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We investigate the vacuum realignment for chiral symmetry breaking and color superconductivity at finite
density in the Nambu—Jona-Lasinio model in a variational method. The treatment allows us to investigate the
simultaneous formation of condensates in quark-antiquark as well as in diquark channels. The methodology
involves an explicit construction of a variational ground state and minimization of the thermodynamic poten-
tial. Color and electric charge neutrality conditions are imposed through introduction of appropriate chemical
potentials. Color and flavor dependent condensate functions are determined through minimization of the
thermodynamic potential. The equation of state is calculated. Simultaneous existence of a mass gap and
superconducting gap is seen in a small window of the quark chemical potential within the model when charge
neutrality conditions are not imposed. Enforcing color and electric charge neutrality conditions gives rise to the
existence of gapless superconducting modes depending upon the magnitude of the gap and the difference of the
chemical potentials of the condensing quarks.
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[. INTRODUCTION down quarks form two flavor color superconducti(@S0O
matter while the strange quark does not participate in pair-
The structure of vacuum in quantum chromodynamicsng. It has been shown, based upon a comparison of free
(QCD) is one of the most interesting questions in strongenergy that a two flavor color superconducting phase would
interaction physic§1]. The evidence for quark and gluon be absentin the core of neutron stgi8]. Within NJL model
condensates in vacuum is a reflection of its complex naturé Ref. [14] it has been argued that such conclusions are
[2], whereas chiral symmetry breaking is an essential featuréonsistent except for a small window in density range where
in the description of the low energy hadron properties. BesSuperconducting phase is possible. There have also been
cause of the nonperturbative nature of QCD in this regimétudies to include the possibility of mixed phagas] of

different effective models have been used to understand thPerconducting matter demanding neutral matter on the av-
nature of chiral symmetry breakinig]. These have been erage. In this context, there have been attempts to study the

constructed, for the most part, in the framework of aimplications of vector interactions on the structure of the

- 1 acind . .. phase diagrarfil2].
th(la?;r::gl;nJona LasinieNJL) model with a four fermion in We had applied a different approach to study the problem

in Ref. [9]. We considered a variational approach with an

Recently there has been a lot of interest in strongly mter-expIiCit assumption for the ground state having both quark

acting matter at high densities. In particular, a color Sljper'antiquark and diquark condensates. The actual calculations

conducting phase for it involving diquark condensates hag e carried out for the NJL model such that the minimization
been considered with a gap of about 100 MeV. The studiegt the free energy density determines which condensate will
have been done with an effective four fermion interactiongyist at what density. In the present work we generalize the
between quark$4], the direct instanton approa¢b] or a  approach of Ref[9] to include the conditions of color and
perturbative QCD calculation at finite densf§]. There has  electric charge neutrality. This leads to condensate functions
also been a study of this phase in the NJL mddd! The  which depend upon both color and flavor. Although, for sim-
possibility of diquark condensates along with quark-plicity, we shall be considering color superconductivity, this
antiquark condensates has been considered in F&efd.2). can be generalized to the three flavor case to include color
The natural place to look for such a phase seems to be in thfavor locking. In fact here we shall also consider three fla-
interior of compact stellar objects such as a neutron stawvors but having thes and d quarks taking part in diquark
However, to apply it to the case of neutron stars, the colocondensation. Although it might look rather complicated at
and electric charge neutrality conditions need to be imposethe outset, the niceity of the approach is that within the
for the bulk quark matter. Such an attempt has been made imodel one can solve for the condensate functions explicitly
Ref. [13] as well as in Ref[14] where the lighter up and which are flavor and color dependent.
We organize the paper as follows. In the next section we
discuss the ansatz state with quark antiquark as well as di-
*Electronic address: mishra@th.physik.uni-frankfurt.de quark condensates. In Sec. Il we consider the Nambu—Jona-
"Electronic address: hm@prl.ernet.in Lasinio model Hamiltonian and calculate the expectation
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value with respect to the ansatz state to compute the thermdion for the s-quark. Clearly, a nontriviah;(k) shall break
dynamic potential. We minimize the thermodynamic poten-chiral symmetry. Sum over three colors and three flavors is
tial to calculate all the ansatz functions and the resultinguinderstood in the exponent &f, in Eq. (4).

