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We show that if color superconducting quark matter forms in hybrid or quark stars it is possible to satisfy
most of the recent observational boundaries on the masses and radii of compact stellar objects. An energy of
the order of 1053 erg is released in the conversion from a~metastable! hadronic star into a~stable! hybrid or
quark star in the presence of a color superconducting phase. If the conversion occurs immediately after the
deleptonization of the protoneutron star, the released energy can help supernovae to explode. If the conversion
is delayed the energy released can power a gamma-ray burst. A delay between the supernova and the subse-
quent gamma-ray burst is possible, in agreement with the delay proposed in the recent analysis of astrophysical
data.
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The new accumulating data from x-ray satellites prov
important information on the structure and formation
compact stellar objects. Concerning the structure, these
are at first sight difficult to interpret in a unique and se
consistent theoretical scenario, since some of the obse
tions indicate rather small radii and other observations in
cate large values for the mass of the star. Concerning
formation scenario, crucial information is provided by t
very recent observations of gamma-ray bursts~GRBs!, indi-
cating the possibility that some of the GRBs are associa
with a supernova~SN! explosion. It has not yet been clarifie
if the two explosions are always simultaneous or if, at le
in a few cases, a time delay can exist, with the SN preced
the GRB@1–5#.

The effect of the transition to deconfined quark mat
~QM! on explosive processes such as SNs and GRBs
been discussed by many authors. In particular, the possib
that deconfinement takes place during the core collaps
massive stars at the moment of the bounce has been
cussed, e.g., in Refs.@6,7#, and this mechanism could hel
the SN to explode by increasing the mechanical energy
sociated with the bounce. However, it seems more plaus
that deconfinement takes place only when the protoneu
star ~PNS! has deleptonized and cooled down to a tempe
ture of a few MeV@8,9#. The energy released in the conve
sion to QM produces a refreshed neutrino flux which c
help the supernova to explode in a neutrino-driven sche
Finally, another scenario is possible in which a neutron s
having a small enough mass can exist as a metastable
ronic star~HS! if a nonvanishing surface tension is present
the interface between hadronic matter~HM! and QM. The
process of quark deconfinement can then be a powe
source for GRBs and it can also explain the possible de
between a SN explosion and the subsequent GRB@10#.
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In recent years, much theoretical work has investiga
the possible formation of a diquark condensate in QM,
densities reachable in the core of a compact star@11–13#.
The formation of this condensate can greatly modify t
structure of the star@14–17#. We present here an extensio
of the previous work, showing that it is possible to satisfy t
existing boundaries on the mass and radius of a com
stellar object if a diquark condensate forms in a hybrid s
~HyS! or a quark star~QS!. Moreover, we show that the
formation of a diquark condensate can significantly incre
the energy released in the conversion from a purely HS
a more stable star containing deconfined QM.

To describe the high density equation of state~EOS! of
matter we adopt standard models in the various den
ranges. Concerning the hadronic phase we use relativ
nonlinear models@18,19#. At very low density we use the
standard EOSs of Refs.@20,21#. For the QM phase we adop
an MIT bag-like model in which the formation of a diquar
condensate is taken into account. To connect the two ph
of our EOS, we impose Gibbs equilibrium conditions.

It is widely accepted that the color-flavor locking~CFL!
phase is the real ground state of QCD at asymptotically la
densities. We are interested in the bulk properties of a co
pact star and we adopt the simple scheme proposed in R
@14,17# where the thermodynamic potential is given by t
sum of two contributions. The first term corresponds to
‘‘fictional’’ state of unpaired QM in which all quarks have
common Fermi momentum chosen to minimize the therm
dynamic potential. The other term is the binding energyD of
the diquark condensate expanded up to order (D/m)2. In
Ref. @14# the gap is assumed to be independent of the che
cal potentialm. In the present calculation we consider am
dependent gap resulting from the solution of the gap eq
tion @11#. The resulting QM EOS reads
©2004 The American Physical Society05-1
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VCFL5
6

p2E
0

n

k2~k2m!dk1
3

p2E
0

n

k2~Ak21ms
22m!dk

2
3D2m2

p2

with n52m2Am21ms
2/3, and the quark densityr is calcu-

lated numerically by deriving the thermodynamic potent
with respect tom. The pressure and energy density readP
52VCFL(m)2B2Ve(me), and E/V5VCFL(m)1mr1B
1Ve(me)1mere .

