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Novel phases and transitions in color flavor locked matter
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~Received 14 August 2001; published 22 February 2002!

We analyze the phases of dense quark matter at nonzero quark masses. We map out the phase diagrams for
charged quark matter as well as charge neutral matter containing leptons. We find that, in color flavor locked
quark matter, the symmetric phase with equal numbers ofu, d, ands quarks is unlikely to occur in nature.
Various less symmetric phases with additional meson condensates may play a role in neutron star cores,
however, in agreement with the analysis of Bedaque and Scha¨fer. We discuss the implications of these novel
color superconducting quark matter phases and their transitions for neutron stars.

DOI: 10.1103/PhysRevD.65.054042 PACS number~s!: 12.38.Aw, 26.60.1c, 97.60.Jd
rti
s
icu

al
n
-
s
re
r
l
vo

L

w
lie
ita
x-
de
rs

re
si
a

er

s

ith
tone

udo
xial
ef-
he
usly

emi-
o

the
FL
en-

ec-
g in
and
ors,
con-

ci-

r

ve
bal

st
-

bi-

son
ving

n

,
se
en
t i
I. THE MESON CONDENSED PHASES

There has recently been renewed interest in the prope
of dense quark matter@1,2#. Three flavor QCD with massles
quarks at high baryon density is thought to have a part
larly symmetric ground state, the color flavor locked~CFL!
phase@3#. In this phase theSU(3)color3SU(3)L3SU(3)R

3U(1)B symmetry of QCD is broken down to the glob
diagonalSU(3) symmetry due to BCS-like pairing betwee
quarks near the Fermi surface.1 As a result, the gluons be
come massive via the Higgs mechanism. There is the po
bility that color superconductivity is relevant to the structu
of neutron stars. However, in realistic situations, qua
masses are nonzero and there may be nonzero chemica
tentials for charge or lepton number, and the exact fla
symmetry of the QCD Lagrangian is reduced toU(1)em
3U(1)Y3U(1)B , in which case one might expect the CF
condensate to preserve theU(1)em3U(1)Y subgroup of
SU(3) not explicitly broken.2 One can best understand ho
the symmetric CFL phase distorts under these app
stresses by studying the effective theory for the light exc
tions @5–11#, the subject of this article. In particular, we e
plore the phase diagram for realistic quark masses in a
sity regime that may occur in neutron star interio
exploiting recent observations by Scha¨fer and Bedaque@12#.
We find that the symmetric CFL phase is unstable with
spect to meson condensation, except above baryon den
approximately 1021 times that which might be expected in
neutron star core. Meson condensation results in a numb
less symmetric color superconducting phases that may
relevant, with implications for the thermodynamic and tran

*Email address: dbkaplan@phys.washington.edu
†Email address: reddy@phys.washington.edu
1SU(3)color is the gauged symmetry of QCD;SU(3)L3SU(3)R is

the global symmetry which acts on the three flavors of left- a
right-handed quarks;U(1)B is the baryon number symmetry.

2Throughout this paper we will refer to both theSU(3) symmetric
phase in the absence of quark masses and chemical potentials
to theU(1)em3U(1)Y symmetric phase in the presence of mas
and chemical potentials, as the ‘‘symmetric CFL phase.’’ The id
tifying characteristic of the symmetric CFL ground state is tha
contains equal numbers ofu, d, ands @4#.
0556-2821/2002/65~5!/054042~6!/$20.00 65 0540
es

-

si-

k
po-
r

d
-

n-
,

-
ties

of
be
-

port properties of neutron star cores.
The low lying spectrum of the symmetric CFL phase w

massless quarks consists of a nonet of massless Golds
bosons transforming under the unbrokenSU(3) as an octet
plus a singlet. A tenth light meson is also expected, a pse
Goldstone boson arising from spontaneously broken a
U(1)A—an approximate symmetry broken by instanton
fects, which are expected to be weak at high density. T
massless mesons allow the system to respond continuo
to applied stresses, such as the imposition of nonzero ch
cal potentials forSU(3) or U(1)B currents, since there is n
gap in these channels for massless quarks.

