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PACS 97.60.Jd — Neutron stars

PACS 65.90.+i — Other topics in thermal properties of condensed matter

PACS 44.40.+a — Thermal radiation

Abstract — We study thermal radiation of a warm neutron star with a variable shell-like heater
located in its crust. The heater and the star are taken to be initially in a stationary state. Then
the heat power is increased or decreased for some period of time producing a peak or a dip of
the thermal surface emission; afterwards the stationary state is restored. Only a small fraction
of the generated heat is thermally emitted through the surface. Time variation of the surface
luminosity is weakened and distorted with respect to the variation of the generated heat power;
the former variation can be observable only under special conditions —neutron stars are “hiding”
their internal temperature variations. These results can be useful for the interpretation of the
observations of neutron stars with variable thermal surface emission, particularly, magnetars and
transiently accreting neutron stars in low-mass X-ray binaries.

Copyright © EPLA, 2017

Introduction. — The internal structure of neutron
stars (most compact stars containing superdense matter
with poorly known properties) is a long-standing funda-
mental astrophysical and physical problem [1,2]. There is
a solid observational evidence that some neutron stars pos-
sess internal heat sources of different nature [3-6]. Such
internal heaters can affect the evolution of neutron stars
which can be of primary importance.

Here we investigate such sources located in a neutron
star crust, which is a thin layer under the surface (about
1% of star’s mass); it surrounds a superdense, massive and
bulky stellar core [1]. To be general, we do not specify the
nature of the heater in simulations (but discuss it briefly in
the “Conclusions” section). Using a neutron star cooling
code, we calculate possible signatures of the heater in the
surface emission and analyze the conditions at which these
signatures can be observed.

Previously, we have investigated (quasi-)stationary
heaters [7,8] and have shown that the strongest effects on
the thermal surface emission are produced by the heaters
located in the outer crust, not far from the surface. Oth-
erwise the generated heat is mainly conducted to the core
and radiated away by neutrinos.

Here we study a variable heater which increases or de-
creases its power for some time At and produces a peak or
a dip in the thermal surface emission. Are these variations

observable? A similar problem has been studied for short
(a few hours) and strong heater’s energy generations [9].
We extend these studies for longer At (see below) and
present the first results.

Simulations. — For simulations, we have used our new
one-dimensional cooling code which calculates the evolu-
tion of the temperature in a spherically symmetric star
with a nucleon core. The code is written in Python pro-
gramming language. It adopts a one-dimensional mesh
with 350 radial spherical cells, from the star’s center to
the density pp, = 10°gcem ™. The code is based on the
implicit Euler backward method which makes simulations
stable under a vast range of initial conditions. It solves
for the temperature distribution T'(p,¢) within the star
at densities p > pp, taking into account thermal conduc-
tion, neutrino cooling and an assumed heating. General
relativity effects are included exactly. Microphysics input
is mainly the same as in our standard one-dimensional
cooling code [10]. In particular, the effects of neutron
and proton superfluidities on the neutrino emissivity and
heat capacity of the matter are included in the same man-
ner. However, for simplicity, we will neglect these effects
here because our heater is sufficiently close to the surface
where the effects of superfluidity on heat transport are not
important.
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Fig. 1: (Colour online) The peaks of the heater’s power Li°(t) and the surface thermal luminosities LS (t) vs. t for three steady
heater powers L (A, B and C), two heater positions (outer and inner) and three heat variation durations (At = 1, 10 and
100 yr), as described in the text. Triangles, squares and circles indicate maxima of Li°(t) and Lg°(t) for the outer and inner
heaters, respectively. The energy generation amplitudes are taken to be Hy = 9 H..

