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Massive quark propagator and competition between chiral and diquark condensate
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The Green-function approach is extended to the moderate baryon density region in the framework of an
extended Nambu—Jona-Lasinio model, and the thermodynamic potential with both chiral and diquark conden-
sates evaluated by using the massive quark propagator. The phase structure along the chemical potential
direction is investigated and the strong competition between the chiral and diquark condensate is analyzed by
investigating the influence of the diquark condensate on the sharp Fermi surface. The influence of the diquark
condensate on the quark properties is investigated, even though the quarks in the color-breaking phase are very
different from those in the chiral-breaking phase; the difference between quarks in different colors is very
small.
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I. INTRODUCTION where the quark propagator was evaluated explicitly but the
form is complicated.

QCD phase transitions along the baryon density direction One of our main aims in this paper is to apply the Green-
attracted much attention recently since it was found that théunction approach in the moderate baryon density region. To
color-superconducting gap can be of the order of 100 MeWvork out the phase structure from hadron phase to the color
[1,2], which is two orders larger than early perturbative esti-superconducting phase, one should deal with the chiral con-
mations[3]. However, up until now, there has been no uni-densate and diquark condensate simultaneously. Because the
form framework discussing the phase structure in the widehiral condensation contributes a dynamic quark mass, it is
region of chemical potentiak from about 300 to 1D MeV. not reasonable any more in this density region to treat the

In the idealized case at asymptotically high baryon densiguark mass term perturbatively, like ii9]. By using the
ties, the color superconductivity with two massless flavorsen€rgy projectors for massive quark, we will evaluate the
and the color-flavor-lockingCFL) phase with three degen- Nambu-Gorkov massive quark propagator, which will help
erate massless quarks have been widely discussed from fifd¢ deal with the chiral and diquark condensate simulta-
principles QCD calculations, séé] and references therein. "€OUSIY. .

Usually, the diagrammatic methods are used in the In the normql p_hase, the quarks_ n d|fferer_1t_colors are
asymptotic densities. The Green function of the eight_degenerate, while in the color-breaking phase, it is natural to

component field and the gap equation were discussed in q&ssume that the quarks involved in the diquark condensate

tail in [5—7]. Neither the current quark mass nor the chiralare different from that not participating in the diquark con-

densate. I13] and [16], different masses for the quarks

condensate are necessary to be considered because they gan.,, participate and not participate in the diquark conden-

be neglected compared with the very high Fermi surface. Afate are introduced. However, we will see that it is difficult to
less-than-asymptotic densities, the corrections of nonzerget the mass expression for the quarks participating in the
quark mass to the pure CFL phase can be treated perturbgguark condensate, because the particles and holes mix with
tively by expanding the current quark mass around the chiradach other and the elementary excitations are quasiparticles
limit [8,9]. and quasiholes near the Fermi surface. In our case, the dif-
For physical applications we are more interested in thderence between quarks in different colors has been reflected
moderate baryon density region, which may be related to thiy their propagators; we read the difference through calcu-
neutron stars and, in very optimistic cases, even to heavy-iokating the quarks’ chiral condensate, but did not try to work
collisions. Usually, effective models such as the instanton, asut their masses. In the chiral limit, the chiral condensate
well as the Nambu—Jona-LasiniNJL) model, are used. The disappears entirely in the color superconducting phase; it is
model parameters are fixed in the QCD vacuum. In this renot possible to investigate the influence of color breaking on
gion, the usual way is to use the variational methods workingjuarks in different colors, so we will keep the current quark
out the gap equations from the thermodynamic potentiaiass finite in this paper.
[10-23, except for[13] and[16] in the instanton model, In the moderate baryon density region people are inter-
ested in the question whether there exists a region where
both the chiral symmetry and color symmetry are broken

*Electronic address: huangmei@mail.tsinghua.edu.cn [10-11. In the chiral limit it was found that the existence of
"Electronic address: zhuangpf@mail.tsinghua.edu.cn the mixed broken phase depends on the coupling constants
*Electronic address: chaowq@hp.ccast.ac.cn Gs and Gp in the quark antiquark and diquark channels
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[12,14]. In the case of a small ratio & /Gg<1 the calcu- extended from the NJL model, but from the QCD Lagrangian
lations in the instanton mod¢10,11], the NJL mode[12], [25-27.

and the random matrix modgl4] show a strong competition  The importance of color liquark degree of freedom is
between the chiral and diquark condensates, i.e., where onglated to the fact that one can construct a color-singlet
condensate is nonzero the other vanishes. While fopycleon current based on it. Because the gluon exchange
Gp/Gs>1 the calculations in the ra”d"".‘ matrix ”_10@‘3“] between two quarks in the colorc¢hannel is attractive, one
and the NJL mod€l12] show that there exists a region where can view a color-singlet baryon as a quark-diquark bound

both chiral (dynamical symmetry and color symmetry are ga0 And experimental data fropp collisions indicate the

broken, and the chiral and diquark condensate coexist. Th@xistence of this quark-diquark component in nucleons
larger the value ofGp/Gg is, the wider the region of the :

. - The first attempt to investigate the di Kk ties i
mixed broken phase that has been found in the random M3re NJL model V\f)as taken i{?zasf Stzrtihqgu?rron?rgﬁeer\?f n

trix model [14] _— model for scalar, pseudoscalar, vector, and axial-vector inter-
The presence of a small current quark mass will induce .

