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Charge neutrality effects on two-flavor color superconductivity
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Four different phases of the two-flavor quark system, i.e., the normal quark matter and color superconduct-
ing phases with and without the charge neutrality condition, are investigated in the framework of(#)e SU
Nambu—Jona-Lasinio model. It is found that the color superconducting phase without charge neutrality has the
lowest thermodynamic potential, and the charge neutral systems have higher thermodynamic potentials. How-
ever, the BCS pairing always lowers the system’s thermodynamic potential, i.e., for both the charged and
charge neutral systems, the superconducting phases always have lower thermodynamic potentials. Compared
with the BCS gap\, for the color superconducting phase without charge neutrality, the BCR\gapthe
charge neutral color superconducting phase has been largely reduced. When the thermodynamic potential for
the charge neutral color superconducting phase equals that in the neutral normal quark matter, the diquark
condensate disappears.
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[. INTRODUCTION using the SWB) Nambu—Jona-LasiniétNJL) model and tak-
ing into account the self-consistent effective quark mass

Because of the existence of an attractive interaction in thens(w), wheref refers tou,d,s. It is found in[10] that the
antitriplet quark-quark channel in QCD, the cold and denseharge neutrality has a large effect on thguark mass, i.e.,
quark matter has been believed to favor the formation of théns(x) begins to decrease at a smallex400 MeV than the
diquark condensate and being in the superconducting phasase if no charge neutrality is considered, such 4412,
[1-4]. wheremg(u) begins to decrease at abqut=550 MeV.

The QCD phase structure at high baryon density is deter- In this paper, complementary {d0], we investigate the
mined by how many kinds of quarks can participate in theeffect of charge neutrality on two-flavor color superconduc-
pairing. If we have an ideal system with two massless quarkgvity assuming that there is no strange quark involved in the
u andd, and the three colored quarks and three colorei  chemical potential regimg <550 MeV.
quarks have the same Fermi surface, the system will be in the This paper is organized as follows: in Sec. Il we extend
two-flavor color superconducting pha$2SQ; and if we  our method in[13] to derive the thermodynamic potential
have an ideal system with three massless quaykls ands,  when charge neutrality is considered; the gap equations and
and all the nine quarks have the same Fermi surface, then alharge neutrality conditions will be derived in Sec. Ill, and in
the quarks will participate in pairing and form a color-flavor- Sec. 1V we will give our numerical results; the conclusions

locking (CFL) phas€[5]. and discussions will be given in Sec. V.
In the real world, the strange quark mass should be
considered, which will reduce the strange quark’s Fermi sur- Il. THERMODYNAMIC POTENTIAL

face[6]. If mg is large enough, there will be no pairing be-

tweenus andds, and a 2 SG- s phase will be favored.
Also, in reality, the system should be electric and color Assuming that the strange quark does not appear in the

neutral, the existence of electrons in the system will shift thesystem, we use the $2) Nambu—Jona-Lasinio model, and

Fermi surface of the two pairing quarks, and the system cannly consider scalar and pseudoscalar mesons and scalar di-

be in the BCS phase or the crystalline phfgeor normal  quarks. The Lagrangian density has the form as

quark matter, depending on how large the difference in the

A. The Lagrangian

chemical potentials of the two pairing quarks is. L=q(iy"d,—me)q+Gd (aq)+ (qi ys79)?]
Color neutrality was first investigated [8]. In a recent — b — b e
paper[9] it was argued that the 2 S& phase would not +Gpl(ig-ee’ysq)(igee’ysq)], ()

appear if the electric and color charge neutrality condition T o .7 ) .

was added, which also agreed with the result§lif] by =~ Where g-=Cq’, q~=q C are charge-conjugate spinors,
C=iv?" is the charge conjugation matrithe superscript
denotes the transposition operabiothe quark fieldg=q;,,

*Email address: huangmei@mail.tsinghua.edu.cn with i=1,2 anda=1,2,3 is a flavor doublet and color triplet,
"Email address: zhuangpf@mail.tsinghua.edu.cn as well as a four-component Dirac spinet; (7,72, 7%) are
*Email address: chaowq@hp.ccast.ac.cn Pauli matrices in the flavor space, ang)'{=¢'*, ()%
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=¢* are antisymmetric tensors in the flavor and color=u—Qguet Tauac+ Taige, WhereQ,, T3, and Ty are gen-
spaces, respectivelfss and Gy are independent effective erators ofU(1)q, U(1)3;, andU(1)g. Because the diquark
coupling constants in the scalar quark-antiquark and scalarondenses in the third color direction, and the first two col-

diguark channels. ored quarks are degenerate, we can assuge 0. For the
After bosonization, one can obtain the linearized versiorsame flavor, the difference of chemical potentials between
of the model(1) the first two colored quarks and the third colored quark is

induced byug., and for the same color, the difference of
chemical potentials betweanandd is induced by, .