The effective surface temperature of the star Ty is con-
nected to the temperature T}, at p = pp through a spe-
cial Ty — T}, relation which is calculated separately using
a quasi-stationary plane-parallel approximation [11]. We
have employed a recently computed relation [12] for the
surface layers made of iron. For surface temperatures
T, Z 1 MK of our interest, a typical heat propagation time
from p, = 10 gcm ™3 through this heat blanketing enve-
lope is tgn, ~ 1d. Therefore, our code allows us to study
surface temperature variations not shorter than about 1d.
If we took a standard model of the heat-blanketing enve-
lope with p, = 10'°gem™3, the “time resolution” of our
code would be ty, ~ 1yr.

For simulations, we have chosen one neutron star model,
with the BSk21 equation of state [13] of nucleon matter in
the core. The gravitational mass of the chosen model is
M = 1.4 Mg and the circumferential radius R = 12.6 km.
We have approximated the heater by a thin spherical layer
(p1 < p < p2). The heat power Q(p,t) (erg cm™3s71) has
been taken zero outside this layer and independent of p
within it. Within the heater, we have set

Q(p,t) = He + Huar(t), (1)

where H, is a constant stationary heat power, and Hya, (%)
is a variation given by

Hyor(t) = Hosin?(wt/At), at 0<t<At, (2)

with Hya,(t) = 0 otherwise, Hy being a variation ampli-
tude and At a variation duration. The time-integrated
heat production of variable energy per cm? in the heater is

At

AEivar =
0

Hoor(t) dt = % Ho At. (3)

If Hy > 0 we create a heat peak, otherwise (Hy < 0) a
heat dip. The previous consideration of Pons and Rea [9]
formally corresponds to an instantaneous (delta-function)
energy release, Hyar(t) = AEyay 0(1).

At the first stage, using the cooling code, we evolve the
star with a constant heat power H. in the heater. Ini-
tially the star cools down but eventually it is stabilized by
the constant heating [7]; in this steady state the star is
non-isothermal inside, the maximum temperature T" = T},
is reached in the heater. Then at some moment ¢ = 0
we vary the heat power in accordance with (2). In re-
sponse, the surface emission starts to vary but after the
heat variation stops, the star returns to its initial station-
ary state. We have calculated the total heat generation
power L°(t) (erg s~') and the total surface luminosity
LZ°(t), both redshifted for a distant observer.

We have mainly considered two positions of the heater.
In the first case (of the so-called “outer heater”) we assume
p1 = 10" gem™2 and py = 102 gem™3. In the second
case (of the “inner heater”) we take p; = 10*?2 gecm =2 and
p2 = 1.27 x 103 gecm™3; the value of ps is chosen in such
a way to have equal L{°(¢) at the same H., Hy and At
for both heaters. In simulations, we have varied H., Hy
and At. For heat peaks, we have taken Hy = 9 H. (so
that in the peak maximum we have Hy + H, = 10H.),
while for dips Hy = —H. (so that the heat power drops to
Hy+ H.=0att= % At). Therefore, we have considered
rather pronounced variations.

Results. — Let us discuss typical results. Figures 1
and 2 compare the generated heat power Lp°(t) with the
thermal surface luminosity L3°(¢) of the star. Figure 1
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circles indicate minima of LZ°(t) for the outer and inner heaters, respectively. See text for details.

corresponds to heat peaks, whereas fig. 2 to heat dips.
Three cases (A, B and C) in each figure, 1A-C and 2A-C,
refer to three stationary heat intensities, H. = 5 x 10'7
(case A), 5 x 108 (case B) and 5 x 10 ergem =3 s71
(case C), respectively. The corresponding steady heat
powers are L = 1.7 x 10% (A), 1.7 x 10%¢ (B) and
1.7 x 1037 erg s7! (C) (progressively stronger stationary
heater and overall warmer star). Note that these ranges
of H. and LZ° are discussed in the literature in the
context of magnetic heating of magnetars, e.g., [5,7,8].
Each figure, 1 and 2, shows variations of three durations,
At =1, 10 and 100 yr, produced by the outer and inner
heaters.

The three solid curves at the upper left parts A—C of
each figure, 1 and 2, show Lp°/L2°; these ratios are chosen
to be the same for the outer and inner heaters. The solid
curves demonstrate variations of Lp°(¢).

