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We investigate the consequences of enforcing local color neutrality on the color superconducting phases of
quark matter by utilizing the Nambu—Jona-Lasinio model supplemented by diquark and the 't Hooft six-
fermion interactions. In neutrino free matter at zero temperature, color neutrality guarantees that the number
densities ofu, d, ands quarks in the color-flavor-locke@CFL) phase will be equal even with physical current
quark masses. Electric charge neutrality follows as a consequence and without the presence of electrons. In
contrast, electric charge neutrality in the less symmetric 2-flavor supercond(@8@pgphase withud pairing
requires more electrons than the normal quark phase. The free energy density cost of enforcing color and
electric charge neutrality in the CFL phase is lower than that in the 2SC phase, which favors the formation of
the CFL phase. With increasing temperature and neutrino content, an unlocking transition occurs from the CFL
phase to the 2SC phase with the order of the transition depending on the temperature, the quark and lepton
number chemical potentials. The astrophysical implications of this rich structure in the phase diagram, includ-
ing estimates of the effects from Goldstone bosons in the CFL phase, are discussed.
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Studies of QCD at high baryon density have led to theders inmg in our calculation of2. As noted in Ref[7], this
expectation that quark matter is a color superconductor is particularly important for understanding the phase struc-
which the pairing gaps of unlike quarksd, us, andds) are  ture of quark matter at densiti¢er equivalently,u) of rel-
as large as 100 MeV. For three massless flavors, a symmetrétvance to neutron stars, sinmg/u is not small compared to
ground state called the color-flavor-lockédFL) phase, in  unity. In addition, we establish the phase structure of super-
which BCS-like pairing involves all nine quarks, is favored conducting color-neutral quark matter at finite temperature
[1,2]. At lower density and for physically relevant values of and lepton content which was not considered6iv], but is
the strange current quark mass (308/MeV<300), aless relevant for studies of proto-neutron stars.

symmetric[2-flavor superconductin®®SQ] phase in which Charges, chemical potentials, and color neutralBulk,
only the light up and down quarksm(, ;<10 MeV) pair is homogeneous matter must be neutral with respect to charges
expected 3,4]. For recent reviews, see Refs). which interact through the exchange of massless gauge

With the exception of the work by lida and Bayji®], and  bosons. Otherwise, the free energy density cost would be
more recently by Alford and Rajagopfl], little attention infinite. In the CFL phase, diquark condensation breaks color
has been paid to the issue of color neutrality in superconsymmetry and all eight gluons become massive via the Higgs
ducting quark phases. These works are the primary motivanechanism. Similarly, in the 2SC phas&{)(3). is broken
tion for this study. The issues addressed in this work arglown to SU(2). and five of the eight gluons become mas-
similar to those addressed by Alford and Rajagd@awho  sive. In both the CFL and 2SC phases, howevel)(d)
perform a model independent analysis that is valid whergauge symmetry remains unbrokdi]. The associated
me<u andA~m§/,u, whereA is the pairing gap ang. is  charge is calle. The generator for this charge in the CFL
the quark number chemical potential. We employ an exphase is a linear combination of the usual electric ch&ge
tended version of the the Nambu—Jona-Las{iNdL) model, and a combination of color generatofg and Tg, and is
which shares many symmetries with QCD, including thegiven by
spontaneous breaking of chiral symmetry, and calculate the
thermodynamic potentials(), and pairing gapsA, self- _ 1 1
consistently in the CFL and 2SC phases. Our analysis leads Q=0Q- §T3— —=Tg, D
to results that complement some of the conclusions in Ref. 2\3
[7]. There are, however, several aspects in which we go fur- ) )
ther. First, we employ a self-consistent model whichwhere Q=diag(2/3;-1/3,~1/3) in flavor space, and
uniquely determines both the diquark and the quark-=diag(1~1,0) andTg=diag(14/3,14/3,~2/(3) in color
antiquark condensates. Second, since the realization of col§Pace.
and electric charge neutrality becomes non-trivial only for ~The color superconducting phase is, by construction, neu-
physically relevant values ahg, we retain terms to all or- tral with respect t& charge. Why then should we impose, in
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addition, local color neutrality? As noted earlier, gluons be-
come massive in the superconducting phase and the free en-
ergy density cost of realizing a non-zero color density in bulk
matter need not be infinite. Further, although a finite sample
embedded in the nqrmal state must be a CO!Or singlet, Fh'ﬁlhere m;; is the diagonal current quark matrix, and the
alone does not require local color neutrality since color sin- CJ_ — ) ) ) )
gletness is a global constraint. Hence a heterogeneous phaddnord-=Ca’, whereC is the Dirac charge conjugation
with colored domains of typical size similar to the color Matrix. We usea, B,y for color (r=red, b=blue, andg
Debye screening length is a possibility. However, in a homo-=9réen) indices, andj,k for flavor (u=up, d=down, and
geneous and color conducting medium a color charge densif~ Strange) indices throughout. The chemical potential ma-
in the bulk is unstable as it generates a chromo-electric fieldX IS diagonal in flavor and color, and is given by