chiral symmetry that only restores partially and there will @ctions of the 4) X (qq) type and Fierz-transforming away

always exist a small chiral condensate in the color supercont—he vector and aX|aI—vect9r interactions, the sc_alar and pseu-
ducting phase, this phenomena had been called the coexi%gSCaIar mesons, and diquarks can be obtained. However,
ence of chiral and diquark condensate§1,11]. In order to this method could not get a consistent treatment of vector
differ from this coexistence of the diquark and the small

and axial-vector particles.
chiral condensate induced by current quark mass, we wil

The extended NJL model we used was derived directly
call the coexistence region of the diquark and large chira*rom QCD Lagrangiaii25,2§. Integrating out gluon degrees
condensate induced by lar@s, /G5 before the chiral phase

of freedom from the QCD Lagrangian, and performing a
transition the mixed broken phase. local approximation for thénonperturbativegluon propaga-
In the coexistence region resulting from the current quar

Jor, one gets a contact current-current interaction. By using a
mass, the chiral condensate is small compared with the dls_.peual Flerz rearrangeme[mg], one can completely deco_m-"
quark condensate, and the role of the chiral condensate cRpse the two-quark-current interaction term into “attractive

be prescribed by the Anderson therog@s], i.e., in this Color-singlet fq) and color-antitriplet ) channels. In this
phase, the contribution of the chiral condensate to thermody&ay, & complete simultaneous description of scalar, pseudo-

namic quantities becomes strongly suppressed, and one c&f@lar, vector, and axial-vector mesons and diquarks is pos-
calculate the diquark condensate and neglect the influence shble, thus the extended NJL model includingq} < (qq)

the chiral condensate. _ _ interactions is completed by a corresponding)(x (qq) in-
In this paper we will explain the existence of the mixed teraction part.
broken phase induced by larg&p/Gs by analyzing the In our present work we only consider scalar, pseudoscalar

influence of the diquark condensate on the Fermi surface. Ihesons, and scalar diquarks, and we use the following La-
the mean-field approximation of the NJL model, the thermalgrangian density:

system of the constituent quarks is a nearly ideal Fermi gas,

and there is a sharp Fermi surface. The chiral symmetry be- £=a(i V“ﬂu—mo)quGs[(EQ)er(a 75;q)2]
gins to restore when the chemical potential is larger than the o -
guark mass in the vacuum. When a diquark condensate is +Gp[(iq%e €’ y5q)(iqe €ysq°) ], D

formed, the Cooper pair extends the Fermi surface, which .
induces the chiral symmetry to restore at a smaller chemicavhereq®=Cq', q“=q'C are charge-conjugate spinof,
potential. The stronger the coupling constant in the diquark=iy?y° is the charge conjugation matrithe superscripf
channel, the larger the diquark condensate and the smoothéenotes the transposition operajiom, is the current quark
the Fermi surface. mass, the quark field=q;, with i=1,2 ande=1,2,3 is a

In the following, we briefly introduce the extended NJL flavor doublet and color triplet, as well as a four-component
model in Sec. I, then in Sec Il we evaluate the thermody-Dirac spinor,7= (71,7273 are Pauli matrices in the flavor
namic potential using the massive quark propagator. In Segpace, wherer? is antisymmetric, and &)’*=¢'%, (?)*?
IV we get the gap equations and condensates. The numerical <4 are totally antisymmetric tensors in the flavor and
results and conclusions are given in Sec. V. color spaces.

In Eq. (1), Gs andGp, are independent effective coupling
constants in the scalar quark-antiquark and scalar diquark
channels. The former is responsible for the meson excita-

The choice of the NJL mod§R4] is motivated by the fact tions, and the latter for the diquark excitations, which in
that this model displays the same symmetries as QCD angrinciple can be determined by fitting mesons’ and baryons’
that it describes well the spontaneous breakdown of chirgbroperties in the vacuum. The attractive interaction in differ-
symmetry in the vacuum and its restoration at high temperaent channels in this Lagrangian will give rise to a very rich
ture and density. The model we used in this paper is astructure of the phase diagram. At zero temperature and den-
extended version of the two-flavor NJL model, including in- sity, the attractive interaction in the color singlet channel is
teractions in the color singlet quark-antiquark channel andesponsible for the appearance of a quark antiquark conden-
the color antitriplet diquark channel, which is not directly sate and for the spontaneous breakdown of the chiral sym-

II. THE EXTENDED NJL MODEL
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metry, and the interaction in theq channel binds quarks Z=ZeonsZa, Lan (6)
into diquarks(and baryong but is not strong enough to in- L
] )

duce diquark condensation. As the density increases, Paufhe constant part is

blocking suppresses thm interaction, while the attractive
For the quarks in the first two colo(eamed as “the first two
quarks” in the following Q=g , participating in the quark

interaction in the color antitriplet diquark channel will in- A*A
Zeons=N’ €x f de d3x
condensate, one has

O'
2Gs 4G,

duce the quark-quark condensate around the Fermi surface
which can be identified as a superconducting phase.