The explicit expressions for each color and flavor quark’s
chemical potential are

T 1 *b/iqC_. b
£ZQ('7“3M_m)q_§A (ig~e€e’ysq)

1 o 0_2 A* bAb
_ T Abg; b c\_ - -
ZA (|q€€ ’)/Eq ) 4GS 4GD ’ (2) 2 1
MAT M2= e~ Z et 3 Mae
where we have assumed that there will be no pion conden-
sate and introduced the constituent quark mass 1 1

Ma=ps= Tt 3 et 3 Mec,

m=my+o. 3
From general considerations, there should be eight scalar 2 2
diquark condensatesl4,15. In the case of the NJL type M3= K~ 3 He™ 3 Mac
model, the diquark condensates related to the momentum
vanish, and there is only one"0diquark gap with the Dirac 1 2
structurel’ = yg for the massless quark, and anothér @i- o=+ JMe™ 3 Hec (7)

guark condensate with Dirac structue= y,7ys at nonzero
qguark mass. In this paper we assume that the contribution of _ . ,
the diquark condensate wilh= y,ys is small, and we only For the conv§n_|ence of ca}l.culatlons, we define the mean
consider the diquark condensate wih= ys. The diquark ~chemical potentiak for the pairing quarks|; ,0s, anda,d,
condensate with Dirac structusgy, has been recently dis-
cussed i 16]. — matus_ potps 1 N 1 ®

We can choose that the diquark condenses in the third 2 2 K= gheT 3Hec:
color direction, i.e., only the first two colors participate in the
condensate, while the third one does not. and the difference of the chemical potent#l

The model is nonrenormalizable, and a momentum cutoff
A should be introduced. The paramet&sg and A in the Su— Ms— M1 Ma— M2
chiral limit my=0 are fixed as =" " 2

Mel2. 9

Gs=5.0163 GeV?A=0.6533 GeV. 4 Because the third coloradandd, i.e., the third and sixth
quarks do not participate in the diquark condensate, the par-
tition function can be written as a product of three parts,

Z= ZonstZa6215,24- (10

The corresponding effective mags=0.314 GeV, and we
will chooseGp=3/4Gg in our numerical calculations.

B. Partition function and thermodynamic potential

The partition function of the grand canonical ensemble! N€ constant part is
can be evaluated by using the standard meflidq18, p
Zeonst= N’exp[ - f dTJ d3x
0

(5 The Z3¢ part is for the unpairing quarkg; (uz) and the
_ _ _ Oe (d3), and Z35,4 part is for the quarks participating in
where 8=1/T is the inverse of temperatui® andu is the  pairing, q, (u;) paired with qs (d,), and g, (u,) paired

chemical potential. When electric and color charge neutralitywith g, (d,). In the following two sections, we will derive
is considered, the chemical potentjalis a diagonal &6  the contributions 0fZz5 and Z;s ,,.
matrix in flavor and color space, and can be expressed as '

o  A*A
—+
4Gg 4Gp

B , o } (11)
Z=N’J [dQ][dQJeXP[ fo de d3X(£+MQ70Q)].

1. Calculation of Z54

:d|a. ) ) I} 1] I} I} 6
H e ) © Introducing the 8-spinors fa; and gg,

where wq,u,,3 are for the three colored quarks, and -

Wa. s, g are for the three colored quarks. Wa6=(03.06:05.05), (12)
Like in [9,10], the chemical potential for each color and

flavor quark is specified by its electric and color charges we can expres€s;q as
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1« — [GgY 1« G
Zsszf [d‘l’se]eXP‘E E q’36+%w36 315,24:j [d‘l’]exp{i 2 v ;.5'24\1’]
n,p n,p
=Det’4 B[Gy 39, (13) =Det"{(B[G 1524, (20

where the determinantal operation Det is to be carried ouwhere
over the Dirac, color, flavor, and the momentum-frequency

space, andiG, 1]z has the form of 1 [Golisa A~ 2
15,24 A + [G(; ] I512 ’
[Gelst O 0 0 ’
Gy = L , .
[Bo 1 0 0 [Gylst 0 (Gl 0 0 0
0 0 0 [Gole? o 0 (Gt 0 0
G7 1 — +q— ’
(14 [Go 1524 0 0 [GE];t 0
L (22
[Goli =pxhi—m. (15

and the matrix form foA~ is
Here we have usefi=p,y* and 4;= u;yo.