resulting in the flow of color chargdd]. Color neutrality is

therefore a requirement for the homogeneous phase. Neutral- “ij,ap= (#8ij T Qijiq) Sapt ij(Taaptat Teapms),

ity with respect to charges associated with and Tg is 3
achieved by introducing appropriate chemical potentias
and ug in analogy with the charge chemical potentia .

As noted in Refs[7,8], color neutrality is a prerequisite for
color singletness, but the additional free energy density co
involved in projecting out the color singlet state is negligible
for large samples.

— — c
X(O7 o €ijk€ar pryljr pr) F (Ail V5€ijk€ap,dip)

—T .
X(qi’a’l’Y56i’j'kea'ﬁ"yqj’ﬁ’)]a (2)

where u is the quark number chemical potential. Since the
couplingsGs, Gp, andGp,q are dimensionful, we impose
&n ultraviolet three-momentum cutoffy, and results are
considered meaningful only if the quark Fermi momenta are
well below this cutoff. The values of the couplings are fixed

The superconducting ground state breaks both color anf repr(()jducmg the exFerlmentaI ;]/acuum valuesﬁ,p,fdr_nﬂ,
electromagnetic gauge symmetries. It would therefore seefi Ian m, as in Ref.[10]. For the most part, we discuss
that excitations above the condensate can only be charactdfSUIts obtained using

ized by the unbroker® charge. At first sight, this would

imply that electrons and unpaired quarks carry dglgharge
and must therefore be assigned only@chemical potential. A=600 MeV. GeA2=1.84 4
If this were indeed the case, it would be impossible to neu- eV sh o @
tralize the 2SC phase in the bulk. This is because the con-

densate i) neutral, but has color and electric charge that

cannot be neutralized by particles with ory charge. The |, yacuum, the effective four-fermion interactions in the

resolution to this puzzle lies in noting that our expectation to_ . — . .
assign only those charges that are unbroken by condensatiﬁﬂdqﬂ ghanr;gls are?)rg;t‘(ladl\tl)y a Fr:erzEtrezg)st(j)rmatmn,.hence
e choice ofGp o= . Note that Eq oes not in-

to excitations applies only to excitations above a charge- de th ible oresen f a six-fermion interaction d
neutral ground state. In this case, charges associated wiﬁu € the possible presence 0_ a six-lermion interaction due
broken gauge symmetries are easily delocalized and tran 0 diquark (qa)) condens_ates, such Interactions have been
ported to the surface by the condensate. It is, however, imqssu_med_to res_ult only n a renormal|;at|on of the fqur-
portant to note that only the excess broken charge resides @rmlon diquark Interaction. In the mean field approximation,
the surface. In describing particles that make up the charg e thermodynamic potential per unit volume is given by
neutral ground state we must use vacuum quantum numbers.

In this case, the individual charges are localized on the par- 0=-2Gs 2, (0,q;)%+4Gp(uu)(dd)(ss)

ticles in the bulk. Therefore, in what follows we treat elec- i=ud,s

trons and unpaired quarks as carrying their vacuum charges

Mo, =Mog=5 MeV, my;=140 MeV,

GpA®=124, and Gpo=3GdA4.

in our description of the neutral ground state. . A2 B }J’ d°p
ThermodynamicsWe begin with the NJL Lagrangian k 5 4Gpio 2) (2m)®
[9-14] supplemented by both a diquark interaction and the 't
Hooft six-fermion interaction which reproduces the anoma- I N T
lous Ux(1) symmetry breaking present in Q@D5]. Explic- XZl 2 TTIn(l+e %) 1+ Q, ®
itly, o
— . o where (q;q;)(i=u,d,s) is the quark condensate, and the
L=0o(108ij 805~ Mij Sap— mij,ap¥ )dis term Q4 ensures that the zero density pressie,— ), of
8 non-superconducting matter is zero:

+Gs2, [(arfa)*+(aiyshia)?] - Goldet; diq
. _ . Qo:2<5s_72d (6iCli)5— 4Gp(uu)o(dd)o(ss)o
X(1+iys)djstdetj i (1—ivs5)qjz]6up muas

_ d3p
+GDIQ2 2 [(qiaeijkeaﬁyqjcﬁ) +2ch f —3\/mi2+ p, (6)
k vy ! (277)
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where(q;q;), denotes the value of the quark condensate at o 100 e

zero density. The gap matrix N 2sc
400 - ' -
— . ik a T=0
AXY=2Gp (0l 1l y58' e P70 [,) (7 I 2%0 “ |
!
features three non-vanishing elements. Using the standar s ‘:\‘
notation of denoting\¥” through the flavor indices andj, 300 |- | \ 7
we have \
— L CFL \Y\ i
% N\
Ag=AY, A=A%, and A=A%® (8 & N |2
=200 [ \i\x - <
This corresponds to the ansatz in Rgf], except that color A

sextet gapgsymmetric in both color and flavpare ignored. - .
Inclusion of the sextet gaps modifies our results only slightly,
because such gaps are small Note, however, that we have 100 |- - [
removed the degeneracy betwe&ps and A4 in order to 6o | I
explore phases in which these gaps may not be equal. L j |

- ! -
The quasiparticle energies may be obtained by diago- d -
nalizing the inverse propagator. Equivalently, are the ei- o L TR, N I R
genvalues of the (7272) matrix 300 400 500 300 400 500
#© (Mev) # (Mev)
- 7’0;" 5_ Mi70+ Mia Ai 7’07’5C FIG. 1. Dynamically generated masses and pairing gaps in the

CFL and 2SC phases at zero temperature from NJL model calcula-
tions. Dark(light) curves refer to results when color and electric
charge neutrality igis not imposed.

Y°CiysA — YT P+ MY — i)

whereM; are the dynamically generated quark massestand
is given b
¢ Y Ng=Ngu, Npg=Ngs, and n=ng,, (10

A=A 3ij 3aﬁ+A 2ij 2aB+A 1ij laﬁ_ 9 )
ud® "8 us® € ds® ¢ @ o equivalently, that
Equations(2) through(9) enable a consistent model calcula-
tion of the thermodynamics of superconducting quark matter
as a function of the chemical potentialsiuq ,u3, andug at . . ,
arbitrary temperatures. For a given set of these chemical p -herenai is the num_ber density of quarks W'.th colarand
lavor i, and n,(n;) is the net number density of colar

tentials, the dynamicalor constituent-lik¢ massesM; and f \ pairina by itself d ; ‘th |
the gaps\;; are determined by the solutions of equations that( avor ). Pairing by |t§e oes not enforce either color or
electric charge neutrality. The strange quark mass induces

result from extremizing() with respect to(q;q;) and 4, both color and electric charge in the CFL phase. We are,

respectively. : - - :
The phases are labeled according to which of the threlgowever, at liberty to adjust the chemical potentjalsand

to enforce color neutrality. Moreover, since the pairin
gaps are non-zer@l) Normal phase: all gaps zer(®) 2SC e ~ . ¥ . . P g
phase: onl\A 4 is non-zero; and3) CFL phase: all gaps are ansatz enforce® neutrality, enforcing color neutrality auto-
: u ; :

non-zero. Where needed, we add electrons simply by notintically enforces electric charge neutrality ag=0. In
that ue= — o, and include their free Fermi gas contribu- ontrast, the 2SC phase requires a fipiteto satisfy electric
tion to Q charge neutrality and hence admits electrons.

~ . _ We turn now to discuss results, beginning with those at
Recallﬂ that the_ gr_ound state @ neutral, i.e.,ng= temperaturef =0. In Fig. 1, we show the dynamically gen-

— 09/ pg=0, !Vh'Ch is a consequence of the Iact that theerated or constituerd and s quark masse$/; (left pane)
condensates ai® neutral. Quasiparticles Earryir(g charge  gndthe pairing gap4;; (right pane) as functions ofu in the