Any two pairs of three curves on each of the three panels
(panels A, B, or C) of fig. 1 or 2 show LZ°(t)/L;°. Each
such curve exhibits the surface luminosity L$°(¢) produced
either by the outer (thinner and upper dash-dotted lines)
or the inner (thicker and lower dashed lines) heater. At the
same L{° and At the surface luminosities L°(¢) depend
on the heater’s position; the deeper the heater, the lower
Lg°(t) (the smaller fraction of heat reaches the surface).

Allin all, each figure (1 and 2) shows Lp°(t) and L3°(t)
for three steady heater powers L® (A, B and C), two
heater positions (inner and outer) and three heat variation
durations (At = 1,10 and 100 yr).

Figure 1 displays the variability of L{°(¢) and LZ°(t)
under energy releases at Hy = 9 H.. In response to the
energy release, the surface emission increases, reaches a
maximum and then decreases to its initial pre-burst level.

Triangles show the maxima of Lp°(t) (assumed to be at
t = %At), while squares and circles mark the maxima of
LZ°(t) produced by the outer and inner heaters, respec-
tively. In any case only a small fraction of the generated
heat is emitted from the stellar surface (LJ° < Lp°). The
behavior of the surface radiation is seen to be drastically
dependent of the energy release duration At and ampli-
tude Hy, as well as of the pre-burst heater’s amplitude H.,
i.e., on the thermal state of the star before the burst. It is
convenient to introduce a characteristic heat diffusion time
scale tq;g from the heater to the surface, the characteristic
time scale At for variability of the surface emission, and
the typical heater’s temperature T ~ Ty,. These quanti-
ties depend on the heater’s parameters. Typically, tqig ~
a few years for the outer heater and it is several times
larger for the inner heater; the warmer the star, the larger
Laifr-

Consider, for instance, fig. 1A which is plotted for a
relatively low H, = 5 x 10'7 ergem ™3 s~!. For the short-
est energy release, At = 1yr, the variation of the ther-
mal surface emission is nearly invisible (not detectable).
The reason is twofold. First, the total amount of the re-
leased energy is not large. Second, the heat propagation
time tq;¢ at the decay phase is longer than the energy re-
lease duration At (so that the surface variability lasts for
Atg ~ taig > At). This disperses L$°(t) over the long
time interval Atg, decreasing the peak of the surface emis-
sion. The peak shape of L2°(t) (almost invisible for the
scales in fig. 1A) contains a rapid surface luminosity rise
(taig in a pre-burst star) and a slower luminosity decay
(taig in a star heated by the energy release).

For the 10-year-long energy release in fig. 1A, the
increase of the surface thermal emission is already quite
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visible. The surface luminosity profiles L$°(¢) have a pro-
nounced peak shape. The peak profiles significantly dif-
fer from the profile of the heater’s power L;{°(t) (the
upper curve). Specifically, the peaks of L2°(t) are smaller,
broader, and asymmetrical, whereas the peak of L{°(t)
is symmetric with respect to t = %At. In addition, the
peaks of LZ°(t) essentially depend on the heater’s posi-
tion. The peak shifts are naturally explained by a finite
diffusion time tqig. In our particular case, the peak shift
for the outer heater is about 2 years, while the shift for
the inner heater is about 7 years.

For the longest energy release displayed in fig. 1A
(At = 100 yr) the situation is basically the same but better
visible in the figure. The L$°(t) peaks are damped, shifted
and broadened with respect to the L (¢) peak. The L2°(t)
peak maximum for the outer heater is only 50% higher
than the analogous maximum for the shorter energy re-
lease, At = 10 yr, while the L3°(¢) peak maximum for the
inner heater at At = 100 yr is much higher than the cor-
responding maximum at At = 10yr. If At = 100yr, the
characteristic heat diffusion time tq;g is shorter than At
(so that now Ats ~ At). Therefore, very roughly, the situ-
ation is quasi-stationary; the heater’s power varies slowly
and the thermal emission approximately follows these vari-
ations. In contrast, the case At = 10yr can be treated
as intermediate between At = 1lyr and At = 100yr
(tair ~ At). With the growth of At the peak shape be-
comes more symmetric, resembling the shape of Lp°(t).
Now the longer energy release is roughly quasi-stationary,
while the shorter one is not.

