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Cooling of a rotating strange star with a crust
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Abstract. As a strange star spins down, the nuclear matter in its
crust contracts continuously into the quark core. The confined
nuclear matter is dissolved into quark matter, liberating a lot of
thermal energy. This process is called deconfinement heating.
It is found that deconfinement heating dramatically changes the
thermal evolution of a strange star. For a strange star with a
strong surface magnetic field (∼ 1012 Gauss), the star heats
instead of cooling during the first 10 years. Therefore, contrary
to the previous studies, we conclude that there is evidence for
strange quark matter, if a heating period is observed for a very
young pulsar. For a strange star with a weaker magnetic field,
the surface temperature is higher than that of a neutron star in
the photon cooling era. This could also signal the existence of
strange quark matter.
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1. Introduction

The strange quark matter - made up of roughly equal numbers
of up,down and strange quarks - may be more stable than atomic
nuclei (Witten 1984). If true, this would have implications of
fundamental importance for cosmology, compact objects, and
laboratory physics (cf. Madsen & Haensel 1991, Glendenning
1990). If Witten’s idea is correct, strange quark stars (strange
stars) may exist (Haensel et al. 1986, Alcock et al. 1986). Theo-
retical and observational researches on strange stars might pro-
vide a scientific basis to test what is the true ground state of the
hadron.

Much efforts are devoted to find observational differences
between strange stars and neutron stars. There are some possi-
bilities for distinguishing between these two kinds of compact
objects. First, their mass-radius relationships are quite differ-
ent. The neutron star mass decreases with radius, while the
strange star mass increases in the same range (Alcock et al.
1986, Glendenning et al. 1995a,b). Unfortunately, strange stars
have similar radii as neutron stars for masses near 1.4M�. Sec-
ond, the Kepler periodPK of a strange star falls in the range of
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0.55 ≤ PK(ms) ≤ 0.8 (Glendenning & Weber 1992, Glenden-
ning et al. 1995b), while that of a neutron star can hardly be
less than 1 ms. Furthermore, young strange stars are not subject
to the rotational-mode instability which slows rapidly rotating,
hot neutron stars to rotation periods near 10 ms via gravitational
wave emission (Madsen 1998, and references therein). Third,
it has been pointed out recently that a strange star has a vibra-
tory mode with an oscillation frequency of approximately 250
GHz, due to motion of the center of the expected crust relative
to the center of the strange quark core. Radiation from currents
generated in the crust at the mode frequency would be a strange
star signature (Broderick et al. 1998). Finally, another clue is
based on their different thermal evolution behaviors. Strange
stars might cool more rapidly than neutron stars through the
quark direct Urca process. As a consequence, it is generally ac-
cepted that the surface temperature of a strange star should be
lower than that of a neutron star of the same age (Alcock &
Olinto 1988, Pizzochero 1991, Page 1992, Schaab et al. 1996).
However, within the uncertainties of the parameters, the elec-
tron fractionYe could be small or even vanish entirely, so the
quark modified Urca process or the quark bremsstrahlung pro-
cess dominates, strange stars cooling slowly than neutron stars
with standard cooling (Schaab et al. 1997a,b).

Strange stars may be produced from ordinary neutron stars
(Olinto 1987, Horvath & Benvenuto 1988, Dai et al. 1993, Gen-
tile et al. 1993, Dai et al. 1995). After their formation, they ro-
tate rapidly, possibly at the Kepler frequency. As a strange star
spins down due to magnetic dipole radiation, its core density in-
creases, which leads to a chemical heating process. This effect is
significant at later times for weak magnetic fields (Reisenegger
1995, Cheng & Dai 1996). On the other hand, the nuclear matter
in its crust falls into the quark core continuously and converts
eventually into quark matter. During this exothermic reaction,
the quark core is heated. This heating mechanism is called de-
confinement heating. Haensel and Zdunik (1991) applied this
heating source to accreting strange stars with crust. Recently, a
fireball model was successfully put forward for explaining the
observations of the unusual hard X-ray burster GRO J 1744-28.
In this model, the fireball is triggered by the deconfinement heat-
ing of the accreted mass of a strange star with a weak dipolar
magnetic field (≤ 1011 G) (Cheng et al. 1998). The deconfine-
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ment heating is considered to determine the thermal evolution
of an isolated rotating strange star with a crust.