After bosonization 25,26, one can obtain the linearized
version of the mode{l):

Z=a(i 7“(?M—m0)q—a(cr+iy5;ﬁ-)q

1 o 1 . _ — B -
— S A% € y50) — 5 A (e ”y50°) qu,z—f [dQ][dQJeXP| fo dff dx
o2+ 72 A*DPAD I " 1_0- u c
R @ x| 5Q( y#d,—m+w)Q+ 5Q%(1v*3,~m—u)Q
S D
1 1
with the bosonic fields + EQA‘QC+ EQCAJ“Q ] €:))
AP~igCee? A*P—jge e c
'q7e€ Y50, 'qeeysd™, 3) Here we have introduced the constituent quark mass
o~qq, w~iqy°7q. m=my+o, (9)

Clearly, thes and 7 fields are color singlets, and the and definedA* as
diquark fieldsA® andA*® are color antitriplet andisoscalay
singlets under the chir&U(2), X SU(2)g group.o#0 and A =—iAee’ys, AT=—iA*egeysg (10)
AP0 indicate that chiral symmetry and color symmetry are
spontaneously broken. We assume that the two condensatggh the relationA * = y°(A ) T°.

coexist i.e., For the quark in the third colofnamed as “the third
. quark” in the following), which is not involved in the di-
o#0, w=0, qguark condensate, one has
A'=A?=0, AS%+#0. (4) _ B e
Zq3=f [dos][dgs]ex fo dq-f dx

Here it has been regarded that only the first two colors par-
ticipate in the condensate, while the third one does not. In the
later expressions, we will simply use=A3,

The real vacuum will be determined by the minimum of
the thermodynamic potential &=0 and u=0, and the 1. c
minimum of the thermodynamic potential at afiyu deter- 503 5 (1749, —m— )
mines the stable state at that point.

(I
X E%(' yY#d,—m+u)ds

(11

Introducing the 8-component spinors for the third quark

IIl. PARTITION FUNCTION AND THERMODYNAMIC and the first two quarks, respectively,
POTENTIAL
A. Nambu-Gorkov formali Q3| — —
N am' u-Gorkov tormalism . quz( ), 3:(q3 ag), (12)
The partition function of the grand canonical ensemble RK
can be evaluated by using the standard mefl3@31:
Q) B
_ B . \I’=( , V= ), (13
2= [ tdaiatexs [['ar [ @+t | Qo) Y719
0

©) and using the Fourier transformation in the momentum

whereu is the chemical potential, angl= 1/T is the inverse space,
of temperatureT. 1 o

According to the mean field approximation Ed), we q(x)= — > efi(wnrfp-X)q(f,), (14)
can write the partition function as a product of three parts, V'n g
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whereV is the volume of the thermal system, we can rewritemassive particles. The energy projectors onto states of posi-
the partition function Eqs(8) and (11) in the momentum tive and negative energy for free massive particles are de-

space as fined as
1 _G1! -1 Yo(y-p+m)
Z, = [d\I’]exp{—z ‘P—\If] A+(p)=—(1i— (22)
q =S = 1
1,2 2 np T 2 Ep
=Det? G 1) (15)  where the quark energf,= \p2+mZ Under the transfor-
mation of y, and ys, we can get another two energy projec-
and torsA. ,
1g o Go 1 yo(3-p-m)
Z=jd\lfex— — T (G| yolrP
0= | [d¥3] p|2 & Vay 3] As(p)=5|1= E, , (23)
— Detllz(ﬁGa 1) (16) which SatiSfy

where the determinantal operation Det is to be carried out YoA=(P)yvo=Az(P),  ysA-(P)ys=AL(p). (24
over the Dirac, color, flavor, and the momentum-frequency
space. In Eqgs(15) and (16), we have defined the quark
propagator in the normal phase

The normal quark propagator elements can be rewritten as

. A A
Gi= Yo + n Yo , (25)

[Gg]t 0 po+tEs  po—E.
Gal=( ’ ) (17 e
0 [Go] with E§= E,= u. The propagator has four poles, i.e.,
with Po==E,, Ppo=7E;, (26)
[Gol *=(Po*u)¥o—y-p—m (18)  where the former two correspond to the excitation energies

) ) ~ of particles and holes, and the latter two are for antiparticles
andpo=iw,, and the quark propagator in the color-breakinganq antiholes, respectively.

phase The quark propagator, including the diquark condensate’s
(Gi] A~ contribution, can be evaluated as
0
G‘1=( ) :

B 19 -
A* [Gy]t 19 . [ Po—Ey - PotE; -
G~ 2 =270 +t 2_pr2 YO
The Nambu-Gorkov propagator @) is determined from Po™Ea 0 A
solving 1=G™ 1 G, resulting in X (Bop— Buzdps) &) (27)
G" E- and
6= & | (20) ) )
O SV
with the components == pS—E§2A++ IOS_EXZZL ’ (28)
*_ 1-1 -1 T _AF + =+
G™={[Go] "=27}7", 27=A"Gg A%, with Ex?=E 2+ A?. This propagator is very similar to the
. e . massless propagator derived[B].
E7=-G"A"Gy=-GyA G". (21) From the Nambu-Gorkov propagator, it is difficult to ob-
tain the mass of the quark which participates in the diquark
Here all components depend on the 4-momenfifn condensate. The four poles of the Nambu-Gorkov propaga-

In the case of the mass tem=0, i.e., both the current 5, o
quark massmg and the chiral condensate) are zero, the
Nambu-Gorkov quark propogator has a simple form which po==*E,, po=*Ex, (29
could be derived from the energy projectors for massless
particles[5,6], while if there is a small mass term, the quark correspond to the excitation energies of quasiparticjeasi-
propagator can be expanded perturbatively arauad, but  holeg and quasiantiparticlegquasiantiholesin the color-
its form is very complicatedl9]. In our case the quark mass breaking phase. These quasiparticles are superpositions of
term cannot be treated perturbatively; we have to find a gerparticles and holes.
eral way to deal with the massive quark propagator. We plot the excitation spectrum at=500 MeV as a
Fortunately, we can evaluate a simple form for the masfunction of E, with different values ofA/u in Fig. 1. A/u
sive quark propagator by using the energy projectors for=0 (the circle$ correspond to the excitation spectrum in the
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excitation energies aE,# u and that atE,=u becomes
smaller.