For the two quarks not participating in the diquark con- 0 O 0 1
densate, from Eq.13), we can have 0 0 -1 0
- +_ 0 A—\T.0
. - AT=cidysl o g o AT=Y@D
In 236=§In De‘(ﬂ[GO 136) 1 0 0 0
. (23
= E |n{Def(B[Gg]§l}{Def(ﬁ[GEEl)} From Eq_(20), we have
x{Det B[G¢ 1z HDet B[ Gy 15 H)}. 16 1
{Det(B[Gq ]g )Det( B[ Gy 16 )} (16) n 21524:5'” Det(ﬁGI5l,2A)- (24

We first work out

5 ) For a 2x2 matrix with element#\, B, C, andD, we have
{Det(B[Gq 15 ")Det( B[Gy 15 1)} =BIp5—E3 1lPo—E5 ], the identity

— e 2 _2 A B
{Det(B[Gg 16 )Det B[Gq ls )} =B PG—Eg 1[P5—Eg 1. De( ):Del(_CEHCAClD)
17 C D
with E3 =E+us; and E; =E+ ug where E=p+m?. =Det~BC+BDB™'A). (29

Considering the determinant in the flavor, color, spin spaces,

and momentum-frequency space, we get the expression ReplacingA, B, C, andD with the corresponding elements

of G155 We have

In Z3= > > {In(B[p3—E; 1) +In(B2p3—E5 1) Det(Gyep) = DetD; = Det( — A A~
L
, , FATGE 1A ] Gy 1
In(Bpe-EL D +In(BIPE—Es D). (18) Cohioal 17 1G0 bis2d »
=DetD,=Det —A~AT+A7[Gg l1css

2. Calculation of Z;5 54 > [A+]_1[G8r][51,24). (26)
The calculation ofZ35 ,4 here is much more complicated
than that when the two pairing quarks have the same Fermilsing the massive energy projectahs. in [13] for each
surface[13]. Also, we introduce the Nambu-Gokov formal- flavor and color quark, we can work out the diagonal matrix

ism forq4,q,,04 andgs, i.e., D, andD, as
W'=(d1,02,04,05305 A5 ,G5)- (19 (DDu=(D1)a=[(Po+ 8p)*~[ExPIA - +[(po+ 6p)?
The Z15 4 can have the simple form as —[EXTAA L,
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_ _ _ 2_TETTIA _+ _ 2 IIl. GAP EQUATIONS AND CHARGE NEUTRALITY
(D1)33= (D1)asa=[(Po— o) —[Ex I7JA_+[(Po— ou) CONDITION
=112
—[EXTPIAL, From the thermodynamic potential E(2), we can de-

. rive the gap equations of the order parametarand A for
(D2)11=(D2)2o=[(Po— dp)*—[Ex 1?]A _+[(po— S1)? the chiral and color superconducting phase transitions.

—[ExTPIA L, |
A. Gap equation for the quark mass
(D5)35= (D) asa=[(pPo+ 5#«)2—[EZ]2]A7+[(DO+ Su)? The gap equation for the quark mass can be derived by
_ using
—[ExT?IA 4, (27)

o0

_ — —=0.
whereEy = V(E+ u)2+ A2 Jm

With the above equations, E(R4) can be expressed as

(33

B The explicit expression for the above equation is
In 215222 2, (N[F7p5—(Ey + 0w} + {705

—(Ex —6m) 1% +In{ B2 p3— (Ex + 61)1%} m 1—4Gsf ¢p 1 25[1—?@1)—?(51)]
(2m*E|"E, : :
+In{ B[P~ (Ex — o) 1%). (28) _
+2=[1-T(E,.)~T(E; )]+[2-T(E5) —T(E;)
C. The thermodynamic potential Ea