mass as well as superconducting gap equations here. In Sec.Having defined the state as in E) for chiral symmetry

IV we give the results and discuss them. Finally we summabreaking, we shall next define the state involving diquark

rize and conclude in Sec. V. condensates. We note that as per BCS result such a state will
be dynamically favored if there is an attractive interaction
II. AN ANSATZ FOR THE GROUND STATE between the quarksl8]. Such an interaction exists in QCD

) ) in the qq color antitriplet, Lorentz scalar and isospin singlet
As noted earlier we shall include here the effects of bothehannel. In the flavor antisymmetric channel the interaction

chiral symmetry breaking as well as diquark pairing. For thecan pe scalar, pseudoscalar or vector whereas in flavor sym-
consideration of chiral symmetry breaking, we denote thenetric channel only the axial vector channel is attractive. In

perturbative vacuum state with chiral symmetry|@s. We  the present work, we shall consider the ansatz state involving
shall then assume a specific vacuum realignment whiclyiqyarks as

breaks chiral symmetry because of interaction.
Let us note first the quark field operator expansion in |Q) =gy vac =exp(B{—By)|vag, (5)
momentum space given §%6,17

1 where
1//(x)5—(2 )3/4 (k)e'k*dk _ _ _
g 1= [ [als00 T 17000 (— k0 ey o
1 ~ A ~ o
:(z—)wf[uo<k>q.°<k)+vo<—k)q?(—k)]e‘k'Xdk, +ar(Orf R ((—K) € esanldk.  (6)
a
1) In the abovej,j are flavor indicesa,b are the color indices
where andr(==1/2) is the spin index. As noted earlier we shall
haveu,d(i=1,2) quark condensation. We have also intro-
0 duced here(color, flavor dependeptfunctions f'#(k) and
COi{? f12(k) respectively for the diquark and diantiquark channels.
Uo(k)= 0 , As may be noted the state constructed in E%). is spin
o ksin 2- singlet and is antisymmetric in color and flavor. Clearly, by
2 constructionf'®(k)=f°(k) with i #j anda#b. The corre-
sponding Bogoliubov transformation for the operators is
. ¢°) given by
—o-Kksin >
co§ —- '
2 af (—k)"
~ i i £k
The superscript 0 indicates that the operatftsandq? are _ cosf'?(k) — 2r € €3acSINTEE(K)
two component ones which annihilate or create quanta acting 2r €y €30a5INT13(K) cosfk(k)
upon the perturbative or the chiral vacuy®). We have ia
suppressed here the color and flavor indices of the quark air (K)
field operators. The functiopp®(k) in the spinors in Eq(2) X e (—kt| @
H 0 . . . . I—r
are given as capy=m/|k|, for free massive fermion fields,
being the flavor index. For massless fielf¥(|k|)=7/2. |y a similar manner one can write down the Bogoliubov
We now consider vacuum destabilization leading to chirakransformation for the antiquark operators corresponding to
symmetry breaking9,16,17 described by |Q) basis.
vad =1o|0) 3) Finally, to include the effect of temperature and density
QIX/ we next write down the state at finite temperature and den-
where sity |Q(B,u)) taking a thermal Bogoliubov transformation

over the staté()) using thermofield dynamic&TFD) as de-
B 0l it ~0i scribed in Refs[19,20. We then have
Ug=ex fql (k) '(o-k)hi(k)q," (k)dk—H.c.|]. (4)
(B, 1)) =U, .| Q) =Up, Usg| O) ®
In the above h;(k) is a real function ofik| which de-
scribes vacuum realignment for quarks of a given flavor whereldy , is
We shall take the condensate functib(k) to be the same .
for u andd quarks anch,(k) as the chiral condensate func- Uy, =eP (Br) =B, 9)
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where

: 1 . _ _
AZ(K,B,p) = 5[ 1= (F(k) — F'(k))= (y%cose' (k)

(10

+(a-k sing! (K))(L—Fa(k)— Fa(K))].