The possibility of deconfinement heating of an isolated
strange star is considered in Sect. 2. The description of strange
matter is presented in Sect. 3. the cooling curves of strange stars
with deconfinement heating and their comparison with those
with chemical heating are given in Sect. 4. The conclusion and
discussions are summarized in Sect. 5.

2. Deconfinement heating

A strange star can be divided roughly into two distinct phases,
the inner quark core and the solid nuclear crust. Between these
two parts, there is a strong outward electric field (∼ 1017

V cm−1). It is sufficiently strong to stabilize the gap between
the crust and the quark matter surface, preventing conversion
of ordinary atomic matter into strange matter. Obviously, free
neutrons, being neutral, do not feel the Coulomb barrier and
cannot exist in the quark core. Consequently, as pointed out
by Alcock et al. (1986), the density at the base of the nuclear
crust is strictly limited by the neutron drip. Based on the above
assumption and using the simplest form of the bag model equa-
tion of state for strange matter (bag constantB1/4 =145 MeV),
Glendenning and Weber (1992) calculated in general relativity
the mass of the nuclear solid crust of a rotating strange star. The
crust massMc is about10−5 M� for a typical non-rotating
strange star with a total massM = 1.5 M�. When the angular
velocity of the crustΩ changes from the Kepler angular veloc-
ity, ΩK, to zero, the mass of the crust∆Mc is reduced by about
1.8 × 10−5 M� (see Fig. 1). The Glendenning and Weber’s
result is fitted by the analytic expression

Mc(Ω) − M(0) = 10−5M� [0.238
(

Ω
ΩK

)
+

0.389
(

Ω
ΩK

)2

+ 1.15
(

Ω
ΩK

)3

] , (1)

wherePK = 2π/ΩK=0.78 ms (Glendenning et al. 1995b). The
general relativistic value ofΩK is about 0.61–0.71 times that of
the newtonian Kepler frequency (Weber & Glendenning 1992,
Friedman et al. 1989, Haensel & Zdunik 1989).

In the following, we derive an almost similar result to Glen-
denning and Weber’s in a simple and heuristic, but not strict
way. For simplicity, we use newtonian dynamics and postulate
that the crust is always in hydrostatic equilibrium and in uni-
form rotation. A change in the stellar rotation rate results in a
change in the baryon densityndrip at the base of the crust which
is approximately written as

∆ndrip

ndrip
≈ −Ω∆Ω

Gρc
, (2)

for Ω2 � Gρc, whereρc is the central density of the strange
stars,G is the gravity constant and the symbol∆ denotes the
Lagrangian variation (Reisenegger 1995). Because the density
at the base stays at the neutron drip densityρdrip (ρdrip = 4.3×

Fig. 1. Nuclear matter crust mass as a function of rotational frequency
Ω (in units of the Kepler frequency) forM=1.5M� strange star (solid
line) (Glendenning & Weber 1992). The parabolical line according to
Eq. 4 (∆Mc = 1.8 10−5 M�) is also plotted for comparison. The bag
constant isB1/4 = 145 MeV

1011 g cm−3), all the nuclear matter in the crust whose density
is betweenρdrip + ∆ρdrip andρdrip falls into the quark core:

∆Mc ≈ 3γPdripRΩ∆Ω
(Gρc)2

, (3)

whereγ = 4/3 is the adiabatic index at the neutron drip,Pdrip =
7.8×1029 dynes cm−2 is the pressure at the neutron drip (Baym
et al. 1971) andR is the radius of the star. We find that the
relationship betweenMc(Ω) andΩ according to the Eq. (2) is
written as

Mc(Ω) = Mc(0) + ∆Mc

(
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)2

, (4)

where
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3γPdripΩ2

KR
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)−2 (
M
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)
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The dotted line in Fig. 1 is the parabolical line according to
Eq. 4 for comparison (∆Mc = 1.8 10−5 M�) (see Fig. 1). Our
result is consistent with the result of Glendenning and Weber
(1992) when extrapolated toΩ → ΩK, therefore, it is a good
approximation.