In Fig. 1 we have collected most of the analysis of d
from x-ray satellites concerning the masses and radii of c
pact stellar objects@22–28#. Observing Fig. 1, we notice tha
the constraints coming from a few data sets~labeled ‘‘e,’’
‘‘f,’’ 1 ‘‘g,’’ and maybe also constraint ‘‘h’’2! indicate rather
unambiguously the existence of very compact stellar obje
having a radius smaller than;10 km. In contrast, at least in
one case~‘‘a’’ in the figure!, the analysis of the data sugges
the existence of stellar objects having radii of the order of
km or larger, if their mass is of the order of 1.4M ( . We
recall that it is difficult from an astrophysical viewpoint t
generate compact stellar objects having a mass smaller
1M ( . Therefore the most likely interpretation of constra
‘‘a’’ is that the corresponding stellar object does not belo
to the same class of objects which have a radius smaller

1A very recent reanalysis of the data of the pulsar SAX J1808
3658, discussed in Ref.@27#, seems to indicate slightly larger radi
of the order of 9–10 km for a star having a mass of (1.4–1.5)M (

@29#.
2In Ref. @30# an indication for an even more compact stellar obj

can be found. In any case, the so-called thermal radius obtaine
these analyses could be significantly smaller than the total radiu
the star.

FIG. 1. Mass-radius plane with observational limits and rep
sentative theoretical curves: thick solid line indicates CFL qu
stars; thick dot-dashed line, CFL hybrid stars; thick dashed l
hadronic stars~see text!. Observational limits from~a! Sanwalet al.
@22#, ~b! Cottamet al. @23#, ~c! Quaintrell et al. @24#, ~d! Heinke
et al. @25#, ~e!, ~g! Dey et al. @26#, ~f! Li et al. @27#, and~h! Burwitz
et al. @28#.
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;10 km. Concerning constraint ‘‘b,’’ it can be satisfied eith
with a very compact star or with a star having a larger radi
The apparent contradiction between the constraints ‘‘e,’’ ‘‘
‘‘g,’’ and ‘‘a’’ can be easily accommodated in our schem
since it can be the signal of the existence of a metasta
purely HS which can collapse into a stable configurat
when deconfined QM forms inside the star.

Finally, constraints ‘‘c’’3 and ‘‘d’’ 4 do not provide strin-
gent limits on the radius of the star, but they put stro
constraints on the lower value of its mass. It is in general
easy to obtain stellar configurations having both large mas
and very small radii. As we will see, the existence of
energy gap associated with the diquark condensate help
circumventing this difficulty, since the effect of the gap is
increase the maximum mass of stars having a huge con
of pure QM.

In Fig. 1 we show a few theoreticalM -R relations which
correspond to the scenario we are proposing. More precis
we show a thick dashed line corresponding to HSs~GM1!, a
thick dot-dashed line corresponding to HySs~GM1, B1/4

5170 MeV, D2), and a thick solid line corresponding t
QSs (B1/45170 MeV, D4). Similar shapes can be obtaine
using the EOS of Ref.@19#. Both the HyS and the QS line
can satisfy essentially all the constraints derived from obs
vations. The shapes of the gapsD i are shown in Fig. 2. In
conclusion, in our scheme most of the compact stars
either HySs or QSs having a mass in the range (1.2–1.8)M (

and a radius;8.5–10 km. Stars having a significantly larg
radius~like the one suggested by constraint ‘‘a’’! correspond
in our scheme to metastable HSs which can exist if th
mass is not too large, as we show in the following.