are massive withm~A . In addition, theQ susceptibility =~ CFL and 2SC phases. Thequark mass, which tracks the
Xo=9dng/dug=0; in fact, the free energy density is inde- trend of thed quark, is not shown for the sake of clarity. The
pendent ofug at zero temperature. This is because to gendark (light) curves refer to the case in which color and elec-
erateQ charge in the ground state, we must break a pair an#fic charge neutrality igis not imposed. All masses decrease
the energy cost is dD[A]. In contrast, the free energy den- with increasingu, since all of the/qq) condensates decrease
sity depends omq, i3, andug, and, the corresponding in- with x. Note that the requirement of color and charge neu-
dividual susceptibilities do not vanish. For a physioalof  trality has a larger effect on the quark mass in the 2SC
order 100 MeV, there is na priori reason to expect equal phase than in the CFL phase. This is because neutrality in the
numbers ofu, d, ands quarks in the CFL phase. The pairing 2SC phase requires a large and negative electric charge
ansatz in Eq(8) and the arguments of Rajagopal and Wilc- chemical potential. In the discussion that follows, we will
zek[16], however, guarantee that show that,uQ~—m§/2,u in the 2SC phase. Further, since

Ny=n,, Ng=ng, and ng=ny, (11)
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FIG. 3. Left panel: The pressureversus quark number chemi-
FIG. 2. Chemical potentialg.g and uq that ensure color and cal potential,u_in the CFL, 2SC, and normal phases_at temperature

electric charge neutrality in the CFL and 2SC phases as functions c;|%=0._ Dark (light) curves _refer tp the case in WhICh.CO|0I‘ and

the quark number chemical potentialat temperaturd=0. Solid electric charge neutrality i@s not) imposed. Right panel: Pressure

C differencesAP or the free energy density cost required to ensure
dashedl curves refer to results of the NJsimplified) model. . s
( 3 Isimplified color and electric charge neutrality in the CFL and 2SC phases at

Ms:ﬂ_ﬂQ/& alarge and negatiVIeQ enhances the strange T=0. Solid (dotted curves are results of the NJ(simplified

quark density which in turn suppresses {s8) condensate. Medel calculations.

The right panel of Fig. 1 shows the various gaps in the,

CFL and 2SC phases. Imposing color neutrality reduceéhis context since we are primarily interested in the leading
A since the number.s of red and green quaguiva order cost of enforcing neutrality. Further, we assume that all
ud > 3

lently of u andd quarks are reduced relative to the colored gaps, including those involving thiquark, are independent

case(see the analytical analysis belpwor the same reason, of ms,* ar_1d that bOt.h the gaps and are weak functions of
color neutrality increases the gaps involving strange quarkst.he cheml_cal potentials. With these assumptions, and to lead-
These trends are broken only wherbegins to approach the Ing order inA
gltrawolet cutoffA. The strong increase pf thbu.d gap asu Qer= Qg Qg+ et Qe

ecreases for matter in which neutrality is not imposed is due
to the strong decrease in the gaps involving strange quarks.

In Fig. 2 we show the chemical potentiglg and uq (as
functions ofw) required to achieve color and electric charge
neutrality in the CFL and 2SC phases. The solid curves refer
to results of the NJL model calculations. The left panel of 1
Fig. 3 shows the pressuReversusu at T=0. Here the dark Qrg=— — (gt 3A%u5), (12)
(light) curves refer to the case in which color and electric 2
charge neutrality igis no?) imposed. Note that the pressure
of the color and electrically neutral normal phase falls below 1 . ) 2
that of the 2SC phase for gls shown. The pressure differ- Qpp=— F(Mm*‘ 3A%um),
encesAP or the free energy density cost necessary to ensure &
color and electric charge neutrality in the CFL and 2SC
phases are shown in the right panel of Fig. 3. Here also the
solid curves refer to results of the NJL model calculations.
In order to gain a qualitative understanding of the results

in Figs. 2 and 3, we undertake an analytical analysis of avhere we have written the free energy of the CFL phase in
simpler model also considered in R§7]. In this analysis, terms of the X3 block involvingru—gd—bs quarks, and
we consideiu andd quarks as massless, and include correcthree 2<x2 blocks involvingrd —gu, rs—bu and gs—bd
tions due to thes quark massn, at leading order as a shift in
its chemical potential. This does not properly account for the
shift in energy due the strange quark mass for states far away'Corrections toA due tomg arise atO[mZ/u]; for a detailed
from the Fermi surface, but is a consistent approximation indiscussion, see Reff17].