Turning on nonzero quark masses induces a gap in
spectrum. This would seem to make the symmetric C
phase rigid against distortion due to applied chemical pot
tials. However, as recently pointed out by Scha¨fer and Be-
daque@12#, while quark masses produce gaps in the sp
trum, they also induce new stresses on the system, actin
a manner analogous to an applied chemical potential
favoring meson condensation. As discussed by those auth
nonzero quark masses can be expected to lead to meson
densation and a complicated phase diagram.

We can parametrize the effective theory describing ex
tations about theSU(3) symmetric CFL ground state in
terms of the two fieldsB5eib/ f B andS5e2i (p/ f p1h8/ f A), rep-
resenting the Goldstone bosons of broken baryon numbeb,
and of broken chiral symmetry, the pseudoscalar octetp, and
the pseudo Goldstone bosonh8, arising from broken ap-
proximateU(1)A symmetry. Color degrees of freedom ha
been integrated out, and so under the original glo
SU(3)L3SU(3)R3U(1)B3U(1)A symmetry, these fields
transform as the representationsB5(1,1)1,0 and S

5(3,3̄)0,24.
The quark mass matrixM5diag(mu ,md ,ms) acts like a

spurion, transforming as the representation (3,3)̄0,2. Because
of the U(1)A charges, operators in the effective theory mu
involve even powers ofM. Although there are two indepen
dent operators one can construct with two powers ofM, the
leading operator at weak coupling involves only the com
nation M̃[uM uM 215diag(mdms ,msmu ,mumd), which
transforms as a (3,̄3)0,4 and can couple toS as TrM̃S. It is
this operator that gives the leading contribution to the me
masses. However, one can also consider operators invol

d

and
s
-
t

©2002 The American Physical Society42-1



t b

fo
i-
ar

in

-

n
r-
-
e
e

-

e
th

s
e
bu

ian
e

d
ass

the

son
d

rs
(

nd
s

o-
lu
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one power ofM and one power ofM†. For example, the
traceless part ofM†M transforms as (8,1)0,0, the same as a
left-handed flavor current. It has recently been pointed ou
Bedaque and Scha¨fer that the combinationM†M /(2m)
~wherem is the quark number chemical potential! enters the
effective theory exactly as would a chemical potential
flavor symmetries@12#.3 As they discuss, this term destab
lizes the ground state for sufficiently large strange qu
mass and leads to kaon condensation.

The leading terms in the effective Lagrangian describ
spatially constant nonet Goldstone boson fieldsp andh8 in
the presence of a chemical potentialmQ for electric charge is
given by

L5 f p
2 F1

4
Tr D0SD0S†1

1

2

f A
2

f p
2 ~D0h8!2

1
a

2
Tr M̃ ~S1S†!1

b

2
Tr QSQS†G

~1!
D0S5]0S2 i @~mQQ1XL!S2S~mQQ1XR!#.

The decay constantsf p and f A have been computed pre
viously @7#. Q is the electric charge matrix
diag(2/3,21/3,21/3) while XL,R are the Bedaque-Scha¨fer
terms: XL52MM†/2m, XR52M†M /2m, and
M̃5uM uM 21.

The leading contributions to meson masses are thea andb
operators. The coefficienta has been computed and is give
by a53(D2/p2f p

2 ) @7# ~for a discussion of possible log co
rections see@9–11#!. The b term accounts for electromag
netic corrections to the charged meson masses. The co
cientb is proportional toã @the fine structure constant for th
massless photon in theSU(3) symmetric CFL phase# and its
value is scheme dependent4. From naive dimensional analy
sis, one can estimate the contribution tob from photon loops
in the effective theory, leading tob;(ã/4p)D2; this formula
reflects the quadratic divergence of a photon loop in the
fective theory, which has a momentum cutoff equal to
gap D. This estimate is consistent with that of@13#, given
that that reference did not attempt to estimate the factor
4p . If the correct value ofb differs from the crude estimat
given above, our results will be changed quantitatively
not qualitatively.

