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Cooling of a Strange Star with Crust
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The cooling history of a strange star surrounded by a thin crust of ordinary matter is followed by solv-

ing analytically the general-relativistic equation of heat transfer across the crust. The surface tempera-
ture of the strange star is found to be lower than that of a neutron star (ordinary or with core conden-
sates) of the same age. This provides a definite observational signature for these exotic objects, so far
the first quantitative one to be proposed.

PACS numbers: 97.60.3d, 12.38.Mh, 97.10.Ri

Strange stars have been proposed as a new class of as-
tronomical compact objects, and various physical scenar-
ios have been proposed and discussed theoretically. ' In
order to confirm the existence of such stars, some char-
acteristic signature must be found and compared to ob-
servations.

We consider here a star consisting of a core of strange
quark matter surrounded by a thin crust of ordinary
matter. We point out that this is not the only possible
scenario, although a quite plausible one, and the details
about its formation and stability are still far from being
understood. In this Letter we show that the high cooling
rate of quark matter together with the quick thermal
response of the thin crust yield low surface temperatures
as compared to neutron stars of the same age. This pro-
vides a definite observational signature for this scenario,
so far the first one to be proposed in quantitative terms.

After the formation of the star, the core cools very
rapidly due to intense neutrino emission and the temper-
ature at the surface depends on the transfer of heat
across the crust. Our approach relies on two main as-
sumptions: (i) the pressure in the crust is dominated by
the contribution from degenerate relativistic electrons,
and (ii) the thermal behavior of the crust is that of a
simple solid, i.e., its specific heat C is that of a classical
crystal and its thermal conductivity rc is given by the
contribution from electron-phonon scattering in the ion
lattice.

Under these assumptions the density structure of the
crust can be solved analytically and the general-
relativistic heat equation can be integrated exactly to
give the temperature response of the surface to the cool-
ing of the core. The first approximation turns out to be a
very good one over most of the crust, with the exception
of the thin "skin" of nondegenerate matter whose effect
on the surface temperature will be treated separately at
the end. The second assumption is a more coarse ap-
proximation, since the outer part of the crust (about
one-third of its total extension) is in the liquid phase.
However, we believe that this does not significantly
affect our final results and general conclusions, as we will
discuss later.

The structure of the crust is determined by the
general-relativistic equation of hydrostatic equilibrium.
The crust is thin (—2 km) and contains negligible mass
(& 10 Mo) so that the equation simplifies to dP/dz
=pg„where g, is the surface gravity and z is the
general-relativistic depth coordinate. " If M and R are
the total mass and the radius of the star, and r is the ra-
dial coordinate, we have g, =e ~GM/R and z =e ~(R
—r), with e ~ =1 —2GM/Rc . The total mass density p
is practically equal to the rest mass density of the nonre-
lativistic ions in the lattice, since the contribution of the
electrons to the total energy can be neglected. From the
assumption that the pressure comes entirely from the de-
generate relativistic electrons we have P =1.25 x 10'
xg(Y,p) . Here Y, =Z/A is the electron fraction for
ions with atomic number Z and mass number 4, while

g =1 —0.0046Z t is the Coulomb correction to the pres-
sure from the lattice; we use cgs units throughout. Fi-
nally, the density profile for the crust in the degenerate
regime is given by p =8 x 10 (g, /g) Y, z . The
crust extends down to a depth z, and density p, where it
is in contact with the inner quark core. Stability argu-
ments for the conversion of ordinary matter into strange
quark matter show that the maximum crust which can
be supported by a strange star corresponds to p, =p„d,
where p„d =4 X 10" g/cm is the neutron drip density. '

The core cools rapidly due to intense neutrino emission
from the P decay of degenerate relativistic quarks. The
neutrino emissivity e, depends on the mass m, of the
strange quark and on the QCD coupling constant a,
=g /4tr, and so far in the literature there is no agree-
ment on its expression. Here we will take t. , =9
X10 T erg/cm s as obtained from Ref. 6 for m,
=200 MeV and a, =0.4; this should give at least the
correct order of magnitude. Assuming that the density is
roughly constant, which for the self-bound core is a
reasonable approximation, and taking a uniform initial
temperature T;, the temperature of the core at time t is
then given by T, (t) =T;(1+eT; t) ', where e=1.7
&10 R M

Because of the rapidity of the cooling and of the
difference in their masses, the core acts on the crust as a
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heat reservoir. The thermal behavior of the latter can
therefore be found by solving the heat transfer problem
with T, (t) as a boundary condition and neglecting the
less intense neutrino emission which takes place in ordi-
nary matter. The general-relativistic heat equation for a
thin crust without sinks or sources of energy is"

C aT(z, s)/as = (a/az) [~aT(z, s)/az],

where s =e~t is the proper time and T(z,s) is the tem-
perature of the crust at relativistic depth z and at proper
time s. The equipartition theorem gives for the specific
heat of a classical lattice of ions with number density Nz
the expression C=3kNz =2.5x10 A 'p. For the solid
crust this is a reasonable approximation since quantum
corrections of the Debye model are negligible. The
thermal conductivity from electron-phonon scattering is
a function of the electron chemical potential, and for
degenerate relativistic electrons is given by v =3.3 x 10"
x(Y,p) t. From our density profile we can write
C =a ~z and x'=ariz, where a

~
and aq are constants de-

pending on Z, A, and g, .
We define dimensionless variables x =z/z, and z=s/

s„where

s, =(a~/a2)z, =1.9X10 (gY, /g, ) A 'p, .