In Eqg. (10) the ansatz functiong.- (k, 3, «) will be related to (14
quark and antiquark distributions and the underlined opera-

tors are the operators in the extended Hilbert space assodilere the effect of diquark condensates and their temperature
ated with thermal doubling in TED method. In EqO) we  and/or density dependences are encoded in the functions
have suppressed the color and flavor indices on the quarks &%(k) andF{(k) given as

well as the function®)(k, B, ). Note that we have a prolif-
eration of functions in the ansatz staf®, 3, u)—the (flavor
dependentchiral condensate function, theolor flavor de-
pendenkquark as well as antiquark condensate functions and
the (color flavor dependejtthermal functions. All these and

functions are to be obtained by minimizing the thermody- _ . _ _

namic potential. This will involve an assumption about the F1(k)=si?6'2(k) +sir’f ' (cos 6'7 (k) — SE(k))(1- 6*°).
effective Hamiltonian. We shall carry out this minimization (16)
in the next section.

Fia(k) =sirt6'3(k) + sir?f'a(C'3(k) — sirf6'3(k))(1— 63)
(15

Here, we have definedC'®=|e €2 |co9!'® and S?2
lll. MINIMIZATION OF THERMODYNAMIC POTENTIAL — |l €2 |sirPg!' . The 6% term indicates that the third
AND GAP EQUATIONS color does not take part in diquark condensation. Further, we
. . 0 _ .
We shall work here in a Nambu—Jona-Lasinio modelN@ve introduced the notatiog;(k) = ¢; (k) — 2hi(k).

which is based on relativistic fermions interacting through e also have
local current-current couplings assuming that gluonic de-
grees of freedom can be frozen into pointlike effective inter-
actions between the quarks. The Hamiltonian is given as

(QB.WIP2) P20 QB 1))

J

QBT PP T(0)|Q(B, 1))

eik'xpia'jb(k,ﬂ,ﬂ)dk,

+ya

. . 2 B 3
HZZ lﬂ'aT(—ia'V-F’yOmi)lﬂ'a*l- %JZJ,U,a_ (277)

i,a

(11)

HerleL: Yy, T2y and,m; is the current quark mass which
we shall take to be nonzero only for the case of strange
quarks {(=3). Of the two superscripts on the quark opera-
tors the first index {” refers to the flavor index and the
second indexa refers to the color index. The point interac-
tion produces short distance singularities and to regulate the
integrals we shall restrict the phase space inside the sphere
|p| < A—the ultraviolet cutoff in the NJL model. PPk, B u)=
We next write down the expectation values of various

_ ik-xpia,jb
(277)4 Pk, B p)dk, (17

here
£l £3ab

4

el

operators in the variational ansatz state given in(Bg.Us- i+ o ~ i+ o
ing the fact that the state in E¢B) arises from successive +(y°cos< Tj> —a-K sin(Tj)
Bogoliubov transformations one can calculate these expecta-
tion values. These expressions would be used to calculate -
thermal expectation value of the Hamiltonian to compute the XA (k)| ysC (18)
thermodynamic potential. Witl(k) as defined in Eq(1),
we evaluate the expectation values and
(B[ F2O PR KD TQ(B, 1)) P ) iie?’abcvs[ Sian(k)coS( o
=6 6%°A™2, (k. B, 1) S(k—k') (12) I 4 2
4+ b R 4+ b
and + yocos<—¢' 2¢J>—a-ksin i 2¢’)
(B[P (KB, )
. o ia,jb
= SIS B ) ok—K),  (13) A (")}' 19
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HereC=iy?+° is the charge conjugation matriwe use the
notation of Bjorken and Drelland the functionsS(k) and
A(k) are given as