Let us now discussDE, the energy released in the con
version from HS to HyS or QS.DE is the difference between
the gravitational mass of the HS and that of the final HyS
QS having the same baryonic mass. As mentioned in
introduction, a possibility is that deconfinement takes plac
few seconds after the bounce, when the PNS has delep
ized and its temperature has dropped down@8,9#. In particu-
lar, for stars having a small mass the formation of QM tak

-

t
in
of

3The result of Ref.@24# is M /M (51.8860.13. In Fig. 1 only the
lower limit is displayed.

4If the observed x-ray emission is due to continuing accretion
smaller mass is allowed,M /M (51.4.

-
k
,

FIG. 2. Gap as function of the chemical potential, for four d
ferent parameter sets.
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place only atT& few MeV. Notice that for a star having
mass of order 1.4M ( and using the relativistic EOSs dis
cussed in this paper, hyperons are present in the initial c
figuration, since the typical mass at which hyperons s
forming is;1M ( . The energy released during quark deco
finement powers a new neutrino flux which can be usefu
making the supernova explode.DE is shown in Table I, for a
PNS having a mass of 1.4M ( . As can be seen,DE can be as
large as 1053 erg, if the final configuration corresponds to
HyS and three times as large if a QS is obtained. The ef
of the gap is to increase the energy released and to allow
configurations in cases where a HyS would be obtained
the absence of quark pairing. Let us now remark that
deconfinement transition can be delayed if a nonvanish
surface tension at the interface between HM and QM ex
and if the mass of the HS is not too large. This possibi
was not discussed in Ref.@9# and it is the main ingredient o
our model. To compute the time needed to form QM we u
the technique of quantum tunneling nucleation. We can
sume that the temperature has no effect in our scheme
cause, as discussed above, when QM forms the temper
is so low that only quantum tunneling is a practicable mec
nism.

In Ref. @10# it was proposed that the central density o
pure HS ~containing hyperons! can increase, due to spi
down or mass accretion, until its value approaches the
confinement critical density. At this point a spherical virtu
drop of QM can form. The potential energy for fluctuatio
of the drop radiusR has the following form@31#: U(R)

5 4
3 pR3nq(mq2mh)14psR218pgR, where nq is the

quark baryon density,mh andmq are the hadronic and quar
chemical potentials, all computed at a fixed pressureP, and
s is the surface tension for the interface separating qua
from hadrons. Finally, the term containingg is the so called
curvature energy. Fors we use standard values from 10
40 MeV/fm2 and we assume that it also takes into accou
in an effective way, the curvature energy. The value ofs was
estimated in Ref.@32# to be ;10 MeV/fm2. Values fors
larger than;30 MeV/fm2 are probably not useful in light o
the results of Refs.@33,34#.

The calculation proceeds in the usual way: after the co

TABLE I. Energy releasedDE ~measured in foe51051 erg) in
the conversion from a 1.4M ( hadronic star into a hybrid or quar
star having the same baryonic mass~labeled with an asterisk!, for
various sets of model parameters. BH indicates that the hadr
star collapses to a black hole. A dash indicates situations in w
the Gibbs construction does not provide a mechanically stable E

Hadronic B1/4 DE

model ~MeV! D50 D1 D2 D3 D4

GM3 160 95 172* 178* 204* 327*
GM3 170 40 83 89 133 236*
GM3 180 10 29 31 79 —
GM1 160 101 178* 184* 210* 333*
GM1 170 42 89 95 138 242*
GM1 180 6 28 31 BH —
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putation ~in the WKB approximation! of the ground state
energyE0 and of the oscillation frequencyn0 of the virtual
QM drop in the potential wellU(R), it is possible to calcu-
late in a relativistic frame the probability of tunneling as@35#
p05exp(22A(E0)/\), where

A~E!5E
R2

R1

dRA@2M ~R!1E2U~R!#@U~R!2E#.