From (b) we see that to excite an antiparticle is much
more difficult, and the diquark condensate has little effect on
the excitation spectrum dfjuasjantiparticles andquasjan-
tiholes.

B. The calculation of In Zq3

For the third quark which does not participate in the di-
guark condensate, from E¢L6), we have

1
In Z4,= 5n{Dett S[Go] 1)}

1
= 5In{Det B[G5 | HDet A[G, 1))} (30)

Using the Dirac matrix, we first perform the determinant
in the Dirac space,

DetB[G¢ 1 1=DetB[(po+ ) yo—y-p—m]

(Potw)—m a-p

o —porwm)
=~ B’[(po+ m)?~E}], (31)
and in a similar way we get
DetB[Go |~ '=— B (po—w)*~Ejl. (32

After performing the determinant in the Dirac space, we have
DetB[G, ] 'DetB[Go ] *=B[p5— (Ep+m)?1B°[PG
—(Ep—w)?]. (33

Considering the determinant in the flavor, color, spin
spaces, and momentum-frequency space, we get the standard

0 0.2 0.4 0.6 08 E, 1

FIG. 1. The excitation spectrum at=500 MeV for(quasjpar-
ticles and(quasjholes in(a) and for (quas)antiparticles andqua-

si)antiholes in(b) as a function o, with different values oA/ u, expression
A/u=0 (circles, 0.2 (squarep 0.5 (starg, and 1 (triangles. The
black and white points are for the particles and holes, respectively. In Z4,= Nfz 2 in{Baq pé— (Ep+ w)?d
—
p
normal phase, and/u=0.2 (the squares 0.5 (the stary +In{,82[pg—(Ep—,u)2]}), (39

and 1(the triangleg correspond to the excitation spectrum in . ) ]

the color superconducting phase. The black points are for th€émembering that the color space for the third quark is one
particles and the white points are for the hol@.is for the ~ dimensional.

(quasparticlesg, (E, ) and(quasjholes—E, (—E,), and _

(b) is for the(quas)antiparticles— E; (— E}) and(quasjan- C. The calculation of InZ, ,

tiholes E;(EI)- It is more complicated to evaluate the thermodynamic po-

It can be easily seen froifa) that the quasiparticles and tential for the quarks participating in the diquark condensate.
the quasiholes mix particles and holes, which are calle¢trom Eq.(15), we have

“Bogoliubons.” In the normal phase, to excite a pair of par-
ticles and holes on the Fermi surface does not need energy,
while in the superconducting phase, to excite a pair of qua-
siparticles and quasiholes at least needs the enekgytzen
E,=u. With increasingj, it is found that to excite a quasi- For a 2<2 matrix with elementsA, B, C, and D, we
particle needs a larger energy, and the difference between tlave the identity

Inzy = %In Det(3G™1). (35)
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D. The thermodynamic potential

A B
De =Det(—CB+CAC D)

C D The frequency summation of the free energy

=Det(—BC+DC !AC). 36
! b 9 In 2= Inl g(pf~E3)] @2
To prove the above equation, we have used

can always be obtained by performing the frequency summa-
(A B)_(O B)( 1 ClD) tion of the propagator 1pG—Ej3). Differentiate Eq.(42)

C D C 0/\B A 1 with respect taE
8071 A871 0 C Jdln Zf e z 1 L 2? c 4

ReplacingA, B, C, andD with the corresponding elements wheref(x)=1/(e®*+ 1) is the usual Fermi-Dirac distribu-
of G™*, we have tion function. Then integrating with respect g, , one can

get the free energy
Det( G 1)=pB2DetD,=p?Det(—ATA~

In Z,=B[E,+2T In(1+e FEp)]. 44
+A+[Gg]*1[A+]*l[Ga]fl) n z; ,8[ p+ n(l+e "] (44)

With the help of the above expression, and replacing
=32 DetD,=p?Det(—ATA~

AT GE AT > HVJ e (45)
+[Go AT G 1 MAT). (39) > 2m?’
Using the energy projector}ut , we can work ouD; and  we get the expressions
D, as
2 -\ X InZ, =N Vf d°p [E++2Tln(1+e*BE+)
D1=A%+ y5[ yo(Po—Ep ) A4 + vo(Pot+ Eg)A ] o~ NiBV | 5 3l Ee g
X ve[ ¥o(Po—Ep ) A 4+ ¥o(Po+ Ep)A ] +E, +2TIn(1+e #%)], (46)

= —[(P5—E, 2~ A)A_+(ps—E; - AR ], op .
In Zq12:2NfﬂVf (2—)3[EI+2TIn(1+e’BEA)
0 A ' T

D,=—{(p5—(E;)2—AHA, _
A +E;+2TIn(1+e #Ea)]. 47)
+[p§—(Eg)?—A%K }. 39 :

Finally, we obtain the familiar expression of the thermo-
Using the properties of the energy projectors, we can get dynamic potential

D1D2=[(P5— (Ep)?=AH)][(P—(Ep)*—A%)] 0o 12
- \%
=[P~ Ex*IlP5—EA’]. (40
a? A?
With the above equations, E(5) can be expressed as =4—GS+ 2G5
1 1 2. P2 d®p +
In 2q, ,= 5In[DetG 7= 7Trin[ 5D, 5°D,] —2fo ——[Ep+TIn(1+e F5)
| (2m)?