4 4 4 2 2 2
Qrgb:_ [M1+M2+M3+3A2(M1+M2+4M3)],

1272

1
- _ 4 2 2
Qgp= 62 (mgpt3A%ugy),
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quarks, respectively. Each of the three 2 blocks is rigid in  approximation to the exact NJL result. Utilizing E45), we

the sense that the free energy is unaffected by differences find an analytic estimate for the free energy density cost in
chemical potentials of quarks that pair in a given blpt&].  the CFL phase:

The free energy depends only on the average chemical po-

tential. The 33 block does not exhibit this rigidity; here, 5m? mé m*A2
the quasi-particle energies depend on the splitting betweenA Q) .r = Q¢ (ug) — Qcr(0) = —2 40|—,
the chemical potential characterizing the, gd, and bs 7272 w?  u?

qguarks. Chemical potentials that characterize the free energy (16)

of the 3x3 block are given by The lower dotted curve in the right panel of Fig. 3 shows that

this result is in quantitative agreement with the NJL model
2

Mg Mmg Mg calculation.
M1=pt ﬁ M= p— ﬁ - ﬁ In the 2SC phase, the pairing phenomenon itself gives rise
to color charges. The 2SC thermodynamic potential, to lead-
13 ing order in the gap and consistent with the approximation
m? scheme described earlier, is
M3= a

Qosc= Qrugd+ Qfrees
and the common chemical potentials that appear in the free
energy expressions of thex2 blocks are given by

1 4 2.2
Qrugd: - 3772 (:u“rugd+ 3A /-Lrugd)i (17)
N S M. |
g \/§! rb 2\/§ 4,u,' 1
(14) Qpee=~ 15 (Mot Mogt MbsT st Mgst 1)
2
. Mg Mg . . . .
Mgh= M~ ﬁ_ m The chemical potentials appearing above are defined by
We note that, in general, pairing between particles with dis- Mg MQ 2nug  2pq

similar masses does not require a common chemical poten- #rued™ # J3 6’ Hou™ J3 3’
tial. Maximal BCS-like pairing requires that the distribution

of the pairing partners be identical in momentum space.

Since we treat thel andd quarks as massless particles and _ 2ug _HMQ _ 2pg Mg Mg
account for the effects of thequark mass through a shift in Fod™ K J3 3 Fos™ K V3 3 2w’
the chemical potential in our analytic analysis, a common (18

chemical potential within each pairing block ensures that the
aforementioned pairing criterion is satisfied. 2

In the CFL phase, the stress induced by the strange quark _ o _ M8 Mo M

S Mrs= Mgs= p+ .

mass generates color charges. In the limit of nearly equal and V3 3 2w
vanishing light quark masses, the CFL scheme in @d) N _
indicates that we will require only a non-zegg to achieve  The condition to ensure color neutrality{2,sc/dug=0,
color neutrality. This justifies why we negleg, andus in  Yields

Egs.(13) and(14). To leading order in the parameﬂeﬁ/,u,,

and assuming that the differences between the various gaps (250 1 A? A4 19
' i 2SQ0=—-——+0|—|, 19
are small angx,mg independent, we find that Mg 33 & e
1 m? m* m2A2 where we have used a common valuedofindependent of
png(CFL)=— —= —+0| —, — (15 w) in the analytical analysis. Note thatg(2SC) does not
2\/§ M S depend onmg at leading order. Since pairing in the 2SC

phase involves red and green quarks, it does not induce a
, _ ' color 3-charge; henceus;(2SC)=0. However, electric
=ng when there are no electronsg(CFL)=0 identically in charge neutrality in the 2SC phase requires an adjustment
the CFL phase at zero temperature. Naively, @%) would e 1o the magnitude ah,. At leading order in a 3/ ex-
imply that the free energy density cost of enforcing C°|°rpansion, we find

neutrality in the CFL phase is cm[mg,ﬂ]. However, we

by requiring dQ¢cg /dug=0. Sincen,=ny and hencen,

find that such contributions are absent due to cancellations. 24 A2 4 A2
This result(see the lower-most dotted curve in Fig, @ith 1o(250=—~ —— - — Ms s (20)
mg andA of the NJL model as inputs, provides an excellent Q 2 3 u 3’ .8
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by settingdQ,sc/dug=0. As in the CFL phase, the free =460 MeV #, =200 MeV
energy density cost of enforcing color neutrality in the 2sC 100 1T T 1 1
phase is small, becau& A?x.?] terms cancel and the free ; L
energy density begins to changeCGftA*]. Similarly, we find
that there is no cost for enforcing electric charge neutrality in 80
the 2SC phase @[ «?]. Using the results in Eq$19) and
(20), the free energy density cost of enforcing color and elec-
tric charge neutrality becomes _60
>
[}
Astc:stc(ﬂs,,U»Q)_stc(O,O) 2
E‘
1 , 4AmI aa* 40
g2\ T3 3
mé A® A2m? =0
+0| 5 — (21) . i ]
MZ MZ /_LZ v 1st order : rfi
P T R . | ! |
Although the free energy density costs of enforcing color Oo 100 200 300 400 400 500
neutrality in the CFL and 2SC phases are of the same order, Hy, (MeV u (MeV)