Using the helpful relation

—T(Eg)-T(Eg)]| | =0, (34

In zf=; In[ 82(p§—E3)1=BLE,+2T In(1+e Fp)],

(29) ~
with the Fermi distribution functionf(x)=1/exp Bx}

we can evaluate the thermodynamic potential of the quark-1]. m=0 corresponds to the chiral symmetric phase;

system #0 corresponds to the chiral symmetry breaking phase.
m? A2 d®p . .
= — B. Gap equation for the diquark condensate
Qg 4GS+4GD ZJ 77)3{2E+T
Q)
XIn[1+exp(— BE; )]+ TIn[1+exp — BE3)] A0 (39
+TIn[1+exp—BES)]+TIn[1+exp —BEs)]
+2E  +2E, +2TIn[1+ exp(—,BE})HZT we can derive the gap equation for diquark condensate
XIn[1+exp(— BE,-)]+2T In[1+exp — BE, )] ,
_ d°p 1 -
+2TIN[1+exp(— BE, )1} (30 A 1—4GDJ (2m)? ZE[l—f(EA+)—f(EA—)]

with E . =Ej *+ 6u.

For the total thermodynamic potential, we should include
the contribution from the electron ga8,.. Assuming the
electron’s mass is zero, we have

1 T/ =t T/ =t
+2=[1-F(E;.)-F(E, )]
EA

l=o. (36)

4 C. Number density for each color and flavor

Qp=— Fe i (31) The number densities for each color and flavor can be
1272 derived using the thermodynamic potential in termsugf
Because there still exists QU(2), symmetry, the first two
The total thermodynamic potential of the system is colored up quarks are degenerate, and the first two colored
down quarks are also degenerate, i.e., the number densities
Q=04+ Q. (320  for the first two colored up quarks are the same,
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d3
nFnzzf(zlc;

=+

= [1-T(Ey)—T(Ey )]

E- e e
—E—_[l—f(EM)—f(EAf)]Jrf(EA+)+f(EA+)
A

~f(E,)—T(E )|, (37)
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=+
A )]+ EA [l f(EA+)

E_
E_[l f(EA+)

[ 2
(2m)3
—T(E )1+ [T(EH—T(E)+[TF(ES)—T(Es)]|=

(43

E. Electric charge neutrality

and the first two colored down quarks also have the same Similarly, the electric charge neutrality condition is to

number densities,

d3 =+ o
n4=n5=f (2'2 —[1-T(E;)—T(E; )]
[
~ = (1)~ T -T(EL ) ~T(EL)

A

+F(E ) +T(EL) | (39)

However, in principle, it is not necessary for the paired

two quarks such as; andd, or u, andd; to have same
number densities,

N—Ng=N,—Ny= 2f d—%["f(El) +TEH-FE!)
(27T)3 A A A

—f(E )] (39
Only in the case off=0 and Su<A can we have equal
number densities for the two paired quarks, and thys
=N5=Ny,=N,.

But for the unpairedi; andds, because of the mismatch

chooseu, such that the system has zero net electric charge

Qe, i€,
Q)
e

No=—-—=0. (44)

From the above equation, we obtain

f dsp ZE_[l TFEH-TE)]- 2E+[1 TEL)

(2m)3 = At A™ EA At

~T(Ey)]—-6[T(Ey-) +T(Ey ) —T(Ey )~ T(E,-)]
Me

+4[T(E3)—T(E;)]-2[F(Es)—T(Eg)] +——0
(45)

IV. NUMERICAL RESULTS

In the numerical results we investigate the following four
different cases:(1) no color superconducting phase, no
charge neutrality conditionf2) no color superconducting
phase, electric charge neutrality condition added; the elec-
trons chemical potential in this phase will be characterized

of the Fermi momentum, they have different number densibY #e; (3) the color superconducting phase exists, no charge

ties. Forus, the number density is

dp . o
ns=2f (Zw)g[—f(Eng(Eg)], (40)
andd; has the number density
dp . ——
n6=2f (Zw)s[—f(Egm(EG)]. (4D)

D. Color charge neutrality

The color charge neutrality condition is to choogg;
such that the system has zero net chargei.e.,

Q)

ng=— =0.
8 Ipge

(42

neutrality condition; the diquark condensate in this phase
will be characterized byAy; (4) the color superconducting
phase exists, electric and color charge neutrality condition
added; the electron’s chemical potential and diquark conden-
sate in this phase will be characterized dyandA, respec-
tively.

Figure 1 is for the chiral phase transition in the case of no
electric neutrality considered, which is familiar to all of us;
the quark possesses a large constituent mass in the low
baryon density regime due to chiral symmetry breaking, and
restores chiral symmetry at high baryon density.