1 +TIn(1+e F5)+Ef +2TIn(1+e FEa
= TN Bp3 - E52)) (tre T rEs e :

+E;+2TIn(1+e FEa)]. (48
+Trin[ B2(p3—EL )1}

IV. CONDENSATES AND GAP EQUATIONS

=2N; X, X {In[B*(p5—E;?)] A. Condensates
np
0 2 iy With the Nambu-Gorkov quark propagator E¢27) and
+In[B%(p5—Ex )1} (41)  (29), the diquark condensate is generally expressed as
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&p 1.2
STME sl (49

(qCysa)>= (lTE )f

+

From general consideration, there should be eight scalar di- &
guark condensatd$,7]. In the case of the NJL-type model, — 038
the diquark condensates related to momentum vanish, and + *
there is only one independent Qdiquark gap with a Dirac Cos
structurel” = y5 for massless quarks, and there exists another

0" diquark condensate with Dirac structdfe= y,ys at non-

zero quark mass. In our paper we assume the contribution of 0.4
the diquark condensate with= y,vys is small, and we only
consider the diquark condensate with- ys. 0.2
Performing the Matsubara frequency summation and tak-
ing the limit T—0, we get the diquark condensate at finite 0
chemical potential
B e 1 -0.2
¢ :—ZANNJ + . (50
(a~ysa) N ) G| 2Er T 2E
For the third quark, its chiral condensate can be evaluated
by using the quark propagator in the normal phase, ;
|
o d3p Cﬂ-
@)=t [ Laiesn e Los
n J (2m) .

while for the quarks participating in the diquark condensate, S o6
the chiral condensate should be evaluated by using the quark
propagator in the color-breaking phase, 0.4

T{G*]. (52) 0.2

_ d®p
N
(@} =T f(277)3

We have no explicit mass expression for the first two
quarks which participate in the diquark condensate. The in- | | | |
fluence of the diquark condensate has been reflected in the —0.2 o 0.2 0.4 0.6 0.8
quark propagator. The difference between the first two ' ' ' '
qguarks which participate in the diquark condensate and the

th'trd quarl:)whlchdd]?es n?f;[ part'ﬁ'p?te méhe dI?uark (zjondené uasjholes 1— n in (&), and for(quasjantiparticlesn, and(qua-
sate can be read irom their chiral condensates and can %antlholes kn in (b) as a function ofg, with respect toA/

defined as =0 (circles, 0. 2(square}s 0.5(starg, and 1(triangles. The black
_ _ and white points correspond to particles and holes, respectively.
6=(0102)"*—(dsq3)">, (53

where § has the dimension of energy. In the case of chira
limit, the quark massn decreases to zero in the color super-

T
|
>

FIG. 2. The occupatlon numbers f(()quas)partlclesn and

|where

conducting phase, and the influence of the diquark conden- 1 EF
sate on quarks in different colors vanishes. nf=Z|1xz—~ (55)
After performing the Matsubara frequency summation P2 Ex

and taking the limitT—0, we get the expressions of the

condensates at#0,
are the occupation numbers for quasiparticles and quasianti-

_ d’p 1 particles atT=0. Correspondingly, ing are the occupa-
<Q3q3>:4mef 73 2E, [O(n—Ep—1], tion numbers of quasiholes and quasiantiholes, respectively.
(2m) 54 We plot the occupatlon numbers f(xquas}partlclesn
3 (54) and (quasjholes 1- n in Fig. 2(a), and the occupatlon
<alq1>:4mef d p3 i n;—n,;], numbers for(quas)antlparticlesn’ and (quasjantiholes 1
(2m)3 2E, —n, in 2(b) as a function ofE, Wlth respect toA/u=0
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(circles, 0.2 (squareg 0.5 (starg, and 1 (triangles; the  pling constant in the color-singlet channelGg
black and white points correspond to particles and holes=532 GeV ? are determined by fitting pion properties. The
respectively. corresponding constituent quark mass in the vacuum is taken
It is seen that the Fermi surface is very sharp in the norto be m(x=0)=330 MeV. The coupling constant in the
mal phased/,=0, and becomes smooth when diquark con-color antitriplet channeGp, can in principle be determined
densate appears. The smearing is a consequence of the fagt fitting the nucleon properties. 1i26] Gp/Gs=2.26/3
that the “Bogliubons” are superpositions of particle and holewas chosen by fitting the scalar diquark mass-600 MeV
states. The smearing of the Fermi surface induces the chirgh obtain a realistic baryon mass in the orderd300 MeV.
symmetry restoring at a smaller chemical potential. Then our case, to investigate the influence of diquark conden-

larger the diquark condensate is, the smoother the Fermi sugate on the chiral phase transition, we will $8p/Gs
face will be. From Fig. @) it can be seen that the occupa- = 2/3,1,1.2,1.5, respectively.

tion numbers for thgquasjantiparticles(antiholes in the
normal phase or color-breaking phase are not sensitive to the A Ph
magnitude of the diquark condensate. - Phase structure at zero temperature

First, we investigate the phase structure along the chemi-
B. Gap equations cal potential direction with respect to different magnitudes of
Gp/Gs. In the explicit chiral symmetry-breaking case, we
define the point at which the chiral condensate has maximum
change as the critical chemical potentja) for the chiral
phase transition, and the point at which the diquark conden-
90 90 sate starts to appear as the critical chemical potentiaior
—=—=0. (56)  the color superconductivity phase transition.