Even longer energy releases, with At 2 100 yr, would be
more quasi-stationary but hardly detectable (an observer
would consider such sources as not variable). Therefore,
the most favorable variations to be detected are those from
the outer heater of intermediate duration, with At from a
few to a few tens of years. Another important condition
concerns the variation amplitude Hy of the heat genera-
tion. In fig. 1 we have assumed rather strong variations,
Hy = 9H.. Had we taken lower Hjy, the variations of
Lge(t) would be even weaker.

Figure 1B shows basically the same quantities as
fie. 1A but for a 10 times stronger stationary heater
(H.=5x10%ergem ™2 s71). Then the star is overall
warmer. All the effects mentioned above (suppression,
shift and broadening of L°(t) peaks with respect to Ly°(t)
ones) are naturally available here but they are quantita-
tively different. Note a significant dilatation of the L2°(¢)
variation with respect to L;{°(t), especially for the in-
ner heater; L$°(t) varies long after the heater returns to
its steady state. Thus, the star will demonstrate a pro-
nounced afterglow.

Finally, fig. 1C shows the same curves as in figs. 1A
and B, but for much warmer star, with H. = 5 X
10 ergem =2 s71. As shown in [7-9], this case is special
because the temperature in the heater becomes so high
(T, 2 10°K) that the neutrino cooling in the heater is
more efficient than the thermal conduction; the generated

heat is mostly carried away by neutrinos. The fraction of
heat emitted from the surface becomes very low. When
an extra heat is generated, it is taken away by neutrinos.
Accordingly, the time variability of the heater in such a
warm neutron star will weakly affect the surface emission.
Based on figs. 1A-C we can very roughly distinguish
three main regimes of the surface variability of the star.

1) The regime of dynamic response to an internal rapid
energy release (At < tqig) in a not too hot star (Tj, <
10°K). It is characterized by a rather rapid rise and
longer decay on diffusion time-scales Atg ~ tqig. The
peak of the surface emission weakly depends on At.

2) The regime of quasi-stationary response in a not too
hot star (T, < 10°K) to a slow energy release (At >
tairr). It produces a peak of the surface emission which
resembles the internal energy release, lasts for ~ At,
and weakly depends on tg4;f-.

3) The regime of efficient neutrino cooling of the heater
in a hot star (T}, = 10° K). It leads to weak variations
of the surface emission.

The peak shapes of L$°(¢) in the dynamical regime qual-
itatively agree with the shapes obtained previously [9] for
very short energy releases. Note that Pons and Rea [9]
have used a two-dimensional (2D) cooling code and stud-
ied a heater in the form of a hot spot or a spherical layer
under the stellar surface. In both cases the authors in-
cluded the effects of strong magnetic fields, which mainly
affect heat conduction, while we have not included such
effects here.

Figures 2A—C are essentially the same as 1A—C but they
are plotted for heater’s drops (to zero intensity, @ = 0 at
t= %At; Hy = —H.) instead of energy outbursts. These
drops are naturally accompanied by the dips of the surface
emission. Nevertheless, the surface emission drops not to
zero but to finite minimum values shown by squares or
circles. Such minima are again shifted with respect to the
minima of Lp°(¢) due to finite heat diffusion time scales.
Other effects of Lp°(t) dips on L3°(t) in fig. 2 are more
or less similar to the effects of Lp°(t) for energy outburts
in fig. 1. Were the heater’s drops weaker (not to zero
intensity), the variations of L2°(¢) would be even less pro-
nounced.