Figure 2 is the chiral phase diagram when the electric
charge neutrality is considered; the solid squares and the
solid circles are for quark massand the electron’s chemical
potential,ug, respectively. It is found that in the chiral sym-
metric phase, there is a large Fermi surface for electrons, and
the electron’s chemical potentiadg increases linearly with
the increase of the quark’s chemical potengial

Figure 3 is the phase diagram for color superconductivity

Evaluating the above equation, we have the color chargwithout charge neutrality constraints; the quark mass

neutrality condition as

(squaresand diquark condensatk, (circles are plotted as
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0.05 [ 0.05 [
o) E ] 1 1 0 r | | | |
. 0.3 0.4
0-2 W(CVT 0.2 0.3 0.4 0.5 0.6

w(GeV)
FIG. 1. The quark mas®s as a function of chemical potential

in the case of the no color superconducting phase and the no charge FIG. 3. The quark mass (squaresand the diquark condensate
neutrality condition. A, (circles as functions of chemical potentigl in the case of no
charge neutrality on the color superconducting phase.

functions of the quark’s chemical potentjal It is found that

in the color superconducting phase, the magnitude of thd! the charge neutral superconducting phase has a much
diquark condensatd is about 100 MeV by using the pa- smaller value tham, in the charged superconducting phase;
rameterGp=3/4Gs. A, first increases with increasing it means that the difference of the Fermi surfaces of the two

and this tendency stops at abqut= 530 MeV, which is re- pairing quarks reduces the magnitude of the diquark conden-

lated to the momentum cutoff. sateA.. . . .
Figure 4 is the phase diagram for color superconductivity , " Fig- 5 we show the chemical potentjaj. as a function
when electric and color charge neutrality condition is consid2f #, Which ensures the system having zero net color charge
ered; the quark mass (squarel the diquark condensate Tg. Itis found thatug, can be negative and positive, but its
(triangles and the electron’s chemical potentjal, (circles value is very small, only about sev_eral MeV. It means that
are plotted as functions of the quark’s chemical poteptial  [Of the same flavor quark or d, the difference of the Fermi
It is found that when chiral symmetry is restored, the coloromenta between the third colored quark and the first two
superconducting phase appears. In the color superconductiGg'ored quarks can be neglected.

phase, it is found that both the diquark condengatnd the In order to explicitly see what happens to a color super-
electron’s chemical potential first increase with increaging  c0Nducting phase when charge neutrality condition is added,

reach their maximum at about=475 MeV, then decrease we compare the electron’s chemical potential in the neutral

0 . . .
rapidly with increasings, and the diquark condensate disap-"0rmal quark mattep. (light circles and in the neutral
pears at abou.=535 MeV. Comparing the diquark con- SuPerconducting phage, (solid circles in Fig. 6. _
densate\, with A, we can see that the diquark condensite From Fig. 6 we find that the electron has a larger Fermi

0.35

0.35

[LTITRTTY 9
m

0.3

EEEEEEEE my
m ]
0.25

m, A, i, (GeV)

0.2

0.1

Ke 0.05

0.05

| ! l l . 0.3 0.4 0.5
0.3 0.4 0.5 0.6 w(GeV)

w(GeV)

o

o
o
N||||||||||||||||||||||||||||||=|l|
o
I3}
N||||||||||||||I||||I||||||||||=|||
x
1)
o‘..
..

o

FIG. 4. The quark mass (squarey the diquark condensatke
FIG. 2. The quark mas® (squaresand the electron’s chemical (triangles, and the electron’s chemical potential, (circles as
potential ,ug (circles as functions of chemical potentia in the functions of chemical potential in the case of considering charge
case of neutral normal quark matter. neutrality on the color superconducting phase.
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—-0.004 — ®e o’ -0.295 - = °gi
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_001 C | | | | - l- Om
0.3 035 04 045 05 055 -0.31 . Cota
C " om
,u(GeV) _o.315 [ l l l " om
. . . 0.3 0.35 0.4 0.45 0.5 0.55
FIG. 5. Theug. as a function of chemical potential in the 1(GeV)
case of considering charge neutrality on the color superconducting
phase. FIG. 7. The thermodynamic potentials as functions of chemical