the cost in the 2SC phase is numerically larger. This is in part . , ,

due to the larger strange quark mass in the 2SC phase and F'G- 4. Cross-sectional views of te- .~ u,, phase diagram
because the free energy density cost due Ate and at the indicated values of and,uve. In both panels, the dark curves
me-dependent terms add in the 2SC phase. The analyticéhow the phase boundaries, while the dotted curves show contours
results in Eqs(19), (20), and(21), shown as dotted curves in ©f constant baryon density.

Figs. 2 and 3, compare well with the results of the NJL

model. whereA, is the zero temperature gapA and émg are the

Phase diagram at finite temperature and lepton contentdifferences between the gaps and the strange quark masses in
In the proto-neutron star context, matter is subject to stressébe 2SC and CFL phases, respectivalyes is the tempera-
induced by finite temperature and lepton number chemicdiure at which the gap in the CFL phase would vanish, assum-
potentials[18]. Since electrons have both electric and leptoning that A(T)=A,y1— (T/Tgcg?. Note that, in general,
number charges, gaps involving strange quarks do not vanish at the transition,

i.e., the phase transition is first order. This is because at lead-
Me= ~ QT MLe, (22 ing order, the critical temperatufB,~A/2.22 is less than
] ] ) that for the second order BCS transitidigcs=A/1.76. It is
whereu, =, is the chemical potential for electron lepton cjear from Eq.(23) that contributions tT. due to A and
number. In order to explore the effects of a finite neutrinosm, can easily alter this, allowing for a BCS like second
chemical potential and finite temperature on the supercorerder transition. If the magnitude of the gap in the 2SC phase
ducting phases, we employ the NJL model, E5).with ex- s larger than that in the CFL phasg, is lowered and the
tensions to include neutrinos and electrons. transition becomes more strongly first order.

Figure 4 shows representative cross-sectional views of the Accommodating a finite lepton number in the CFL phase
T—p—um, phase diagram. The left panel displays results ats expensive, because the requirement of color and electric
fixed u=460 MeV. With increasing temperature, a first or- charge neutrality in this phase excludes electronsT A,
der transition occurs from the CFL phase to the 2SC phasthe transition from the CFL to 2SC phase occursuat
with ud pairing. For u, =0, the transition occurs af =150 MeV. The latent heat densifyA (JP/JT), lies in the
=17 MeV. The corresponding baryon densities arg range (2-15) MeV/frh along the boundary of the first order
=(n,+ng+ng)/3=1.06 fm 3 in the CFL phase andg phase transition. With increasing temperature, the critical
=0.94 fm % in the 2SC phase. At zero neutrino chemicallepton chemical potential at which the CFL-2SC transition
potential, an analytic estimate of the critical temperaffye ~occurs decreases. This is because the gaps in the CFL phase
for the CFL-2SC transition can be obtained by assuming thafiecrease with increasinfy consequently, unlocking occurs
the gaps in the 2SC and CFL phases are nearly equal to eagh smallewve-
other and to their zero temperature values. We find that The right panel in Fig. 4 shows the phase boundaries at
fixed ,uye=200 MeV. For this neutrino chemical potential,

- —EA 1_f%§2 +gﬂ§% ¢ the CFL phase is preferred aboye=460 MeV. For low
¢ g0 5 Ay °BCS 20 A2 mg BCS (high) values of u, the region of the CFL phase shrinks
(expand$ progressively to lowerhighep values of T and
A2\l My, In contrast, the 2SC-normal phase boundary is rela-
with chsz(lJr 22—2 , (23)  tively unaffected by increasing values of (in the range
T Thes relevant for proto-neutron star studigsalthough minor

