that
the integral of ¢¥(T') at uniform T = 10 K gives the luminosity of
equation (6). At the low core temperature of HETE J1900.1-2455,
the thermal conductivity is so large that the core always remains
essentially isothermal, even during the accretion outburst, and so
how the fast neutrino emission is actually distributed within the core
is inconsequential.

Our last parameter is the star core’s heat capacity, C*', as defined
in equation (7). As in the case of fast neutrino emission, for the
numerical calculation with NSCOOL, we need the specific heat per
unit volume, which we write as ¢(T) = ¢y x T, ¢y being a constant
such that when ¢(7) is integrated over the whole core at a uniform
T = 107 K, it gives the total heat capacity of equation (7).

APPENDIX B: TWO MORE RESULTS OF OUR
MCMC RUNS

‘We provide here additional results of our MCMC runs that were not
described in the main text and give some complementary analysis of
the main results that were. This concerns hints for a preference of
small NS radius and large mass and concise proof that crustal matter
forms a solid lattice.
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As a first point, we consider the main difference between run A,
with linear prior, and run B, with logarithmic prior on Qi(fn:pl """ 3,
The latter gives more preference to low values of Qi(gp and its
effect is clearly seen in the posteriors in the corresponding panels
of Fig. Al. As a result, in run B, preferentially high crust thermal
conductivities (because of preferentially low impurity contents) make
it easy for models to have short crustal thermal relaxation times
needed for the cooling from the observed 2016 T to the 2018
one. In contradistinction, in run A, preferentially high Qj, and
lower conductivities require more, so that the MCMC finds, in
such circumstances, a preference for high masses M and small radii
R as seen in the corresponding panels of Fig. Al, while no such
preference is found in run B." This finding from run A, high mass
and small radius, is very interesting in that it may be supported by the
preferences, in both runs A and B, of very efficient neutrino emission
(i.e. large Xpas), which is more likely to occur in a very massive star
that also may naturally have a small radius. However, large Xg, is
not a strong result as small values are far from excluded, in both runs
A and B, and preference for large M with small R depends on the
assumed prior for Qjy,p. Therefore, we can only leave this result as a
suggestion, which calls for further inquiries.

Finally, as a curiosity, notice that Qi in the zones 3 and 4, i.e.
the density ranges 10'>~10"3 and 10*-10'* gcm™3, respectively,
is strongly restricted to be less than 50. This implies that, in this
density range, crustal matter forms a solid with a lattice structure in
contradistinction with an amorphous solid that would have a much
lower thermal conductivity. This significant constraint results directly
from the imposition of crust cooling between the 2016 and 2018
observations resulting from a drop in 7 from ~50 down to ~35 eV
in 2 yr. Impressively, with two data points and six photons for the
second one, we can conclude that the NS crust forms a crystal. This
result had already been obtained in essentially all previous studies of
crust cooling in NS-LMXBs but HETE J1900.1-2455 provides the
most concise (six photons) proof.

15High mass and small radius imply very thin crust allowing a short relaxation
time even with not so high thermal conductivity.
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