Figure 31 shows isolines of constant log LS® for a sta-
tionary (pre-burst) star supported by a steady heater of
fixed amplitude H, (no heater’s variations there). The iso-
lines are plotted vs. heater’s position, log p; (varied widely
over the crust), and amplitude H,. For each p; the inner
heater’s density po is chosen in such a way to give equal
L at a fixed H.. The figure summarizes all the informa-
tion on steady heaters discussed above. In particular, the
deeper the heater with fixed Ly°, the smaller LJ°; and at
very large H. the surface luminosity saturates (stops to
depend on H,; see the upper left corner of fig. 31).

Figures 3II and III illustrate our results on energy re-
leases (fig. 1) and drops (fig. 2). Figure 3II shows the
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Fig. 3: Panel I: lines of constant log L° (erg s ') (numbers next to the curves) vs. p; and H, for stationary heaters which have
the same Li° for any p1 at a fixed H.. Other panels: ratios of L. /LS (panel 11, heat releases, Ho = 9 He, as in fig. 1) and
ratios of Ly, /LS (panel III, heat dips, Hyo = —H., as in fig. 2) vs. H. for the outer heater at five values of At = 0.1, 1, 10,
100 and 1000 yr; L is the thermal surface luminosity of the star prior to heater’s variations; Loy, or Ly, are the maximum
or minimum surface luminosity for peaks or dips (squares in figs. 1 or 2).

ratios Lo /L2 as a function of He, for the outer heater
as an example, at five variability durations At = 0.1, 1,
10, 100 and 1000yr. Here LS is the maximum of the
surface luminosity (squares in fig. 1) due to the heater’s
variations. Short variations (e.g., At = 0.1yr) contain
too small energy to affect L2°(t). With increasing At
at H. < 10%erg s7! cm™3, the variations of L2°(t) be-
come quite pronounced. The dependence of LS, /LS°
on H. at fixed At has a peak structure with maximum
at H. ~ 10®erg s~! em™3 that is most favorable for
heating the surface. Too high H. reduces the varia-
tions of L2°(t) because of extra neutrino emission from
the heater (see above). Figure 3III shows similar ratios
Lee /L for heat drops (fig. 2), where LS is the min-
imum surface thermal luminosity due to switching the
heater off. Again, short variations of At do not affect
L& (t), while longer At of initially stronger heaters (with
larger H.) can produce visible drops of L2°(t). Qualita-
tively, figs. 3II and III indicate that to obtain noticeable
variations of the surface emission, one needs an interme-
diate heater (H, ~ (1 —5) x 10" ergem ™3 s71) and suffi-
ciently long At 2 10 yr.

Conclusions. — We have simulated thermal evolution
of a neutron star with a variable heater placed in a
spherical layer in the star’s crust. Initially, the heater has
been taken static to drive the star to a static state. Then
we have increased or decreased the heater’s power Lp°(t)
over some time At and returned to the initial steady state
afterwards. The problem is if the variations of the thermal
surface luminosity LZ°(t) are observable.

We have identified three main heat propagation regimes.
The first is the dynamical regime in which the variations
of LZ°(t) are almost independent of At, being governed
by the thermal diffusion time t4ig. In the second, quasi-
stationary regime the variations of L$°(t) resemble those
of L (t), being mostly determined by At (rather than by
taig). The third is the regime of fast neutrino cooling of

the heater in a hot star when the L2°(¢) variations are
strongly damped.

Our main result is that the observability of heater’s vari-
ations is restrictive —neutron stars are trying to hide their
internal activity. To observe its signatures, the heater and
its variations have to be strong, but not too strong to avoid
efficient neutrino cooling in the heater itself. The heater
has to be rather close to the surface (placed at densities
p ~ 10 gem™ or lower) to simplify heat transport to
the surface. The heater’s variation time At should be nei-
ther short (to produce enough heat) nor very long (to be
detectable). Our results agree with the previous consid-
eration [9] but seem more systematic (include studies of
dips and of the quasi-stationary regime).

The results have many applications for neutron stars
heated from inside, especially from the crust. They may
help interpret observations of such stars and clarify the
mechanisms for steady-state and variable heating.