Jm oA The two gapsm (white pointg and A (black points de-
Taking into account the general expressions for the diquari€Mined by Eqs(57) and(59) are plotted in Fig. 3 as func-
condensate and chiral condensates, one can get the relatidff¥!s Of 4 with respect to differenGp /Gs=2/3,1,1.2,1.5 in

. . — . 3(a), 3(b), 3(c) and 3d), respectively. In Fig. 4, they are
between the chiral gam and the chiral condensatgq), i.e., plotted as functions of the scaled baryon densifyn,,

The two gap equations andA can be derived by mini-
mizing the thermodynamic potential, E@8) with respect to
mandA,

m=my+ o, wheren, is the normal nuclear matter density.
In Fig. 3@), i.e., in the case 06 /Ggs=2/3, we see that
— (CY/R. . . :
o=—2Ggqq). in the region where the constituent quark mass keeps its

value in the vacuurm(u =0), the diquark condensate keeps
Here the chiral condensate should perform summation in th@ero. The chiral phase transition and the color superconduc-
color space tivity phase transition nearly occur at the same chemical po-
o o o tential u,=u, =340 MeV. The two phase transitions are of
(aq)=2(q,9%) +(qs9), (58  first order. In the explicit chiral symmetry-breaking case,
there is a small chiral condensate in the color superconduc-
and the relation between the diquark gmnd the diquark tivity phase u>pu,. This phenomena has been called the

condensateﬁcySq), ie., coexistence of chiral and diquark condensat¢lid,11]. In
n this coexistence region, the chiral condensate is small and
A=—-2Gp{(q%ysq). (590  can be described by the Andersom theofds.

o ] ] In Fig. 3b), with Gp/Gg=1, the diquark condensate
Substituting Eq(50) into the above equation, the gap equa-giarts to appear at, =298 MeV, then chiral symmetry re-
tion for the diquark condensate E(9) in the limit of T gigres afu,=304.8 MeV. Bothu, andu, are smaller than
—0 can be written as those in the case dBp/Gg=2/3. In the region fromu, to

M, both chiral and color symmetries are broken, which is
. (60) called the mixed broken phase. The diquark gap increases
continuously from zero to 82 MeV in this mixed broken
phase, and jumps up to 152 MeV at the critical pqint.
The chiral symmetry phase transition is still of the first order,
and the jump of the diquark gap can be regarded as the
In this section, through numerical calculations, we will influence of the first order chiral phase transition.
investigate the phase structure along the chemical potential In Figs. 3c) and 3d) we see that by increasingp /Gg,
direction, analyze the competition mechanism between théhe diquark condensate starts to appear at smaller and
chiral condensate and diquark condensate, and discuss thhkiral symmetry restores at smallgr,, while the width of
influence of the color breaking on the quarks in differentthe region of mixed broken phase,— u, , becomes larger.
colors. This phenomena has also been found in R&#l] in the
Before the numerical calculations, we should fix therandom matrix model. It is also seen that by increasing
model parameters. The current quark mags=5.5 MeV,  Gp/Gg, the first order phase transition of chiral symmetry
the fermion momentum cutoff;=0.637 GeV, and the cou- restoration becomes the second order one, where the critical

3

d°p
(2m)®

! +
2E, 2E;

1=4NJ%GDJ

V. NUMERICAL RESULTS
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045 ¢ 0.45
% 04 E (@ Go/Gs=2/3 %\ 0.4 (b) Go/Ge=1
%035 ?}0@00@00@ %O'BS
.03 E .03
Eo.25 = Eoas
02 E 02 ﬁ
015 E 0.15
o1 E 0.1
005 E % 0.05 Eéi%llan
o & ml 0 I
0 05 ) 0.5
W(GeV) wu(GeV) FIG. 3. The two gapsn (white point3 andA
(black pointg as functions of chemical potential
045 045 E n for Gp/Gg=0,2/3,1,1.2,1.5, respectively.
= 0.4 (¢)  G/G=12 o4 B () G/G=15
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< 03 <o =
Eo.25 E0.25 =
0.2 02 E
0.15 0.15 E
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0.05 0.05 F
0 i M— 0 5
0 05 0
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point u, is still defined by the maximum change of quark try restores partially and the phase is dominated by color
massm. superconductivity. The phase transition from the chiral bro-
We summarize the phase structure along the chemical pden phase to the mixed broken phase is of second order, and
tential direction:(1) when u<pu,, chiral symmetry is bro- the phase transition from the mixed broken phase to the color
ken; (2) in the region fromu, to w,, both chiral and color superconductivity phase is of first order for sm@i /Gs,
symmetries are broken, aif@ whenu>u ,, chiral symme- and of second order for larg8p/Gs. The phase structure