The meson masses in terms of the parametersa,b are

mp2
2

5a~mu1md!ms1b ~2!

mK2
2

5a~mu1ms!md1b

3A similar observation was made in Ref.@10#.
4If one uses a mass independent subtraction scheme in La

gauge, the one-loop electromagnetic corrections to the me
masses vanish, and theb term alone accounts for the entire electr
magnetic splittings. We assume this scheme, and do not inc
explicit photon fields.
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5a~md1ms!mu .

The free energy density corresponding to the Lagrang
in Eq. ~1! in the mean field approximation, relative to th
free energy density of the symmetric CFL phase~corre-
sponding toS51) is

V5
f p

2

4
@Tr @m̃,S#@m̃,S†#22aTr M̃ ~S1S†22!

2bTr @Q,S#@Q,S†##, ~3!

whereS is a constant U~3! matrix characterizing the groun
state. Working in the standard basis where the quark m
matrix is real, the matrixm̃ is given by

m̃5mQ1X, X5XL5XR52
M2

2m
. ~4!

The effective chemical potentials vanish for thep0, h, and
h8, while for thep1, K1, and K0 mesons they are

m̃p15mQ1
md

22mu
2

2m
, m̃K15mQ1

ms
22mu

2

2m
,

~5!

m̃K05
ms

22md
2

2m
.

The stationary points of the free energyV with respect to
variations of the meson fields are found as solutions to
matrix equation

@m̃S†m̃S2aMS2bQS†QS#2H.c.50. ~6!

To find solutions to this equation, we begin by consideringS
matrices corresponding to a condensate of a single me
^f&[A2 f pu, wheref could be a charged pion, a charge
kaon, or a neutral kaon field. Solving Eq.~6! yields station-
ary points withuÞ0 which for certain ranges of paramete
have lower free energy than the symmetric CFL phaseu
50). We find the solutions

Vp652
f p

2

2
~m̃p6

2
2b!~12cosup6!2, ~7!

cosup65H 1, Mp6
2 >m̃p6

2 ,

Mp6
2

2b

m̃p6
2

2b
, Mp6

2 <m̃p6
2 ,

VK652
f p

2

2
~m̃K6

2
2b!~12cosuK6!2,

cosuK65H 1, MK6
2 >m̃K6

2 ,

MK6
2

2b

m̃K6
2

2b
, MK6

2 <m̃K6
2 ,

au
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NOVEL PHASES AND TRANSITIONS IN COLOR . . . PHYSICAL REVIEW D65 054042
VK052
f p

2

2
m̃K0

2
~12cosuK0!2,

cosuK05H 1, MK0
2 >m̃K0

2 ,

MK0
2

m̃K0
2 , MK0

2 <m̃K0
2 .

Evidently the nontrivial solutions withuÞ0 represent phase
with lower free energy than the symmetric CFL phase. T
charged pion and kaon phases can have either ele
charge, depending on the sign of appropriate effective che
cal potentialm̃. We will refer to these 3-flavor, color supe
conducting, meson condensed phases as CFLp6, CFLK6,
and CFLK0, respectively, or simply asp6, K6, and K0,
distinguishing them from the more symmetric CFL phase

II. THE PHASE DIAGRAM

In Fig. 1 we plot the phase diagram for color superco
ducting quark matter, as a function ofms