Here M (R)54prh(12nq /nh)2R3, rh is the hadronic en-
ergy density, andnh ,nq are the baryonic densities at th
same and given pressure in the hadronic and quark pha
respectively. Finally,R6 are the classical turning points. Th
nucleation time is then equal tot5(n0p0Nc)

21, whereNc is
the number of centers of droplet formation in the star, an
is of the order of 1048 @35#. t can be extremely long if the
mass of the metastable star is small enough but, via m
accretion, it can be reduced from values of the order of
age of the universe down to a value of the order of days
years. We can therefore determine the critical massMcr of
the metastable HS for which the nucleation time correspo
to a fixed small value~1 yr in Table I!.

In Table II we show the value ofMcr for various sets of
model parameters. In the conversion process from a m
stable HS into a HyS or a QS a huge amount of energyDE
is released. We see in Table II that the formation of a C
phase allows one to obtain values forDE which are one
order of magnitude larger than the correspondingDE of the
unpaired QM case (D50). Moreover, we can observe tha
DE depends both on the magnitude and the position of
gap.

In the model we are presenting, the GRB is due to
cooling of the just formed HyS or QS via neutrino
antineutrino emission. The subsequent neutrino-antineut
annihilation generates the GRB. In our scenario the dura
of the prompt emission of the GRB is therefore regulated
two mechanisms:~1! the time needed for the conversion
the HS into a HyS or QS, once a critical-size droplet
formed and~2! the cooling time of the just formed HyS o
QS. Concerning the time needed for the conversion into Q
of at least a fraction of the star, the seminal work by@36# has
been reconsidered in@37#, where it has been shown that th
stellar conversion is a very fast process, having a dura
much shorter than 1 s. On the other hand, the neutrino t
ping time, which provides the cooling time of a compa
object, is of the order of a few tens of seconds@38#, and it
gives the typical duration of the GRB in our model.

In conclusion, comparing the theoretical mass-rad
curves with recent observational data, we find that color
perconductivity is a crucial ingredient in order to satisfy
the constraints coming from observations. The difficult pro
lem posed by astrophysical data indicating the existence
stars which are both very compact and rather massive ca
solved with either hybrid or quark stars. Concerning hyb
stars, the gap increases the maximum mass of the stable
figuration, while keeping the corresponding radius&10 km.

The superconducting gap also greatly affects the ene
released in the conversion from a hadronic star into a hyb
or quark star. We assume that the deconfinement trans

ic
h
S.
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TABLE II. Energy releasedDE in the conversion to a hybrid or quark star, for various sets of model parameters, assuming the h
star mean lifetimet51 yr ~see text!. Mcr is the gravitational mass of the hadronic star at which the transition takes place, for fixed v
of the surface tensions and of the mean lifetimet. Notation as in Table I.

Hadronic B1/4 s
DE

model ~MeV! (MeV/fm2) Mcr /M ( D50 D1 D2 D3 D4

GM3 170 10 1.12 18 52 57 86 178*
GM3 170 20 1.25 30 66 72 106 205*
GM3 170 30 1.33 34 75 81 120 221*
GM3 170 40 1.39 38 82 88 131 234*
GM3 180 10 1.47 BH 35 38 BH —
GM3 180 20 1.50 BH 38 40 BH —
GM3 180 30 1.52 BH 40 42 BH —
GM1 170 10 1.16 18 58 64 94 189*
GM1 170 20 1.30 30 75 81 119 219*
GM1 170 30 1.41 43 90 96 141 244*
GM1 170 40 1.51 BH 105 111 163 267*
GM1 180 10 1.56 BH 52 54 BH —
GM1 180 20 1.61 BH 65 65 BH —
GM1 180 30 1.65 BH BH BH BH —
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takes place only when the star has deleptonized and co
down, in agreement with the results of Refs.@8,9#. If decon-
finement occurs immediately after deleptonization, the
ergy released can help the SN to explode. If, in contrast,
transition is delayed, a metastable hadronic star can form
subsequent transition to a stable configuration, contain
deconfined quark matter, can power a GRB via the annih

@1# L. Amati et al., Science290, 953 ~2000!.
@2# J.N. Reeveset al., Nature~London! 416, 512 ~2002!.
@3# J. Hjorthet al., Nature~London! 423, 847 ~2003!.
@4# R.E. Rutledge and M. Sako, Mon. Not. R. Astron. Soc.339,

600 ~2003!.
@5# J.N. Reeveset al., Astron. Astrophys.403, 463 ~2003!.
@6# A. Drago and U. Tambini, J. Phys. G25, 971 ~1999!.
@7# D.K. Hong, S.D.H. Hsu, and F. Sannino, Phys. Lett. B516,

362 ~2001!.
@8# O.G. Benvenuto and G. Lugones, Mon. Not. R. Astron. S

304, L25 ~1999!.
@9# J.A. Ponset al., Phys. Rev. Lett.86, 5223~2001!.