045 ¢ 0.45 ¢
S o4 B (a) Go/Gs=2/3 o4 B (b) Go/Ge=1
\(qéoss ;— éo.ss =
T3 E <03 B
€025 E Eo2s E
0.2 E— 0.2 5— #Illllll
015 E 0.15 E Ll
01 E genseoseeed 01 [
0.05 %— ¥ 0.05 ':E— %Dqt,
o k& cboOf:>o<:.oooq>ooo o E Mrooopoog
Y Snb/no 0 5hb/n0 FIG. 4: The two gapsn (white pointg andA
(black point$ as functions of the scaled baryon
045 0.45 density n,/ngy for G,/G5=0,2/3,1,1.2,1.5, re-
S os B (€)  GG=12 3 o4 (d)  Gy/G=15 spectively.
§0.35 = 53/0.35 4 adads
o3 E o3
I 0.25 % IJohk ok kkk k& k e 0.95
0.2 g"‘« 0.2
015 E 0.15
0.1 ;—% 0.1
002 E % e O‘OZ % AAABDA A
° /e ° /Mo
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0.4 [ B. The competition between the chiral
. (a) and diquark condensate
— 055 & By increasingGp /Gg, the diquark condensate starts to
% 0.3 = @ Gy /Gs=0 appear at smalleg, and chiral symmetry restores at smaller
o C ® G,/G.=2/3 ty» While the width of the mixed broken phasg, — u, ,
- (] = . aygn .
€ 025 - A G /G increases. In order to understand the competition mechanism
C A * s and explicitly show how the diquark condensate influences
02 E A« * Go/Gs=12 the chiral phase transition, we plot the constituent quark
E ‘ * A G/G=1.5 massm and the diquark gap as functions ofu for different
015 [ A % values ofGp /Gg in Fig. 5.
E A % In the case ofGp/Gg=0, only chiral phase transition
* . . . .
o1 E A *‘ occurs; the thermal system in the mean-field approximation
= A * - is nearly a free Fermi gas made of constituent quarks. In the
005 3 limit of T=0, there is a very sharp Fermi surface of the
C constituent quark. When the chemical potential is larger than
0ok ' the constituent quark mass in the vacuum, the chiral symme-
° 02 o4 (GeV) 06 try restores, and the system of constituent quarks becomes a
system of current quarks. When a diquark gaforms in the
045 case ofGp /Gg# 0, it will smooth the sharp Fermi surface of
(b) @ Go/Ge=2/3 M Gy/Ge=1 the constituent quark. In other words, the diquark pair lowers
0.4 * GofCo=12 A GfGe=15 the sharp Fermi surface and induces a smaller critical chemi-
= MAM cal potential of chiral restoration.
& 035 @" In Table | we list the chemical potentials, , at which the
= 03 A! diquark gap starts appearing, apg, at which the chiral
' symmetry restores for different values &p/Gg. ME
0.25 AAA > ™ =345.3 MeV is the critical chemical potential in the case of
A Gp/Gg=0. A, is the value of the diquark gap at,, and if
0.2 : ¥ fﬁ there is a jump, it is the lower value.
f We see that for large6G/Gg, the diquark condensate
0.15 A . ) .
appears at a smaller chemical potengial, and the chiral
01 -_— phase transition occurs at a smaller critical chemical poten-
/ tial u, , the gap of the diquark condensate at ., becomes
0.05 * larger, and the region of mixed broken phase becomes wider.
i We assume the relation betwean and u, as
0 | | X
0 0.2 0.4 0.6

w(GeV)

fy= MR XA, (61)

FIG. 5. The gapsnin (a) and A in (b) as a function of the )
chemical potentiajw with respect toGp /Gs=0,2/3,1,1.2,1.5, re- and the relation betweeh, andx, as
spectively.

pa=pE—yA,. (62)
depends on the magnitude &, /Gg. If Gp/Gg is very

small, the diquark condensate; will never appealGH/Gg In Table | we listed the values O‘cz(l"*g_“x)mx and
<1 but not too small, there will be no mixed broken phgsg,y:(ME_MA)/AX for differentGp /Gs. It is found thatx is
the chiral phase transition and the color superconductivityymostG,, /G independent and equal to 1/2. As fgrit is

phase transition occur at the same critical pqint=s,,  larger than 1/2 and increases with increasingGef/Gs.
and the two phase transitions are of first order lik¢1ifi]. From Egs.(61) and(62), we have the relation

TABLE I. The Gp dependence of chemical potentiaglg and u, , ,u(F)=345.3 MeV.

GD/GS MA (Mev) My (Mev) Moy™ MA (Mev) AX (Mev) (ILLE_/'L)()/AX (Iu’IO:_Iu’A)/A)(
1 298 304.8 6 82 0.49 0.57
1.2 242 266 24 162 0.49 0.64
1.5 70 190 120 310 0.50 0.89
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045 £ : Fig. 6(b) for m(z=0)=0 and 330 MeV and foiGp/Gg
04 (a) alﬁif: F’ig,'ﬂtti ;gﬁ P,?fﬁ:g)):gégs =2/3,1,1.2,1.5. We find that for an§p/Gg, the diqua_rk
— c condensate starts to appear at a much smaller chemical po-
> 0.35 f_ tential u, for m(u=0)=0 compared withm(u=0)
o = =330 MeV.
< o3 A From Figs. 6@ and &b) we can see that the quark’s
c £ A‘ vacuum mass only changes the critical point of color super-
025 £ {f"w conductivity u, . The diquark gaps for different quark’s
oo E AA N vacuum mass coincide in the overlap region of the color
T A S superconductivity phase, where chiral symmetry is partially
o1s E & g restored.
o * From the influcence of the diquark gap on the chiral phase
0.1 E a : transition and the influence of the chiral gap on the color
c %E superconductivity phase transition, it is found that there does
005 = & gg':' * Y exist a strong competition between the two phases. The com-
o & A X H * [ ® petition starts atu, and ends afu,. We call the mixed
0 0.2 0.4 0.6 broken phase the competition region, which becomes wider
w(GeV) by increasingGp /Gg. This competition region is the result
of the diquark gap smoothing the sharp Fermi surface of the
045 ' constituent quark. If the attractive interaction in the diquark
o4 E(b) Dlock ,E’é’.'ﬂtti for r':éﬁ:g)):g 3 channel is too small, there will be no diquark pairs, the sys-
—~ E tem will be in the chiral-breaking phase befqug, and in
n 0.35 w the chiral symmetry restoration phase aftgy. If the attrac-
o - tive interaction in the diquark channel is strong enough, di-
< o3 f quark pairs can be formed and smooth the sharp Fermi sur-
- face, and a smaller critical chemical potential of chiral
025 £ symmetry restoration is induced.
C A
0.2 = AA § C. The influence of color breaking on quarks’ properties
0.15 £ Finally, we study how the diquark condensate influences
j x the quark properties. In the normal phase, the quarks in dif-
0.1 w4 # ferent colors are degenerate. However, in the color-breaking
005 E a f - > phase, the fi_rst two q_uarks are involved in the diquark con-
' £ Agm B densate, while the third one is not.
0 ——rra | | The quark massn that appeared in the formulas of this