094007-6



COLOR-NEUTRAL SUPERCONDUCTING QUARK MATTER PHYSICAL REVIEW [B6, 094007 (2002

variations do occur. Note that with increasing temperaturewhere f _~u is the pion decay constant in the effective
the phase transition switches from first to second order. Thigheory describing Goldstone bosdi24]. The leading contri-
switch is due to the fact that thi,s and Ay gaps decrease bution to the pressure from the Goldstone bosons is of order
along the first order phase transition line. When these gapg? . Including this contribution we find that at zero tempera-
vanish(at T~25 MeV for u, =200 MeV), the phase tran- tyre and neutrino chemical potential, the phase transition be-
sition becomes second order. In Fig. 4, contours of constaniveen the 2SC and CFLKO phases occurs at a valug of
baryon density are shown by the dotted curves in both panyhich is lower by 16 MeV compared to the case without
els. Notice that, for the values qof and u, chosen for kaons.
display, the 2SC phase supports lower baryon densities than At finite neutrino chemical potential, CFL quark matter
the CFL phase. Across the first order phase transition, theontains a K condensate which admits electrons, even at
density contours are discontinuous. We wish to add that theero temperaturg20]. In the presence of electrons, charged
phase in whichA s# Ays was found to be thermodynami- kaon condensation lowers the free energy density cost for
cally disfavored in the range df, u, andw,_explored here. accommodating lepton number. Including the electron and
The consequences of requiring local color neutrality inK+ contributions to the pfessurePb:fiMiJz), and
superconducting quark matter with and without neutrinos ag|ying self-consistently for the condition of charge neutral-

both zero and finite temperatures are the principal findings qfty the pressure is increased by about 2 MeV saf
this work. Quantitative results, especially those for quark ~. e

number chemical potentials approaching the ultraviolet cut-_ 200 MeV. These results |n.d|cate that the.extent qf the me-
off in the NJL model used, should be viewed with someSO" condensed CFL phase in the phase diagram is I|!<ely to
caution. Notwithstanding this, the basic qualitative feature’® €nlarged, but only by a few percent. In our analysis, the
concerning the phase transitions appear to be generic, insofgfder of the phase transitions between the CFL and the 2SC
as similar trends are found in our analytic analysis that emPhase was not affected by meson condensation. We wish to
ployed a simplified model without a cutoff. We also wish to note, however, that our analysis neglects the effect of the
emphasize that the phase diagram in Fig. 4 requires revisiomeson condensate on the quasi-particles themselves. This
at low values ofu (or low baryon densitiesfor which a  feedback, which can alter the quark contribution to the free
hadronic phase is more likely to be favored. energy, must be explored before quantitative conclusions re-
Kaon condensatiorin neutrino-free matter, Bedaque and garding the role of meson condensation on the phase diagram
Schafer have shown that the strange quark mass inducescan be drawn. This warrants further investigation and is be-
stress which can result in the condensation of neutral kaongond the scope of this article.
in the superconducting quark phdd®,2(q. Kaon condensa- Astrophysical implicationsThe T—u—pu, phase dia-
tion oceurs when the stress induced by the strange quaram offers clues about the possible phases encountered by a
massmg/(2u) =mgo, wheremyo is the mass of the neutral neyron star from its birth as a proto-neutron giarwhich
kaoq. In gene_ral, .the masses of all pseudo Goldstone bosoRgtrinos are trappedn the wake of a supernova explosion
receive contributions both from the diquark and quark-y its neutrino-poor catalyzed state with ages ranging from
antiquark condensates. For example, the mass of the neutiighndreds of thousands to million years. In earlier work, some

kaon is given by[21-24 aspects of how a phase transition from the normal to the 2SC
) phase would influence neutrino transport in a newly born
My o=amy(mg+mg) + x(mg+my), (24) neutron star were explorg@5]. To date, detailed calcula-

_ tions of the evolution of a proto-neutron star with quarks
wherea~A?/ u? and x~{qq). At asymptotically high den- have been performed for the case in which only the normal
sity, where the axialJ(1) symmetry is restored and the phase was consider¢a6]. Our findings in this work indicate
quark-antiquark condensate vanishes, the dominant contribtihhat the core of a proto-neutron star may well encounter a
tion to the masses is from the diquark condensate. In thi2SC phase first when matter is hot and neutrino-rich before
case, the kaon masses become small, of order 10 MeV, arghssing over to a CFL phase.
kaon condensation is robust. At the densities of relevance to Conclusions.Color and electric charge neutrality in the
neutron stars, the situation is less clear because a iife ~ Superconducting quark phases requires the introduction of
can potentially result in larger masses for the kaons and digzhemical potentials for color and electric charge. The mag-
favor meson condensati¢@2,24). Pending a detailed inves- hitudes of these chemical potentials are subleading ithe
tigation of this question within the NJL model, we assesscorresponding free energy density costs are small and inde-
here how kaon condensation can affect the structure of theendent ofu at leading order with the free energy density
color-neutral phase by assuming that the kaon mass is smalPst for neutrality in the 2SC phase being significantly larger
compared tom2/(2u). This corresponds to near maximal than that in the CFL phase. Consequently, and in agreement
kaon condensation. In this case, the meson contribution t¥ith Ref.[7], we find that the bulk 2SC phase is less likely to