Slab(k) =sin 2f3(k)cos 2021 (k, 8, )

+sin 2f3(k)cos 20'2°(k,B,)  (20)
and
All-3b(k) =sin 2f'3(k)cos 20'° (k, B, )
—sin2f3(k)cos 2021°(k,B,u). (21

In the above we have defined co#2°=1—sirPd?
—sinzali?, with i,j=1,2 being the flavor indices and,b
=1,2 being the color indices ane:j, a#Db.

Using Eq.(13) we have for the kinetic energy of the light

quarks
T=(Q(B.w|¢ (—ia- V)Y Q(B,un))

2
- (2m)° i:1,22a:1,3 f dk|k|(1—cos (k)

X (1—Fia—Fay), (22)

whereF 2 andFila are defined in Eqg15) and(16). We have
also subtracted the vacuum contributions.

Similarly the contribution from the interaction term in Eq.
(12) after subtracting out the zero point perturbative energy

turns out to be

2
V=(Q08) |5 BIUB) =V Vo, (29

Here the contributiorV, arises from contractings with a
#'using Eqs(12), (13) and is given as

2

V=2 > 1P-2 > IL“), (24
2 S2\a5is a=13
with
jas 1 fdk(Fia—Fia) (25)
v (277)3 1
and

ia_ 1 _ria_ iaye; )
|5—(2w)3fdk(1 Fa—F®sin2h(k). (26

In this expression, we have neglected terms of the ordéﬁ 1/

compared to unity. The teriw, arises from contracting/
and ay andy" with anothery' using Eqs(18) and(19) and
we have

__4 11,22 12,21
Vo=—5

392|3 3 (27)
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with

Iga'ij(ZL)?‘J'dkSia'jb(k)COS<@)v (28
ar

whereS?I® has been defined in EqO).

To calculate the thermodynamic potential we shall have to
specify the chemical potentials relevant for the system. Here
we shall be interested in the form of quark matter that might
be present in compact stars older than few minutes so that
chemical equilibriation under weak interaction is there. The
relevant chemical potentials in this case then are the baryon
chemical potentiakg=3u, the chemical potentigkg asso-
ciated with electromagnetic charg®=diag(2/3;-1/3,
—1/3) in flavor space, and the two color electrostatic chemi-
cal potentialsu; and ug corresponding tdJ(1)sXU(1)g
subgroup of the color gauge symmetry generated by cartan
subalgebraQ;=diag(1/2;-1/2,0) and Qg=diag(1/3,1/3,
—2/3) in the color space. Thus the chemical potential is a
diagonal matrix in color and flavor space, and is given by

Hij,ab= (1 6ij + Qij ) Sapt (Qzapt Qgabis) Gij -
Herei,j are flavor indices and,b are color indices.

The total thermodynamic potential, including the contri-
bution from the electrons, is then given by

1
Q:T+V—(,uN>—Es+Qe, (30)
where we have denoted
(N) = (P2 i a1y =22, 1 (31)

with ' being the chemical potential for the quark of flavor
i and colora, which can be expressed in terms of the chemi-
cal potentialsu, wg, mz and ug using Eg. (29. Q.
= —,ufé/1277'2 is the electron free energy.

Finally, for the entropy density for the quarks we have
[19]

- > | dk(sir?6'@Insir?6'®+coL6@In coL'
(2m)3 Ta

+5sir?6'2In sinf6'2+ cog 6'2In cog 6'2).

S=

(32

Now if we minimize the thermodynamic potent@l with
respect tah;(k), we get

(Mj—myk
tan 2h;(k)= ,

2 2 ia
€+92 > 12m,
a=1,3

(33

where Mj=m;+ @21 and ;= /(k*+m?). Substituting
this back in Eq(26) we have the mass gap equation for the
light quarks m;=0)
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M= 2 |]a f
R (2m)® \/k2+M2

X > (1-FlR—Fd)dk.
a=1,3

(34)

Clearly, the above includes the effect of diquark condensates
as well as temperature and density through the functions
andF; given in Egs.(15) and(16) respectively.