We also define dimensionless functions e =1 —T/T; and
F=1 —T,/T;; in particular, we have

F(z) =1 —(1+az)

with the dimensionless parameter a =eT; s, . The heat
equation is then

ae(x, z)/a. =x -'(a/ax) [x'ae(x, .)/ex] .

The boundary and initial conditions for the function
e(x, z) are e(l, z) =F(z), e(0, z) (~, and e(x,0) =0,
where we have required that the temperature at the
boundary z =z, is equal to the core teinperature, that
the temperature at the surface is finite, and that the ini-
tial temperature of the crust has also the constant value
TI ~

Equation (1) can be integrated exactly by separation
of variables and using Duhamel's theorem for time-
dependent boundary conditions. The solution is in terms
of Bessel functions of order one-third, and it can be writ-
ten as e(x, z) =F(z)R(x, z), where we introduce the
response function

xx ' J ( —'A, x i )I„(z)/F(z)
Here 3 A,„are the eigenvalues of the Bessel function, i.e.,
Jf/3( 3 X„)=0. The functions I„are defined by the fol-
lowing integral representation:

I„(z)=(a/4)„e "' [1+a(z—z')] t dz'.

The temperature of the crust is simply related to its in-
itial temperature and to the temperature of the core
through the response function, i.e.,

T(x, z) =[1 %—(x, z)]T;+W(x, z)T, (z).
We notice the expected properties: %(x,z) 0 as

0, %(x,z) 1 as z ~, and %(l, z) =1. From the
behavior of the Bessel functions for small values of their
argument we also find that the response function does
not depend on x when x «1, i.e. , close to the surface it
has the asymptotic expression

% (z) =1 —g (3/X„)'"[r(-', )J«, (-,' X„)] 'I„(z)/F(z) .
n=l

The transition of the electrons from the degenerate to
the nondegenerate regime occurs roughly at p —10 —10
g/cm corresponding to x —0.02. Therefore the temper-
ature at the outer boundary of the degenerate crust can
be taken as

Tp(z) = [1 —Rp(z) ]T;+Wp(z) T, (z) .

The nondegenerate crust is very thin (—10 m) and its
thermal conductivity is dominated by photon transport.
When compared to the cooling time scale of the degen-
erate crust the characteristic time of thermal response of
this skin turns out to be very short, of the order of 1 day
as results from simple random-walk arguments. There-
fore, we can assume that the temperature T, (z) at the
surface of the star follows immediately the variation with
time of the temperature Tp(z) at the boundary between
the degenerate and nondegenerate region. The relation
between their magnitudes has been studied both numeri-
cally and analytically; we will use the results of Ref. 7
where the following expression is derived for the drop in
temperature across a skin of iron atoms: T, (z) = 1.05
X10 3g,'t'Tp(z), with m =0.708. Finally, the gravita-
tionally redshifted surface temperature as measured by a
distant observer at time t is given by T, (t) =e~T, (z
=e~t/s, ).

Let us now discuss the physical implications of our
calculation. The crust acts as an insulating layer that
slows down the thermal signal from the rapidly cooling
core. The efficiency of this delay along the crust and
with time is expressed by the response function %(x, z):
A zero value indicates perfect insulation from the core,
while a unit value indicates that thermal equilibration
with the core has been reached. The response function
depends on the parameter a =eT; s, . However, for real-
istic situations one finds that a —10 —10 and in this
range the response function turns out to be practically
independent from a provided that i & 0.05. Since
s, —5-10 yr, this corresponds to a time of a few months
after the strange star has formed. The behavior of
R(x, z) under these conditions is plotted in Fig. 1 which
clearly shows the propagation with time of the thermal
signal from the inner edge (x=1) to the outer edge
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FIG. 1. Response function %(x, r) calculated for a typical
value of the parameter a=10 . The dimensionless axis vari-
ables are x =z/z, and r=s/s„with 0~ x ~ 1 and 0.01 ~ z
~ 0.3.

TABLE I. Physical parameters calculated for a strange star
with crust assuming that M = 1.4MO, Z =28, A =84, and
P. =P d.

e'
g, (dyn/g)
z, (m)
s, (yr)
aT; 4(K ')

R =10 km

0.77
2.4x 10'

334
4.9

1.3 x 10

R =12 km

0.81
1.6x 10'

509
1 1.4

4 4x10»

(x=0) of the crust. In particular, we see that after
~=0.3 the response function is unity across the entire
crust, i.e., it takes only a few years for the surface of the
star to equilibrate with its cold core. This is in sharp
contrast to the case of neutron stars, with or without core
condensates, where the thicker crusts give equilibration
times of the order of several tens of years. This physi-
cal diff'erence provides a characteristic signature to dis-
tinguish strange stars from neutron stars.