The surplus matter in the crust falls into the quark core in
the form of neutrons which are absorbed by the quark bag in an
exothermic reaction, i.e.,n → u + 2d, d + u → u + s, with a
heat release per absorbed neutronqn, which is treated as a free
parameter (Haensel & Zdunik 1991). During this process, the
energy produced per baryon in the core is given by,

dE

dt
= −qn

1
M

dMc

dΩ
dΩ
dt

. (6)

WhenΩ/ΩK ≥ 0.1, Eq. 1 is used to calculatedMc/dΩ, oth-
erwise, Eq. 4 is applied. We find that if only Eq. 4 is used, this
does not affect the final results significantly.
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3. Properties of strange matter

We use the MIT bag model to describe strange matter (Farhi &
Jaffe 1984). In this model, the properties of strange matter are
completely determined by three parameters: the bag constant
B, the mass of the strange quarkms and the coupling constant
of the strong interactionαc, respectively. Besides, there is still a
non-physical parameter, the renormalization pointρR. There are
some electrons in the core to maintain the charge neutrality. The
electron fraction depends onms,αc and the baryon density in the
core. Unfortunately, the electron fraction depends on the chosen
renormalization pointρR. There are two renormalization points
which are frequently chosen. One is the renormalization on shell
(ρR = ms) (Duncan et al. 1983, Schaab et al. 1997a,b). The
other is the renormalizationρR = MN/3 = 313 MeV (Farhi
& Jaffe 1984). The difference between these two choices is that
Ye = 0 above a certain density in the first case. It is pointed out
by Duncan et al. (1983) that the neutrino emissivity of strange
matter depends strongly on its electron fraction. IfYe = 0,
the quark direct and modified Urca processes are forbidden,
and the quark bremsstrahlung neutrino pair emission dominates
(Schaab et al. 1997a,b). Our calculations are carried out in both
schemes.

4. Cooling curves of strange stars
with deconfinement heating

In our calculations, we takeM = 1.5 M�, B1/4 = 145 MeV,
so the corresponding central density of strange stars isρc '
7.6 1014 g cm−3. We assume that the spin decrease of the star
is due to the magnetic dipole radiation and take as the initial
periodPi = PK = 0.78 ms. The magnetic tilt angle is45◦.
With regard to the relationship between the interior tempera-
ture T and the surface temperatureTs, we use the isothermal
core approximation which assumes that the internal tempera-
tureT is constant within the stellar core withρc ≥ ρb = 1010

g cm−3 (Glen & Sutherland 1980). Hence, we apply the result
of Gudmundsson et al. (1983), or a recent version, the result of
Potekhin et al. (1997). Given the surface magnetic field strength
Bsurf , αc andms, the cooling curve of strange stars with de-
confinement heating can be calculated.

The evolution of the surface temperature is shown in Fig. 2
for B = 1012 G (curve a),1011 G (curve b),1010 G (curve c),
109 G (curve d),108 G (curve e), and in the absence of decon-
finement heating (solid line). In this figure,αc is taken to be 0.1,
ms is taken to 200 MeV,qn is taken to be 20 MeV andρR is taken
to be 313 MeV. With these parameters, the quark direct Urca
process dominates. It is evident that the deconfinement heat-
ing increases the surface temperature dramatically. For strange
stars with weak magnetic fields (Bsurf ≤ 1010 G), their surface
temperatures are high, even at the photon cooling era.

Fig. 3 presents the results forBsurf = 109 G, αc = 0.1,
ms = 200 MeV, ρR=313 MeV, andqn = 10 MeV (dotted-
dashed line), orqn = 40 MeV (dotted line), or without decon-
finement heating but with chemical heating (dashed line) (Cheng
& Dai 1996). One can see from this figure that chemical heat-
ing is unimportant comparing with deconfinement heating and

Fig. 2. Evolution of the surface temperature of strange stars withαc =
0.1, ms = 200 MeV, ρR=313 MeV, andqn = 20 MeV for Bsurf =
1012 G (curve a),1011 G (curve b),1010 G (curve c),109 G (curve
d),108 G (curve e), and no heating (solid line). The initial rotation
frequency is taken to beΩK and the initial magnetic tilt angle is taken
to be45◦

Fig. 3. Evolution of the surface temperature of strange stars withαc =
0.1, ms = 200 MeV, ρR=313 MeV forBsurf = 109 G andqn = 40
MeV (dotted line) orqn = 10 MeV (dotted-dashed line) or without
deconfinement heating but with chemical heating (dashed line)

Fig. 4. Evolution of the surface temperature of strange stars withαc =
0.15, ms = 150 MeV, ρR = ms andqn = 20 MeV for the same cases
as in Fig. 1 and the cooling curve of standard neutron stars (dashed line)

there is a rather weak dependence of results on the value ofqn
(Haensel & Zdunik 1991).