Next, minimizing the thermodynamic potential with re-
spect to the diquark condensate functions leads to

App 5<¢>1— </>2)
=——CO0 )
€— V1o 2

All {d)l_d)Z)

CcoO .
€— Vll 2

In the abQVe:: (€1+ 62)/2, 711: (V11+ V22)/2, 712: (V12
+v,9)/2. v'? is theinteracting chemical potential given as

and

tan 2f13(k) = (35

tan 2f1Y(k)= (36)

37)

which may be expected in presence of a vectorial current-
current interaction. In the abovgl=23,_, 42, with I'* as

A 12:

PHYSICAL REVIEW D 69, 014014 (2004

Ay
27'r)3 \/ ( b1~ ¢2)
é_12+A% cod
A
X (cog 61— sirt6?%) + -
\/E+ 12+ A§1C052< & ¢2)
X (cog 91— sir? 6%2) cos( d)l; ¢2) (40)
2g? A
3(29 )Fj dk 12
! \/g 1+ AEZCOSZ( & ¢2)
A
X (cog 61— sir? 6% -
5 b1~
€+’ +ATc08 5
X (o211 si?6%) Cos( d)l; ¢2) (41)

defined in Eq.(25). Thus, it may be noted that the diquark ' the above,é.j,=e* 1. Finally, minimization of the

condensate functions depend upon #werageenergy and
the averagechemical potential of the quarks that condense.
We also note here that the diquark condensate functions de-
pend upon the masses of the two quarks which condense
through the function cosff;—¢,)/2) with cos@;=sin 2h
=M; /¢ , for u,d quarks which could be different when charge

thermodynamic potential with respect to the thermal func-
tions 6. (k) gives

1

SirPg=————
- exr(ﬁw 41

(42

neutrality condition is imposed. Such a normalization factorvarious w'@s are given as follows:

is always there when the condensing fermions have different
masses as has been noted in R21] in the context of CFL
phase.

In an identical manner the di-antiquark condensate func-
tions are calculated to be

A12 5{¢1_¢2)
co 1
E+ Vi 2
All {(bl_d)Z)
——CO .
e+ V11 2

Further, in Eqs(35),(36),(38),(39), A1,=(29%/3)I51%%, Ay
=(2g?%/3)13** which satisfy the equations

tan 2f1%(k) =

(39

tan 2f (k)=

(39

014014-5

wl=w_+6.— 5,1,1,
wP?=w_+68.— 6%,
0l=w_— 5+,
0?=w_— Ot 5,1,1, (43

wil—a)++5 +5

wiz—a)++5 +5

11
_51) ,

20
wT=w,— 0,

11
51}

2_ o _
0w =w,— 0,
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and, finally, for the noncondensing colosg’= €' + '3, As  The first three lines in Eq45) correspond to the contribu-
already mentioned, the first index refers to flavor and thgion from the quarks taking part in the condensation while
second index refers to  color. Here w.  the Igst line is the contribution from the third color for the
=\A2c03((¢1— $2)12)+ 82, S.=(e1—€,)/2 is half the WO light quarks.