Internal heaters can operate in vastly different neu-
tron stars. For instance, they can be young stars (of
age < 100yr) which have not reached the state of inter-
nal thermal relaxation (as discussed, e.g., in [8]). They
can also be middle-aged isolated neutron stars with many
possible reheating mechanisms outlined in [14,15]. Alter-
natively, they can be old accreting neutron stars which
demonstrate bursts or superbursts originated in the outer
crust [16-18], and transiently accreting neutron stars in
compact low-mass X-ray binaries [3,6] warmed up by deep
crustal heating [19-21] and by poorly known shallow heat-
ing (e.g., [17]) in accreted matter. The heating of magne-
tars, associated usually with their strong magnetic fields
(e.g., [5] and references therein), seems extremely impor-
tant for the evolution and bursting activity of magne-
tars. Moreover, some magnetars are known to be related
(e.g., [22]) to high-B pulsars, which possess strong mag-
netic fields B > 10 G but show no magnetar activ-
ity (need no internal heaters). However, some magnetars
can sometimes transform into high-B pulsars (heater is
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switched off) and then back (heater is on). Such processes
can be roughly described by our heater outburst or drop
models.

The nature of steady and variable heaters in neutron
stars (particularly, in magnetars) is far from being clear.
The magnetic energy can be mainly stored in the bulk
of the star but transported and transformed into heat in
the outer layers. Many heating mechanisms in magnetars
have been extensively studied (e.g., [4,5,9,23,24] and ref-
erences therein). They include the evolution of magnetic
fields (in the core and the crust) under the effects of rota-
tion, Ohmic decay, Hall drift, ambipolar diffusion (in the
core), plastic flows in the crust, mechanical deformations
of crustals stresses, the effects of MHD waves and cur-
rent sheets in the crust, bombardement of stellar surface
by particles from magnetosphere, etc. Detailed modeling
of these phenomena is complicated; our phenomenologi-
cal approach can help estimate the efficiency of various
heaters.

The ability of neutron stars to greatly damp the ef-
fects of variable internal heaters on the surface emis-
sion does not mean that such effects are not observable
at all. For instance, for very strong outbursts, with
Hy/H. > 10, the relative peak of the surface luminos-
ity Lo /L can be observable even for short outbursts,
At Z lyr, provided the star is not very warm (H. and
L% are rather small). Our extra calculations show that
at each Hy/H. ratio there exists an optimal pre-burst
amplitude H, which provides maximum L, /L2 ratio
(e.g., fig. 3II), that depends on At. The higher Hy/H.,
the lower the optimal amplitude H.. For instance, at
Ho/H. ~ 3 x 103 the optimal amplitude H. decreases
down to 10'7-10' erg s~ tem 3.

Therefore, one can obtain an enhancement of the surface
luminosity peak by a factor 2 10-100 with relaxation tails
lasting > 1 yr, typical for the magnetar outbursts [9,25]. In
this case the heater should produce a very large amount
of energy (Ho/H. = 10%) at a low pre-burst amplitude
H.. In particular, we confirm the possibility of a strong
peak of the surface luminosity L2, /L ~ 102 with a
relaxation tail lasting < 10yr [26] in accordance with
the observations of long outbursts of the central compact
X-ray source 1E 161348-5055 in the supernova remnant
RCW 103 [27,28].

On the other hand, many magnetar outbursts are suffi-
ciently strong and short. It would be difficult to explain
them within the internal heater model unless the heater
is placed uncomfortably close to the neutron star surface.
This is an indirect argument in favor of the widely dis-
cussed hypothesis that the radiation of such outbursts is
formed in magnetospheres of magnetars [29].

Our results can be extended to consider a variety of neu-
tron star models (different equations of state and stellar
masses, and different models for nucleon superfluidity in-
side the stars), non-spherical heaters, different models for
variability of the heaters; it would also be very important
to include the effects of strong magnetic fields and MHD

waves. Such extensions are certainly beyond the scope of
this work.
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