In Fig. 4, we show the surface temperature evolution corre-
sponding to Fig. 1 forαc = 0.15,ms = 150MeV andρR = ms.
Ye = 0 in this case, so the quark bremsstrahlung process dom-
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Fig. 5. Evolution of the surface temperature of strange stars withαc =
0.15, ms = 150MeV, ρR = ms, Bsurf = 1012 G for Ω = ΩK, qn =
40 MeV (dot-dashed line),Ω = ΩK, qn = 10 MeV (dashed line),Ω =
ΩK/2, qn = 40 MeV (dot-dot-dot-dashed line),Ω = ΩK/2, qn = 10
MeV (dotted line), during an early time. The initial magnetic tilt angle
is taken to be 450

inates (Iwamoto 1982). As a comparison, the dashed line in
this figure indicates the cooling curve of standard neutron stars
through the modified Urca process. For strange stars with a
weak magnetic field, their surface temperatures are still higher
than these of neutron stars at the photon cooling era as Fig. 2
shows, because the neutrino processes are unimportant at this
stage. One can see from Fig. 4 case(a) that there is a region of
increase ofTs during the first ten years. Similar results are also
shown in Fig. 5 for different parameters. The reason is that the
stronger the magnetic field is, the faster the rotational frequency
slows down due to the magnetic dipole radiation, hence most
of the nuclear matter in the crust falls into the quark core dur-
ing an earlier and shorter time, which causes heating instead of
cooling. Since the other heating mechanisms in neutron stars
such as crust cracking heating (Cheng et al. 1992) or chemical
heating (Reisenegger 1995) have their counterparts in strange
stars, these differences might be unique. Furthermore, there are
some mechanisms which result in fast cooling of the compact
objects, such as the effect of the interior magnetic field on the
modified Urca process (Yuan & Zhang 1998) or the influence of
a hydrodynamic flow in the stellar core on the neutrino emissiv-
ity (Urpin & Shalybkov 1996). If they exist, the deconfinement
heating is more important because it is not affected by these
effects.

5. Conclusion and discussions

The deconfinement heating of a rotating strange star with a crust
dramatically changes its thermal evolution. When this heating
source becomes important depends on the strength of the mag-
netic field of the star. The stronger its surface magnetic field
is, the earlier the additional heat is released. Because this kind
of heating mechanism is unique to strange stars, it might sig-
nal the existence of strange quark matter. For strange stars with
weak magnetic fields, their surface temperature are still higher
than those of neutron stars at the later times. For instance, if
theTs of an old pulsar (t ∼ 107 yr) with B = 108 G is higher

than105 K, or even more, it might be a strange star (see Fig. 4),
especially when the effect of the interior magnetic field or the
hydrodynamic motions in the stellar core is significant.

It has been pointed out in the previous discussions that thin-
ner crusts of strange star would lead to temperature drops at even
earlier times and thus to an earlier onset of the photon-cooling
era. In this case a prompt drop of the pulsar temperature within
the first 30 yr after its formation, could offer a good signature
of a strange star (Pizzochero 1991, Schaab 1997a,b). However,
in our opinion, for strange stars with the same strong magnetic
field as most neutron stars have (∼ 1012 G), there is a decon-
finement heating period for the first 30 years (Case a in Fig. 3),
which might protect the surface temperature from dropping at
early time, or even cause its surface temperature to increase
instead of decreasing. Therefore, if a heating period of a very
young pulsar, such as that of SN 1987A, is observed, it signals
the existence of strange star. This conclusion is completely con-
trary to the previous discussions. We will perform the relevant
calculations in detail later by calculating the thermal transfer
equation in general relativity.
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