energy difference of the two quarks which condense and, In an identical manner one can calculate the thermody-
e.g.,51= (v, v,y)/2, is half the difference of the chemical namic potential_ for the strange quark sector with strange
potentials of the two quarks which condense. Note that in th E{aicr)lgs tgqﬂeamgrl:'r?ézs r]:g:;ir::e \é?gr?tligl] titélricitsl,”ei;/g:% contri-
absence of imposing the charge neutrality condition all th y P 9 y

four quasi particles will have the same enetgy . Thus it is

possible to have zero modes when charge neutrality condiQS: 2 J dk Z [ /|I2|2+m§— /k2+M§0(|k|—k§a)]

tion is imposed depending upon the valuespind s, . So, (2m)° a=1,3

although we shall have nonzero order paraméterthere

will be fermionic zero modes or the gapless superconducting (M3g—mg?  g? 5 38 3a

phase[23,24. We shall discuss more about it in Sec. IV. e EPS_E vepo (46)
Next, let us focus our attention for the specific case of 9

superconducting phase and the chemical potential associatggl, o pi=3
with it. First let us note that the diquark condensate function? '
depend upon the average of t_he_ c_hemlcal potentials of th b the strange quarlp3a=(kf3a)3/37r2. The Fermi momenta
guarks that condense. Since this is independept;offe can ) by th | relatidd®= (2 — M2) 12

choose us; to be zero. In that casepll=pu+2/3ue  27€ 9Iven by Ih€ usualrela idq* = (via— M)

+ g/ B=p2 and also p?i=p—13ue+ gl V3= u? The total thermodynamic potential including the contribu-

This also means that the average chemical potential of botHOn from the electrons is given by

a1 and p@=212 for i,a=1.2, with I;?
iven in Eq.(25). For the third color,p®= (ki*)%/372 and

the condensing quarks are the same and is equH:t(p Mé
+1/6ug+ ug/\3. Further 8,%2= ug/2—(g%/4)(p1— po)/2 Q=044+ 0 ——. (47)
=46,11=65,. In such a situation, Eq$40) and (41) are both 127

identical and hence we shall have only one superconductin

gap equation given as Phus the thermodynamic potential is a function of four pa-

rameters: the three mass gaps and a superconducting gap

which needs to be minimized subjected to the conditions of

j dk[i(co&?l_z— sir? 62y electrical and color neutrality. The electric and charge neu-
w_ trality constraints are given respectively as

_2¢
3(2m)3

A . b1~ b2 2 1 1
+ o, (oSO E=sin o3 cos( 5| (49 Qe=3p1~3P2~ 3P3~ Pe=0 (48)
With this condition, it is clear from Eq¢43) that the quasi- and
particle energies for each flavor become degenerate for both
the colors which take part in condensation. Thus the quasi- 1 i1, 2 i3
particle energies now become;=w_+ 46 and w,=w_ QS_ﬁZ (p*+p'"=2p")=0. (49)
— 6, for u andd quarks, respectively, with= 35— 6, .
Now making the use of this dispersion relations and thqzquations(47)_(49) and the superconducting gap equation

mass gap equatior(84) and the superconducting gap equa-Eq. (44) constitute the basis of the numerical calculations
tion (44), the thermodynamic potential at zero temperaturehat we discuss below.

becomes, withb=6.—4,,,
IV. RESULTS AND DISCUSSIONS

1
J dk[|k|—§(w+w+)

ud— 3
(2m) the parameters of NJL model as followg?A?=17.6, A
3A =0.68 GeV as typical values giving reasonable vacuum
X[(@_+8)8(—w1) + (0= 8) 8~ wp) ]+ — properties[10,21,23. We might note here that the coupling
g? introduced here is related to the usual scalar coupling of
NJL model, e.g., in Refi22] G asg?=8G.
2 1 o
9 21~ (M2+M2)— 2 Li3,i3 Current quark masses farandd quarks are taken as zero
8 %>, Pi 201 2 A, p and the current quark mass for strange quark is taken as 0.12
GeV. With this choice of parameters, the constituent quark
3 € 13 € 23 masses at zero temperature and density are giveN as
J d*k [K[ = 5 0(k—k") = 5 0([K| =ki") | =0.35 GeV=M,, and for strange quarkl;=0.575 GeV.
In Fig. 1, we have plotted the variation of masses with
(45  baryon density without diquark condensation and without