the pressure is easily computed and is giver{ 2] occur in compact stars a&=0 and u, =0. In the NJL
model, a small 2SC window does exist at relatively low
1 [m?]? mio 2 baryon density. However, since this window occurs at very
Pyo= Efi[z—s} 1+0 2 , (25) low density it is likely to be shut by the hadronic phase. If
M mg homogeneous quark matter were to occur in neutron stars, it
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seems likely that with increasing a sharp interface would trend to remain intact for larger variations in the couplings.
separate hadronic matter and CFL quark maf@&f]. We  Obviously, it is always possible to reduGg, o and increase
note, however, that we have only considered homogeneouSg so as to allow for the existence of a normal phase at
phases in this study and it is possible that less symmetrifywer density. At finite temperature and neutrino chemical
heterogeneous phases may well be favored for chemical pgmtential, the CFL phase becomes less favored both because
tentials of relevance to neutron stars. Examples include thgf its small specific heat and because of its exponentially
CFL-hadron mixed phasg27] and crystalline superconduc- suppressefby the factor exp¢A/T)] electron number den-
tivity [28]. These possibilities alleviate the cost of enforcingsity, which makes the free energy density cost of accommo-
colo_r neutrality, since in these cases it is only a glok_JaI Con'dating lepton number large. In contrast, the 2SC phase has a
straint. In such phases, however, energy costs associated nger specific heat and easily accommodates electron num-

gradients in particle qensmes must be met. C ber, and is therefore the favored phase at finite temperature
The value of the diquark coupling employed in this work
and lepton number.

predicts gaps on the order of 100 MeV,a¢-500 MeV. The The inclusion of Goldstone bosons in the CFL phase tends

rglatlonshlp between th@rﬂ‘) and(qq) con_densates IN'ME" 5 extend the region in th&-u, plane where the CFL phase
dium obtained by employing the mean-field gap equations . e : o
with the couplings set by the Fierz transformation in vacuum's favoregl_, since Goldstone bosons contribute significantly to
may differ from that obtained in a more exact treatment ofthe specific heat and also allow for the presence of electrons.
the NJL model. Lacking experimental guidance on their val-n the absence of Goldstone bosons, a first order unlocking
ues in medium, we have studied the influence of moderatfansition occurs from the CFL phase to the less symmetric
changes to the diquark couplirgut within the mean-field 2SC phase with increasing lepton chemical potential. When
approximation on the predicted phase structure. For ex-the temperature is sufficiently high, the phase transition
ample, usingGp,o=Gs, we find that gaps are increased by switches from first to second order due to the fact that the
about 20% in both the CFL and 2SC phases relative to théus and Ay gaps decrease along the first order phase tran-
case withGp,o=3Gg/4 predicted by the Fierz transforma- Sition line and eventually vanish.
tion in vacuum. The extent of the low density region in As discussed above, different phases of color supercon-
which a 2SC phase is favored over the CFL phase is nducting quark matter are likely to be traversed by the inner
greatly changed and the 2SC phase continues to be favor&é@re of a proto-neutron star during its early thermal evolu-
over the normal phase. tion. The task ahead is to study how these phases and tran-
Had we ignored the differences in the Strange quark mas%itions between them influence observable aspects of core
between the charge-neutral normal phase and the chargeollapse supernova, neutron star structure, and thermal evo-
neutral 2SC phase, the normal phase would be favored ovéytion.

the 2SC phase at low density whars mZ/4u [7]. However, The work of A.W.S. and M.P. was supported by the U.S.
we find that the chemical potential for the strange quarks i%epartment of Energy grant DOE/DE-FG02-87ER-40317
larger in the charge-neutral 2SC phase than that in the nogng that of S.R. was supported in part by the U.S. Depart-
mal phase. Consequentlyss) is reduced and the lighter ment of Energy under the cooperative research agreement
strange quarks in the 2SC phase contribute more to the preBfF-FC02-94ER40818. We thank Mark Alford, Krishna Ra-
sure. It is this feedback that tips the balance in favor of thgagopal, Prashanth Jaikumar, James Lattimer, and Thomas
2SC phase whensm§/4,u. However, we do not expect this Schder for several useful discussions.
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