potentialu, the light squares and circles are for the cases with and

surface in the neutral superconducting phase than that in trdthout charge neutrality and without diquark condensate, and the
neutral normal quark matter. This is because in the supercof§lark circles and squares are for the cases with and without charge
ducting phase, the isospin is mainly carried by unpairedieutrality and with diquark condensate.
quarks only, angk, has to be larger in order to get the same
isospin densityu, is equal tod at aboutu=535 MeV, at  difference of the Fermi surface between the two paired
which the diquark condensate disappears. We separate quarks and reduces the diquark condensate. The diquark con-
into two parts ague= u2+ Sue, Wheredu, reflects the ef-  densate first increases with increasjmgwhich is the result
fect induced by the diquark condensate; compari)g.  of the increasing density of states. At abqut 475 MeV,
(light squaresand A (solid squaresin Fig. 6, we can see where uy=u+1/3u, is about 530 MeV, the diquark con-
that S increases when increases and decreases when densate starts to be affected by the momentum cutoff
decreases, and when=0, 6u.=0, too. ~_Like that in the charged color superconducting phase, the

From Fig. 6 we can see a distinguished characteristic IYiquark condensate stops increasing wjith so doesg,.

the neutral superconducting phase, i.e., both the eIectron’,gmwever whe 0 ; ; ;
) ) . ) , nu>475 MeV, u. keeps increasing witj,
chemical potential, and the magnitude of the diquark con- which reduces the diquark condensate largely. This is why

densateA first increase with increasing, then at aboup we seeA decreases with increasing. Finally at a certain

=475 MeV,_ decrease with increasipg Now we try to un- chemical potentialu=535 MeV, wherepy is about 580
derstand this phenomena. . .
f_MeV, the diquark condensate disappears. Becalise de-

The magnitude of the diquark condensate is not only a ) i
fected by u, but also bysu=u/2, which describes the creases with the decrease/f the totalu. decreases in the
’ e chemical potential regimg>475 MeV.

0.2 In Fig. 7 we show the thermodynamic potentials in the
< o018 E . four different cases as functions of chemical potentiathe
S - ..,.-""""'.,. light squares and circles are for the cases of normal quark
3 016 3 K * matter with and without charge neutrality, the dark circles
0.14 ..-" * and squares are for the cases of color superconducting phases
0.12 F o 0 2 ec® with and without charge neutrality. It can be seen that in the
= He oo™ i - - i
01 E 00000 chiral symmetric phase, thg superconducting phase without
008 b oooooo°°°°°°°° I the cha}rge neu;rallty condition added has the Iowe;t thermo-
TR oo __.;;ﬁéﬂmmﬂunnnﬂn'- 3 dynamic potential, and the normal quark matter without the
0.06 __.--" Fe o) " charge neutrality condition added has the second lofest
0.04 _.-;;Duﬂ "o The neutral quark systems have higher thermodynamic po-
0oz & % 0. tentials, but the neutral superconducting phase has a little bit
0 e’ | | | [ o lower () than that of the neutral quark matter in the chemical
0.3 035 04 045 O‘B(Gevs)‘ss potential regionu<535 MeV, and aju=535 MeV, the two

(s coincide with each other, at which the diquark conden-
FIG. 6. The electron’s chemical potential in the neutral normalSate in the neutral system disappears. Therefore, in the chiral
quark matteru? (light circles and in the neutral superconducting Symmetric phase, the stable state of the neutral system is the
phaseu, (solid circleg as functions of chemical potential, and  color superconducting phase for <535 MeV. At u
Sue=pme— nQ (light square comparing withA (solid squaresas =535 MeV, the stable phase is the normal neutral quark
functions of u. matter.
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0.12 Lasinio model. It has been found that the color supercon-
ducting phase without charge neutrality has the lowest ther-
RN TAN modynamic potentiall, and thg charge neutral systems_have
“ﬁ..gz:_ higher thermodynamic potentials. Howevgr, the B(;S pairing
P T always lowers the system’s thermodynamic potential, i.e., for
. m both normal or charge neutral systems, the superconducting
oo® s LS phase always has the lower thermodynamic potential. Com-
_.-" at N paring with the BCS gap for the normal color supercon-
at N ducting phase, the BCS gap in the charge neutral color
superconducting phase has been largely reduced by the dif-
ference of the two paired quarks. The diquark condensate
first increases with the increase of quark’s chemical potential
| | | | N m, then decreases rapidly and disappears at ahout
05 035 04 045 05 055 =535 MeV, at which the thermodynamic potential for the