4
+ 2 )3J dk For numerical calculations we have taken the values of
a
2

" (2m)®

014014-6
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FIG. 1. Masses of the quarks as a function of baryon chemical FIG. 3. Masses of the quarks without superconducting phase

potential. Solid curve refers to massesucdndd quarks while the

dashed curve refers to strange quark mass.

when electrical charge neutrality condition is imposed. Solid, dot-
dashed and dashed curves refer respectively to masses of up, down
and strange quark mass.

imposition of the charge neutrality conditions. The decrease _ . _
of masses with density is a reflection of the decrease of quarRPServe that for a small window in the quark chemical po-

condensates

with density.

tential (about 23 MeV, we have simultaneous existence of

Let us next discuss the case of diquark condensates alofigiral Symmetry breaking and color superconducting phase
with quark antiquark condensates without imposing the/V!th the gap reaching a maximum upto 65 MeV in this win-
charge neutrality condition. The numerical calculation fordow. Includmg_vector interactions similar conclusion of si-
this case proceeds as follows. For a given chemical baryoppultaneous existence of both the condensates was noted ear-

potential(and with u3=0= ug), the thermodynamic poten-

lier in Ref.[12]. However, in Ref[12] the vector interaction

tial Eq. (47) is minimized with respect to the quark massesdid not contribute to t.he sup.erconducting gap equation nor to
subjected to self consistently determining the interacting® mass gap equation unlike the case here. We have com-

chemical potential using Eq37) and solving the supercon-

pared the pressure in both the cases in this regime and it

ducting gap equatiori44). In Fig. 2 we have plotted the 2PPears that in this small window, existence of both the con-
masses and the superconducting gap as functions of bary&gnsates has higher pressure than having only the quark an-
chemical potential. The behavior of masses are almost sanjiduark condensates in the ground state. Beyond this window

as those without the diquark condensates. Here, however,
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iral symmetry is restored and the gap increases monotoni-
cally with chemical potential till the effect of cut off is felt
and then it decreases.

We next discuss the results when charge neutrality condi-
tions are imposed. As earlier, let us focus our attention first to
the case without the diquark condensates. The results are
shown in Fig. 3. Here, thé-quark mass vanishes earlier than
that of u quarks as the baryon chemical potential is in-
creased. The reason is that to maintain electrical charge neu-
trality conditions thed quark densities are almost twice that
of u quarks which makes the quark antiquark condensates
to vanish. In contrast to the rather sharp fall of the masses as
compared to the case when electrical charge, neutrality con-
dition is not imposed, ther quarks remain massive much
after d quark become masslegsbout 80 MeV in the quark
chemical potential windoyw The magnitude of electric
chemical potential increases with densities till strange quarks
begin to appear beyond which it starts decreasing so that
charge neutrality condition is maintained.

Next we show the results with diquark condensates with

FIG. 2. Masses of the quarks and the superconducting gap d3€utrality conditions. For a given quark chemical potential

functions of baryon chemical potential for the cgse=0= ug.

., the interacting chemical potentials are determined using

Solid, dashed and dot-dashed curves refer respectively to masseskof|. (37) with a trial value ofug and ug. For high baryon
up (down) quarks, strange quark and to the superconducting gap. chemical potential when chiral symmetry is restored for light
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FIG. 4. Superconducting gap when color and electrical charge FIG. 6. Number densities af quarks(solid) andd quarks(dot-
neutrality condition is imposegsolid curve. The dashed curve cor- dashed participating in superconducting phase. The densitys of
responds to when this condition is not impoged., ug=0). quarks is also plotte¢dashed curve

quarks, the thermodynamic potential is varied with respectto At high densities when chiral symmetry is restored for the
the strange quark constituent mass after solving the Supefight quarks, 8.=0 and &6=—35,=— (ug/2—(g%/8)(p"
conducting gap equatiof#4). The values ofug andug are  — %) For5,<0, w,, the quasiparticle energy forquarks
varied so that the charge neutrality conditions H¢8) and s always positive and hence only tidequark contribution
(49) are satisfied. The results are shown in Flg 4. The beW||| be there in the second term of the thermodynamic po-
havior of the superconducting gap is similar to that whentential given in Eq(45). Further, it is easy to show that such
charge neutrality conditions are not imposed except that thg contribution arises when the magnitude &f, which is