2/(2m), wherem is
the quark number chemical potential, versus the chem
potential for positive electric charge,mQ . In order to con-
struct this diagram we used the quark mass ratios der
from chiral perturbation theory@14#, mu /md51/2, md /ms
51/20, with the additional assumptionms5150 Mev. For
the parameterb in the chiral Lagrangian, we used the roug
estimateb5(a/4p)D2. Finally, for the relation between th
color superconducting gapD andm, we used the perturbativ
expression from Ref.@15# down to m510 GeV. At lower
densities, we choose a smooth interpolant that mimics p
nomenological models and predictsD;100 MeV for m
;500 MeV @1#. The superconducting gap obtained in th

FIG. 1. Meson condensed phases in the neighborhood of
symmetric CFL state are shown in the (ms

2/2m)2mQ plane, where
ms is the strange quark mass~set to 150 MeV),m is the quark
number chemical potential, andmQ is the chemical potential for
positive electric charge. At five times nuclear densitym
;400 MeV and (ms

2/2m);25 MeV. Solid and dashed lines ind
cate first- and second-order transitions respectively.
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way is shown in Fig. 2. We note that, even in the perturbat
regime, the numerical value of the gap is still not well u
derstood due to ambiguities associated with the scale de
dence of the gap equation@16#. However, we find that al-
though the precise location of the phase boundaries in Fi
depends on the numerical value of the gap, the qualita
features of the phase diagram, which will be discussed
low, are fairly independent ofD(m).

Several features of the phase diagram Fig. 1 are strik
The first is that the symmetric CFL phase is disfavored u
quark densities greater than;1021 times what one might find
in neutron star cores. Instead, at realistic values form, the K0

phase is favored for smallmQ , while the K1 andp2 phases
are favored formQ above or below critical values. The K0̄

and K2 condensed phases are disfavored as they introd
strange quarks in a system trying to reduce their numb5

while for positivemQ , K1 is favored overp1 both because
the K1 is lighter, and because a K1 condensate reduces th
strange quark number while a pion condensate does not

As one approaches from either side the boundaries
tween the K0 phase and the K1 or p2 phases, one finds tha
the meson condensate anglesu given in Eq.~7! do not van-
ish. This indicates that the phase transitions are first or
One can verify this by solving the stationarity equation~6!
with a two condensate ansatz for theS matrix. As an ex-
ample we analyze the K1/K0 transition. With the ansatz

S5expF iuS 0 0 sinf

0 0 cosf

sinf cosf 0
D G ~8!

one finds a saddle point solution to Eq.~6! interpolating be-
tween the K0 and K1 phases, given by

5This is in contrast to kaon condensation in hadronic ma
@17,18#, which suffers from a paucity of strange quarks, while t
symmetric CFL phase has a surplus.

he
FIG. 2. A model for superconducting gapD as a function of the

quark chemical potentialm. The curve agrees with perturbative ca
culations@15# for m.10 GeV.
2-3
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cosu5
MK0

2

m̃K0
2 1

m̃K1~m̃K12m̃K0!

bm̃K0
F S MK1

2
2m̃K1

2

m̃K1
D

2S MK0
2

2m̃K0
2

m̃K0
D G ,

~9!

sin2f5

S MK0
2

m̃K0
2 2cosu D

S 12
m̃K1

m̃K0
D ~12cosu!

.

This saddle point solution exists only for ranges of para
eters for which the angles in Eq.~9! are real. The free energ
density of this solution relative to that of the K0 phase is

dV[~VK0/K12VK0!5
f p

2

4

~mK0
2

2mk0
2 cosu!2

mK0
2

~mK02mK1!2
b. ~10!

It is the quantitydV which will control the tunneling rate
between the K1 and K0 phases during a first order pha
transition.

III. NEUTRON STARS

If quark matter were to exist in neutron stars, the typi
quark chemical potential ism;400 MeV. As discussed ear
lier, perturbative calculations are inapplicable here a
model calculations based on phenomenological four-ferm
interactions suggest that three flavor massless quark m
may be characterized by a gap as large asD;100 MeV. As
will become clear from the following discussion, this
larger than the typical energy associated with exter
stresses that quark matter is subject to in the neutron
interior. Therefore we can calculate the response of qu
matter to these stresses within the framework of the effec
theory defined by Eq.~1!.