We choose the following realistic parameters, as sug-
gested both by observations and by theoretical modeling
of compact objects: M =1.4Mo, R =10-12 km, Z =28,
and A =84. ' We also take p, =p„d, i.e., we consider the
maximum allowed crust; thinner crusts are less insulat-
ing and give a faster cooling of the surface during the
first few years. Finally, we consider initial temperatures
in the range T; —10 -10' K, which is typical for com-
pact objects formed in stellar collapse and observed in

supernova remnants. In Table I we summarize the phys-
ical parameters for the cases considered.

We notice that the thermal diff'usivities D = x/C calcu-
lated for a solid and a liquid differ by less than a factor
of 2 in the range of interest. We have checked that scal-
ing D by this amount does not aff'ect the values obtained

5.6
2

Log t (yr)

FIG. 2. Surface temperature T, (t) as measured by a dis-
tant observer. The results for a strange star corresponding to
the parameters in Table I are given by the dashed lines (R =10
km) and the solid lines (R =12 km), the upper line for each
case corresponding to T; =10' K and the lower one to T; =10
K. The dotted lines are the results of Ref. 9 for an ordinary
neutron star (upper line) and for a neutron star with strange-
ness condensation and nucleon superfluidity (lower line). The
points are the observations of the Einstein Observatory, the
compact sources being from left to right 3C 58, Crab, RC 103,
and Vela.

for T, after a few years, and this justifies our initial ap-
proximations in describing the crust.

In Fig. 2 we show the results of our cooling calculation
for the redshifted surface temperatures T, (t). Detailed
calculations have shown that surface emission from the
skin quickly brings the temperature down to T, =2.6
x10 K, " so that we plot our results only- after they fall
below this value. In addition to the curves corresponding
to the different parameters discussed above, we also give
the results for the cooling of an ordinary neutron star
and of a neutron star with effects of strangeness (kaon)
condensation and nucleon superfluidity taken into ac-
count, as obtained for a 1.4MO star in the recent work
by Page and Baron (cf. Ref. 9 for details). The result
for the latter case is not unique since the critical parame-
ters for such phase transitions are not known, but it
corresponds to a good fit to the low temperature mea-
sured for the Vela pulsar. Finally, the points repre-
sent estimated surface temperatures of four sources ob-
tained from the Einstein Observatory data assuming
M=1.4MO and R =10 km. ' We have only reported
those observations which correspond to the actual detec-
tion of a compact object. Actually, these temperatures
should be viewed only as upper limits to T, .

From the results in Fig. 2 we see that the surface tem-
perature of a strange star with crust is lower than that of
a neutron star (ordinary or with a condensate in the
core) of the same age. The same general behavior is
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found for different parameters and thus this provides a
definite signature for the identification of a strange star.
In particular, the prompt drop in temperature at early
times (between about 5 and 50 yr since formation) is due
to the small thermal equilibration time of the thin crust,
while the low temperatures reached at later times are
due to fast cooling of the core. Therefore, taking
different condensates in the center of a neutron star with
neutrino emissivities higher than in the kaon case (e.g. ,
pion condensate or quark matter in the core) will de-
crease the temperature difference between a strange and
a neutron star at later times (not wipe it out though,
since the rapid cooling interests the whole mass of the
strange star but only the core of the neutron star), while
it will not affect the early behavior. This guarantees that
the (early) surface temperature is actually a good obser-
vational signature and it stresses the relevance of future
observations of young compact objects.

We could now compare the results of our calculation
for the cooling of a strange star with crust to the obser-
vations of known compact sources, in order to decide on
observational grounds whether presently there is any evi-
dence (positive or negative) for the identification of these
exotic astronomical objects. Unfortunately, the fact that
the astronomical measurements provide only upper limits
on T, does not allow one to draw any firm conclusion.
However, if we tentatively assume that the actual sur-
face temperatures are close to their upper limits, as al-
ways done in the literature, we see from Fig. 2 that none
of the presently known compact sources is compatible
with the cooling pattern of a strange star with crust,
while their thermal behavior is well described by the
neutron-star scenario (cf. Ref. 9). This negative evi-
dence would not rule out the existence of older () 10
yr) strange stars, formed from the conversion of very old
neutron stars. In fact, the mechanism of formation of
strange stars is a totally open issue and observations
could actually set a lower limit on the rate of conversion
to strange quark matter.

Strange stars have been widely discussed, particularly
after the erroneous observation of a &

-ms pulsar in SN

1987A. The issue of their existence is both a nuclear-
physics problem and an astrophysics one. The former is
concerned with the stability of strange quark matter, and
the latter with some astronomical evidence for these new
stars. In this Letter we have shown that the cooling of
the surface of a strange star with crust, particularly be-
tween 5 and 50 yr since formation, offers a good signa-
ture of these objects, so far the only one to be proposed.
Future extended observations of (young) compact
objects —the remnant in SN 1987A being the first candi-
date, after the absorption from the circumstellar materi-
al has decreased suIIiciently —will provide us with new
experimental information.
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