magnitude of the gap decreases. The pressure of color angf the difference of the chemical potentials of the quarks

electrical neutral superconducting phase is lower than whe@hich condense, is the same or greater than the supercon-
neutrality conditions are not imposed as shown in Fig. Squcting gap, A. When [8,|=A,
Further, the pressure of color and electric neutral normal_ A2+ (e2—12)— 5, becomes gapless at the Fermi sphere
guark matter is always lower than that of the color and elec- ’ :

the mode w,

tricallv neutral superconducting matter For |5,|>A, the gapless modes occur at momenta higher
y P 9 ' than the(average Fermi momenta. In the present calculation
2500 this is the case for baryon chemical potential below 1600

MeV. The occurrence of suctyapless superconducting
modesin neutral quark matter was first emphasized in Ref.
[25]. Because of this the number densitiesuaindd quarks

2000 participating in the superconducting phase are not the same
“— in this region. This is plotted in Fig. 6. It may be noted that
E even in the gapless superconducting mode, the density of
= 1500 strange quarks is small but nonzero.
=
5‘5’1 000 V. SUMMARY
£ We have analyzed here, in a current point interaction

model, the structure of vacuum in terms of quark antiquark
as well as diquark pairs. The methodology uses an explicit
variational construct of the trial state and is not based on a
mean field calculation. Because of the point interaction struc-
ture we could solve for the gap functions explicitly. The
1500 1800 2100 2400 2700 distribution functions are also determined variationally. Be-
Baryon chemical potential, ug (MeV) cause c_Jf the vector interaction, the chemical potenti_als are
interaction dependent and are calculated self-consistently.
FIG. 5. Pressure as a function of baryon chemical potentiale find that there is a small window in baryon chemical
when color and electrical charge neutrality condition is imposedpotential (about 80 MeV when both the condensates are
(solid curve. The dashed curve corresponds to when this conditiononzero.

is not imposed. To consider neutron star matter, we have imposed the con-

500
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dition of color and electric charge neutrality conditions generalized to include color flavor locked phase and one can
through introduction of appropriate chemical potentials. Itthen make a free energy comparison regarding the possibility
has been noted and emphasized earlier that projecting out tleé which phase would be thermodynamically favorable at
color singlet state from color neutral state costs negligiblevhat density. This will be particularly interesting for cooling
free energy for large enough chunk of color neutral matteof neutron stars with a CFL core. We have considered here
[13]. homogeneous phase of matter. However, we can also con-
The gap reduces when color and electric neutrality condisider mixed phases of matter with matter being neutral on the
tions are imposed. The pressure with the gap is alwayaverage. Some of these problems are being investigated and
higher than free quarks when charge neutrality conditions areill be reported elsewherg26].
imposed. For slightly lower densities, but large enough to be
in the chiral symmetry restored phase, there appear to be
gapless modes available when the condensing quarks have a
difference in chemical potentials which is larger than twice The authors would like to thank J.C. Parikh, D.H.
the superconducting gap. In all these calculations we havRischke, I. Shovkovy and M. Huang for many useful discus-
also included the effect of self-consistently determined massions. One of the authofé&.M.) would like to acknowledge
for the strange quark. In fact, in the gapless superconductinfinancial support from Bundesministeriumr fBildung und
phase, the number density of strange quarks is also nonzeréorschung(BMBF) and Deutsches Elektronen Synchrotron
We have focused our attention here to the superconductbESY), and Institut fuer Theoretische Physik, Frankfurt
ing phase. The variational method adopted can be directlniversity for warm hospitality.
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