o

0.2 0.4 y(Gev) 0.6

paper is the mass for the third quark which does not partici-
pate in the diquark condensate. We have seen from Féy. 5

FIG. 6. The influence of the chiral gap on the color superconthat the diquark condensate greatly influences the quark mass
ductivity phase trgnsition in the caserof u=0)=486 MeV in(a) m in the competition regionu,<u<pu,. In the color-
andm(u=0)=0 in (b). breaking phase, i.e., when> u, , the quark masm in dif-

ferent cases oG decreases slowly with increasing and
py—ma=(y—12A, (63)  reaches the same value at abput 500 MeV.
) o ) The difference of the chiral condensates for quarks in dif-
for the mixed broken phase. With increasing®/Gs, Y ferent colorss defined in Eq.(53) is shown in Fig. 7 as a
and A, increase, and then the width of the mixed brokens,nction of the chemical potentia. with respect to
phase,— ., becomes larger. _ _ Gp/Gs=2/3,1,1.2,1.5. Itis found that in any case whérs

Now we turn to study how the chiral gap influences the,q,q beforeu, , thens begins to increase at, and reaches
color superconductivity phase transition. Firstly, we changgis maximum atu,, and then starts to decrease afier
the constituent quark mass in the vacuum from 330 MeVto, g approac)r(wes zero at abgut 500 MeV. When
486 MeV. To fit the pion properties, the coupling constant in>56‘0 MeV, & becomes negative. With increasir@p,
the quark-antiquark channel is correspondingly increase%(lu ) increases from 1 MeV fo6/Gg=2/3 to 13 MeV
from Gsto 1.2G5. We plot the diquark gap as a function of ¢, éD/GS: 1.5. Comparing with the magnitude of the di-

w in Fig. 6@ for the two vacuum masses and 186 /Gs  qark condensate is relatively small in the color supercon-
=2/3,1,1.2,1.5. We find that for the san®,/Gg, the di- ductivity phase.

quark gap starts to appear at much larger chemical potential
ma When the vacuum mass increases from 330 MeV to
486 MeV.

Then we withdraw the quark mass, i.e., takmg-0 even
in the vacuum. We plot the diquark gap as a functiom.ah

VI. CONCLUSIONS

In summary, in an extended NJL model and considering
only the attractive interactions in the” @olor-singlet quark-

076012-11
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0.02 The phase structure along the chemical potential direction
® Go/Gum2/3 has been investigated. The system is in the chiral-breaking
v phase beforeu,, in the color superconducting phase after

W Gy,/Cs=1 . \

u,, and the two phases compete with each other in the
* Go/Gs=12 mixed broken phase with width, — ., . The width depends
A Gp/G=1.5 on the magnitude dBp /Gg. If Gp/Ggis small, the width is
. zero, and the chiral phase transition and the color supercon-

ductivity phase transition that occur at the same chemical
’\‘u potential. The width increases with increasing @f /Gg.

o B EE The competition mechanism has been analyzed by investi-

0.015
.
0.01

6 (GeV)

A
A
A
A
A
A
0.005 N
A
A

gating the influence of the diquark condensate on the sharp
- Fermi surface. The diquark condensate smoothes the sharp
.
~a

Fermi surface, and induces the chiral phase transition that
occurs at a smaller chemical potential, and the diquark can
be formed more easily. The phase transition is of second
order from the chiral symmetry broken phase to the mixed
broken phase, and the phase transition from the mixed bro-
—-0.01 | | | ken phase to the partial chiral symmetry phase, i.e., the color
0.2 0.4 Gev 06 superconductivity phase is of first order for smal}, /Gs,
wGeV) and is of second order for largey /Gs.

FIG. 7. The difference of the chiral condensates for quarks in  The influence of the diquark condensate on the properties
different colorsé as a function of the chemical potential with ~ Of quarks in different colors has also been investigated. It is
respect taGp /Gg=0,2/3,1,1.2,1.5, respectively. found that the difference of the chiral condensates between

quarks in different colors induced by the diquark condensate
antiquark channel and color-antitriplet diquark channel, thds very small.
Nambu-Gorkov form of the quark propogator has been
evalu_ated with a dynamical quark mass. The Nambu-Gorkov ACKNOWLEDGMENTS
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