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It is now possible to model thermal relaxation of neutron stars after bouts of accretion during which the
star is heated out of equilibrium by nuclear reactions in its crust. Major uncertainties in these models can
be encapsulated in modest variations of a handful of control parameters that change the fiducial crustal
thermal conductivity, specific heat, and heating rates. Observations of thermal relaxation constrain these
parameters and allow us to predict longer term variability in terms of the neutron star core temperature.
We demonstrate this explicitly by modeling ongoing thermal relaxation in the neutron star XTE J1701-
462. Its future cooling, over the next 5 to 30 years, is strongly constrained and depends mostly on its core
temperature, uncertainties in crust physics having essentially been pinned down by fitting to the first three

years of observations.
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Neutron star low-mass x-ray binaries (NS-LMXBs) are
close binary systems in which a neutron star is accreting
matter from a low-mass companion [1]. In many systems
accretion is not continuous and during quiescence the
neutron star surface can be observed and its temperature
T, inferred [2]. In recent years, five NS-LMXBs were
observed to return to quiescence after a long period of
accretion that lasted years (1.3 to 24) and have been called
quasipersistent transients [3-5]. Modeling the observed
evolution of T, after accretion ends revealed that the
temporal characteristics are likely set by novel processes
in the outer ~1 km region of the neutron star, called the
crust, containing dense, solid, and superfluid matter [6-8].

During accretion, the gravitational energy released at
the surface is radiated away, but nonequilibrium reactions
occurring deep in the crust heat the neutron star interior.
Electron capture on nuclei, pycno-nuclear (i.e., induced
by pressure) fusion, and electron capture induced neutron
rearrangement reactions are driven by compression during
accretion [9-13]. These processes, called deep crustal
heating [14], gradually heat the neutron star to a steady
state temperature T, determined by the long term balance
between accretion induced heating, and core neutrino
cooling [15].

On a shorter time scale, characteristic of quasipersistent
transients, heating during accretion is strong enough to
drive the crust out of thermal equilibrium with the core
and cooling observed immediately after should reveal
the thermal relaxation of the neutron star crust [16].
Modeling two systems, KS 1731-260 and MXB 1659-29
(KS and MXB hereafter), has confirmed this expectation
[6,7]. Although the crust is at high density (p =
10°-10" gecm™3) and novel quantum and superfluid
behavior is expected, nuclear interactions are well under-
stood at these subnuclear densities and a theoretical frame-
work to describe the structure and thermal properties of
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matter exists [8,17]. Crust models are sufficiently advanced
that key uncertainties associated with the thermal
conductivity, heat capacity, and reaction rates needed to
describe thermal relaxation have been identified and
studied [18].

In this Letter, we combine a detailed model of the crust
with early time cooling data from a specific source, XTE
J1701-462 (XTE), to make predictions for the future evo-
lution of its surface temperature. Our predictions can be
tested in the near term and we find that further cooling is
strongly correlated with its core temperature. In the long
term, as additional sources entering a transient cooling
phase are discovered, they will further test theoretical
predictions and establish the paradigm that observed cool-
ing is due to the thermal relaxation of the crust. In turn, this
will have important consequences for the nuclear and
condensed matter aspects of cold dense matter. For ex-
ample, it could identify signatures of a unique phase of
matter that is simultaneously solid and superfluid [8,17].
Our numerical simulations use the general relativistic code
NSCOOL [19], an updated version of the code used in [15].

Evolution of temperature in the crust is determined
by the heat diffusion equation (omitting GR effects for
simplicity)
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where Cy is the specific heat, k the thermal conductivity,
and Q; and Q, are the nuclear heating and the neutrino
cooling rates, respectively. The density and temperature
dependence of Cy, «, Q, and Q, are fairly well
understood (for a recent review, see [8]) and major uncer-
tainties can be parametrized in terms of a handful of
density parameters: (i) the ion-plasma frequency wp =
(47722 nign/M;, )%, Where nyg, is the total ion density
and M; is the ion effective mass and incorporates effects
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due to entrainment in the inner crust [20], and Ze is the ion
charge; (ii) the transition temperature 7. for neutron super-
fluidity in the inner crust and (iii) the impurity parameter
Oimp = Xini(Z; — (Z))*/nion, Where n; is the number den-
sity of the impurity species i of charge Z;e, (Z)e being the
average ion charge.

Because of its high conductivity the core temperature
remains nearly uniform and evolves slowly due to the high
specific heat. Consequently, the thermal time scale
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is set by the crust, where Ar is the crust thickness.
Variations of Cy, k, and the ratio Cy/k are shown in the
left, middle, and right panels of Fig. 1, respectively. We
now briefly discuss the main sources of uncertainty for Cy,
and « and their range that we will employ.