@10# Z. Berezhianiet al., Astrophys. J.586, 1250~2003!.
@11# M.G. Alford, K. Rajagopal, and F. Wilczek, Nucl. Phys.B537,

443 ~1999!.
@12# M.G. Alford, J. Berges, and K. Rajagopal, Nucl. Phys.B558,

219 ~1999!.
@13# T. Schafer and F. Wilczek, Phys. Rev. D60, 074014~1999!.
@14# M.G. Alford and S. Reddy, Phys. Rev. D67, 074024

~2003!.
@15# M. Baldo et al., Phys. Lett. B562, 153 ~2003!.
@16# D. Blaschkeet al., AIP Conf. Proc.660, 209 ~2003!.
@17# G. Lugones and J.E. Horvath, Phys. Rev. D66, 074017~2002!;

Astron. Astrophys.403, 173 ~2003!.
@18# N.K. Glendenning and S.A. Moszkowski, Phys. Rev. Lett.67,

2414 ~1991!.
05750
ed

-
e

Its
g
-

tion of neutrinos and antineutrinos emitted during the co
ing of the newly formed compact star. The energy release
significantly increased by the effect of the chemical-poten
dependent superconducting gap and it can reach a valu
the order of 1053 erg. The proposed mechanism could e
plain recent observations indicating a possible delay betw
a supernova and the subsequent gamma-ray burst@1–3#.

.

@19# H. Müller and B.D. Serot, Nucl. Phys.A606, 508 ~1996!.
@20# J. Negele and D. Vautherin, Nucl. Phys.A207, 298 ~1973!.
@21# G. Baym, C. Pethick, and D. Sutherland, Astrophys. J.170,

299 ~1971!.
@22# D. Sanwalet al., Astrophys. J. Lett.574, L61 ~2002!.
@23# J. Cottam, F. Paerels, and M. Mendez, Nature~London! 420,

51 ~2002!.
@24# H. Quaintrellet al., Astron. Astrophys.401, 313 ~2003!.
@25# C.O. Heinkeet al., Astrophys. J.588, 452 ~2003!.
@26# M. Dey et al., Phys. Lett. B438, 123 ~1998!.
@27# X.D. Li et al., Phys. Rev. Lett.83, 3776~1999!.
@28# V. Burwitz et al., Astron. Astrophys.399, 1109~2003!.
@29# J. Poutanen and M. Gierlinski, Mon. Not. R. Astron. Soc.343,

1301 ~2003!.
@30# R. Turolla, S. Zane, and J.J. Drake, astro-ph/0308326.
@31# I.M. Lifshitz and Yu. Kagan, Zh. E´ksp. Teor. Fiz.62, 385

~1972! @Sov. Phys. JETP35, 206 ~1972!#.
@32# M.S. Berger and R.L. Jaffe, Phys. Rev. C35, 213 ~1987!.
@33# D.N. Voskresensky, M. Yasuhira, and T. Tatsumi, Nucl. Ph

A723, 291 ~2003!.
@34# M.G. Alford et al., Phys. Rev. D64, 074017~2001!.
@35# K. Iida and K. Sato, Phys. Rev. C58, 2538~1998!.
@36# A. Olinto, Phys. Lett. B192, 71 ~1987!.
@37# J.E. Horvath and O.G. Benvenuto, Phys. Lett. B213, 516

~1988!.
@38# M. Prakashet al., Phys. Rep.280, 1 ~1997!.
5-4