FIG. 8. 5 (squares A (triangles, andA, /2 (solid circles as charge neutral color superconducting phase equals that in the

functions of chemical potentiat. neutral normal quark matter. _ _ _
As we mentioned in the Introduction, we did not consider

the strange quark in the system, which should be considered

At last, we compare the magnitude 6. (squares A and has been investigated self-consistentljlit). Compar-
(triangles andA,/+/2 (solid circles in Fig. 8 as functions of g our results with their results about the diquark dathe
chemical potentialx. Sometimes, it was thought thay,  €lectron’s chemical potentigt, and the chemical potential
should be less than for the formation of the BCS pair. In  #sc In 2SC, it can be found that the main difference lies in
our numerical calculations, it is found that in the charge neuthe chemical potential region>400 MeV. In[10], the di-
tral color superconduting phas&y is always larger than. ~ quark condensate in the neutral superconducting phase is
Becausesy>A, from the expressions of number densities!argely reduced only in a small chemical potential region
for uy,u, andd;,d,, we can see that the two paired quarks370 MeV< . <400 MeV. p first increases witl then be-
have different number densities. [I7i], it was argued that for 9ins to decrease at abopi=400 MeV. As for ugc, the
the pairing between the two quark species with a chemicaiendency also becomes different from our results at about
potential difference 3y, if Su>Aq/+/2, then the BCS pair- # =400 MeV. The reason lies in that, {10], the strange
ing is not possible. From our numerical results, it is foundduark involves in the system whep>400 MeV. This
that S is always less than /2. However, the BCS pair shows that the effect of the charge 'neutr_allty' condition on
still breaks at a certain chemical potential, at which the therihree- and two-flavor quark systems is quite different.
modynamic potential for the charge neutral color supercon-
ducting phase equals that of the charge neutral normal quark ACKNOWLEDGMENTS
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V. CONCLUSIONS

[1] D. Bailin and A. Love, Phys. Ref.07, 325 (1984). Shusterjbid. 64, 014024(200)); A. K. Leibovich, K. Rajago-
[2] M. Alford, K. Rajagopal, and F. Wilczek, Phys. Lett. 82, pal, and E. Shusteibid. 64, 094005(2001); J. Kundu and K.
247 (1998. Rajagopal,bid. 65, 094022(2002; J. A. Bowers and K. Ra-
[3] R. Rapp, T. Scffar, E. V. Shuryak, and M. Velkovsky, Phys. jagopal,ibid. 66, 065002(2002.
Rev. Lett.81, 53 (1998. [8] K. lida and G. Baym, Phys. Rev. B3, 074018(2001).
[4] K. Rajagopal and F. Wilczek, hep-ph/0011333. [9] M. Alford and K. Rajagopal, J. High Energy Phy@6, 031
[5] M. Alford, K. Rajagopal, and F. Wilczek, Nucl. PhyB537, (2002.
443(1999. [10] A. W. Steiner, S. Reddy, and M. Prakash, Phys. Re\6@
[6] T. Schder and F. Wilczek, Phys. Rev. 60, 074014(1999; M. 094007(2002.
Alford, J. Berges, and K. Rajagopal, Nucl. Phy538 219 [11] F. Gastineau, R. Nebauer, and J. Aichelin, Phys. ReG5C
(1999. 045204(2002.

[7] M. Alford, J. A. Bowers, and K. Rajagopal, Phys. Rev6B, [12] M. Buballa and M. Oertel, Nucl. Phy#703, 770 (2002.
074016(200Y); J. A. Bowers, J. Kundu, K. Rajagopal, and E. [13] M. Huang, P. Zhuang, and W. Q. Chao, Phys. Rev6®)

065015-8



CHARGE NEUTRALITY EFFECTS ON TWO-FLAV® . . . PHYSICAL REVIEW D 67, 065015 (2003

076012(2002. [16] T. Fugleberg, Phys. Rev. B7, 034013(2003.

[14] R. D. Pisarski and D. H. Rischke, Phys. Rev.6D, 094013 [17] J. KapustaFinite-Temperature Field TheorfCambridge Uni-
(1999. versity Press, Cambridge, England, 1289

[15] R. D. Pisarski and D. H. Rischke, Phys. Rev. L&8 37 [18] M. L. Bellac, Thermal Field Theory(Cambridge University
(1999. Press, Cambridge, England, 1996

065015-9