Ions form a quantum Coulomb crystal when T << 0.17p,
where Tp = hwp/kp is the ion plasma temperature. At
these low temperatures, the ion specific heat is dominated
by phonons and Cio" o T3 /v}, where v, * wp/qp, is the
transverse phonon velocity and gp = (672n;,,)"/> the
Debye momentum. v, remains somewhat uncertain
because of the coupling between dynamics of the neutron
superfluid and the lattice is not known precisely [20,21].
We incorporate this uncertainty using a range of possible
ion effective mass M, and hence a range of wp, from
Am,, 10 Acem,,, Where Ao = A + Agyp, A is the ion mass
number, and Ay, the number of dripped neutrons in the
Wigner-Seitz cell. When Op < T < T,,, where T, is the
melting temperature and @ ~ 0.457 p the Debye tempera-
ture, Ci" is almost T independent and = 3k, and slowly
decreases in the liquid phase. The electron component
is well approximated by a degenerate ultrarelativistic

Fermi-Dirac gas and C¢ = Tp#,(k3/3h?c), where pg, is
the electron Fermi momentum. For 7 < Tp electrons
dominate since C}, « T but with increasing T ions take
over, since Ci‘?“ o« T3, In the inner crust, neutrons are
superfluid for 7 <7, and their contribution to Cy is
strongly suppressed [22]. In the thin layer where 7 = T,
neutrons dominate Cy resulting in the Cy barrier seen in
the left and right panels of Fig. 1.

Electrons dominate thermal conduction and their con-
tribution is given by x, = C¢c?/(31°), where v° is their
scattering rate. When T < T the scattering rate is domi-
nated by impurity scattering, even for values of the impu-
rity parameter Qj,, ~ 1. The elastic impurity scattering
rate is independent of temperature and given by

Viemp = V%% imp» (3)
where v§ = 4a?,(Z%) pg./[37(Z))] is the fiducial electron
scattering rate in an uncorrelated gas, and Ay, =2
is the Coulomb logarithm for randomly distributed
impurities [23].

At shallow depth explosive nuclear burning through
rapid-proton captures produces an impure mix with Qjp,, =
30-100 [24]. However, several processes including
chemical separation due to preferential freezing of large
Z elements at the bottom of the ocean, and neutron-
rearrangement and pycnonuclear reactions deeper in the
inner crust are expected to greatly reduce Qyy,, in the solid

regions of the crust [11,13,25]. We treat Qj,,(p) as a
density dependent free parameter with a value Q?I;‘;,

expected to be small at high densities, and Q}fn’;, possibly

much higher at low densities. Modeling crust relaxation in
KS and MXB has shown that thp =~ ]-5 is necessary [7].
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FIG. 1 (color online). The “neutron star crust landscape.” Left panel: color plot of the specific heat Cy, in erg K~! cm™3, with (blue)
contour lines labeled by log,,Cy. Central panel: color plot of thermal conductivity «, in erg K~'cm™!s™!, with (blue) contour lines
labeled by log,o«. Right panel: color plot of 74, = Cy/k in time/(length)? with (blue) contour lines at 3, 10, 30, 100, and 300 days per
(100 m)2. In all three panels Q:fn’; = 20 at p below 10'2 gcm™3 and Q?r;’; = 4 above 103 gcm™3, with a smooth transition in between.
The neutron 'S, gap is from [28] which has a layer of unpaired neutrons only just above neutron drip; its T is shown. Also plotted on
each panel is the ion melting temperature 7,, [29], the Debye temperature ®p, = 0.45Tp [30], and 0.17p, Tp being the ion plasma

temperature. In the Cy and 7, panels, the two (red) dash-triple dot lines mark the boundary where the ion and electron Cy are equal.
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FIG. 2 (color online). Observed effective temperatures at in-
finity, T3° (circles with 1o error bars), after the end of the
accretion outburst of KS 1731-260 [3], MXB 1659-29 [4], and
XTE J1701-462 [26]. Our theoretical models for KS and MXB,
similar to those of [7], employ the crust physics displayed in
Fig. 1 but with (Q}o” . Q') equal to (5.3) for KS and (10.3) for
MXB [31]. The dashed (magenta) curve model for XTE uses
exactly the physics of Fig. 1 [31] and details are displayed in
Fig. 3. The two data points marked as ? and (?) are likely and
possibly, respectively, contaminated by residual accretion [26].
All our models that fit the 12 XTE data points (up to 1158 d,
but excluding the two marked with ?) with a x?/12 <1 are
shown in four bands according to the initial core temperature: A:
Ty =108 K; B: T, =10"" K; C: T,=10"> K, and D that
comprises all our models with T, between 10”> and 10° K.
The “Past” and ‘““Future”refer to XTE’s present time. Neutron
star structure is obtained using the high-density equation of state
of [32] for the core and [10] for the crust, with a mass of 1.4M
for XTE and MXB, and 1.7M, for KS.
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Deep crustal heating injects about 1.5-2 MeV of
energy per accreted baryon in the density interval
10°-10" gem™3 [11,12], and possibly up to 4 MeV for
extreme models [13]. Since the exact accretion rate M
during outburst is also uncertain, uncertainty in the injected
heat is masked by varying M, which is one of our model
parameters. However, in all models the bulk of the heat is
deposited at densities above neutron drip, and we employ
the model of Ref. [12].

XTE is peculiar in that during its 1.6 yr long outburst
it accreted at a high rate close to the Eddington limit,
Mpggq =2 X 1078M yr~! [26]. In contrast, accretion out-
bursts in MXB and KS lasted 2.5 and 12.5 yr with average
M of ~0.05Mpyy and ~0.2Mpgg,, respectively [4,16]. The
observed cooling light curves of these three stars are
displayed in Fig. 2. XTE’s evolution is characterized by a
short initial cooling phase of about 100 d followed by a 2 yr
long plateau. Much unlike the cooling behavior of KS
and MXB which evolved on an initial time scale of
~300 and ~450 d followed by much slower evolution
[3,27]. XTE also has, on average, a T twice larger than
MXB and KS, implying a crust temperature about 4 times
higher. XTE’s evolution explores a new, hotter, regime of
Fig. 1 which, together with its high (M) and short outburst,
explains its peculiar behavior as we describe below.

The left panel of Fig. 3 shows a series of temperature
profiles during accretion induced heating for XTE. Heating
was so strong that it would have taken several decades
for XTE to reach a stationary state. In a steady state, the
inverted 7' gradient in the crust is large enough that heat
flow into the core exactly balances deep crustal heating.
KS and MXB, with lower (M), could reach a stationary
state during their longer outbursts [7]. Crust microphysics
in Fig. 1 naturally explains this diversity—the hotter
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FIG. 3 (color online).
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Left panel: an example of the evolution of XTE’s crust temperature during an accretion phase at M =~ 0.9Mg44

with initial uniform 7 = 4 X 10° K (labeled 0d). Profiles after 1 day (1d), 1 week (I w), 1 and 6 months (I m and 6 m) and 1.6 year
(1.6 y) are shown. The profiles at 5, 10, and 20 years (5 y, 10 y, and 20 y) show the times needed to approach the steady state. Right
panel: An example of the evolution of XTE’s crust temperature profile during the cooling phase. Curves are labeled by the time, in
days, from the end of the accretion outburst. In both panels the background color map is the local thermal time from Fig. 1. Notice that
the core temperature is increasing both during the accretion phase and the subsequent relaxation phase.
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crust in XTE (were T = 10% K) has larger thermal time
scales.

Relaxation of XTE is illustrated in the right panel of
Fig. 3. The outermost, initially hot, 200 m thick layer
relaxes rapidly, in about 100 d, resulting in the observed
rapid initial decrease of T¢°. This time scale matches 74, ~
30-100 d of this layer at T ~ 2 X 10% K (see Fig. 1, right
panel). Subsequent temperature evolution is slow: heat
from the outer crust, whose temperature determines the
observed T°, has to flow into the inner crust, and then into
the core. It has to pass through the bottleneck just above
neutron drip, where 74, is ~1 yr at 7 =~ 10% K, and then
diffuse several hundreds of meters down to the core. This
process explains the existence of a plateau in the observed
T°. However, on a longer time scale, further decrease of
T is naturally expected.

To explore how three years of observations constrain
crustal properties and the future evolution of XTE we
performed an extensive search of the parameter space. A
synopsis of our results is displayed in Fig. 2 as four
bands of cooling trajectories are labeled as “A” to “D”,
according to their value of 7. A comprehensive analysis of
our results will be presented in a forthcoming paper, but, in
the case T, < 10® K, models that fit the three years of
observed evolution are strongly constrained and all models
in the cases B, C, and D have crust microphysics very

similar to the one depicted in Fig. 1: Qloﬂ ~ 15-30 and

mp

Q?;f; ~ 3-4, with a smooth shift from Qifn‘; to Q?gfp at
densities between 10'2 and 10" gem™3; Mi, ~ Am,,
i.e., little entrainment; the Cy barrier due to unpaired
neutrons just above the neutron drip point cannot be too
strong; i.e., T, must grow relatively rapidly at low
kg ,. (The same microphysics is also compatible with
modeling of KS and MXB as shown in Fig. 2.) The
dominant unconstrained parameter is the initial core
temperature. In case the core is cold we also find that
the crust thickness would be constrained to be = 1 km.
The future evolution of XTE appears to be mostly
determined by its previous core temperature 7, and, for a
given T\, uncertainty in future time is smaller than a factor
of 2.

It is remarkable that the crust model describes diverse
cooling observed in XTE J1701-462, MXB 1659-29, and
KS 1731-260 with similar input physics, and provides a
natural explanation for the rapid early cooling in XTE. Its
prediction for future cooling solely in terms of one
unknown parameter—the core temperature—can be tested
with continued monitoring of XTE. If confirmed it would
firmly establish the crust relaxation as the underlying
process, and taken together fits to these three sources will
provide useful constraints for the thermal and transport
properties of the neutron star crust. Finally, results dis-
played in Fig. 3 show that even the core response is not
negligible, and these systems may open a new window for
studying matter at even larger densities. We hope that our

results will motivate a long term program to discover and
monitor accreting neutron stars.
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