Neutron stars are born in the aftermath of a core colla
supernova explosion. The inner core of the newly born n
tron star is characterized by a temperature T;30 MeV and a
lepton fraction~lepton number/baryon number! YL;0.3 im-
plying me[mne

2mQ;mne
;200 MeV. The high tempera

ture and finite lepton chemical potentials are a conseque
of neutrino trapping during gravitational collapse@19#. Sub-
sequently, the interior cools and loses the lepton number
neutrino diffusion. This occurs on a time scale of a few te
of seconds. At later times, T!1 MeV,mne

50 and the elec-
tron chemical potential is determined by the condition
electric charge neutrality. In noninteracting quark mat
me;ms

2/2m;25 MeV. However, in the superconductin
phase withD*ms

2/4m our phase diagram Fig. 1 indicate
that the ground state is the K0 phase. The K0 phase is elec-
trically neutral without electrons. This result has far reach
consequences because, being devoid of electrons, the q
phase has no low lying charged excitations up to the mas
the lightest charged Goldstone boson. In the symmetric C
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phase, neutrality is guaranteed by the enforced equality
theu, d, ands quarks@4#. For the K0 phase, charge neutralit
is a fluke and is due to the fact that the K1 is heavier than the
K0.

The core of a neutron star during the early stages of
evolution will be charge neutral, and will have nonzero le
ton number. Assuming local electric charge neutrality,
possible ground states among the phases we have discu
are K0 condensation with all the leptons being neutrinos; K1

condensation with charge neutralizing electrons; or a mi
K1/K0 condensate with electrons, corresponding to 0,f
,p/2 in Eq. ~8!. Our analysis at fixedmQ found that the
latter phase was not a minimum of the free energy, bu
saddle point. Remarkably enough, when leptons are inclu
and local charge neutrality is imposed, the saddle point
lution of Eq. ~10! becomes the true minimum of the fre
energy over the range in which it exists. Further, we find t
it smoothly connects the K0 phase with the K1 phase result-
ing in second order transitions. Note that Eq.~6! remains
valid and characterizes the stationary points of the free
ergy even when charge neutrality is imposed at a fixed lep
chemical potential.

A phase diagram depicting each of the three phases
cussed above is shown in Fig. 3. Electric charge neutralit
enforced in the phase containing the K1 mesons by requiring
that the electron number densityne52]Vmeson/]mQ . This
uniquely determines the electron chemical potential a
hence their contribution to the total free energy. In Fig. 3
restrict the quark chemical potential to the range of releva
for neutron stars, 400–1000 MeV, and make the simplify
assumption that the gapD5100 MeV over this range.

From Fig. 3 we can infer that the ground state will conta
electrons for6 mne

*6 MeV. The superconducting phase a

mits electrons with ease since the K1 mesons are not much

6This depends on the value ofb; for example, forb5e2D2 (16p2

times larger than the value we use! electrons appear formne

*20 MeV.

FIG. 3. The phase diagram for charge neutral matter as a fu
tion of the quark number and neutrino number chemical potent
m andmne

. The phase transitions shown are both second order
2-4
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NOVEL PHASES AND TRANSITIONS IN COLOR . . . PHYSICAL REVIEW D65 054042
heavier than the neutral K0 mesons. We find that the electr
charge chemical potentialmQ is only a few MeV even when
mne

;200 MeV. Therefore the induced stress on the qu

phase, characterized bym̃K
15mQ1X, is always small com-

pared toD. Consequently, unless excluded by high tempe
tures, quark matter in neutron star cores will be color sup
conducting even when leptons are trapped. As the lep
number is lost via neutrino diffusion, we can expect a sec
order transition from the K1 to the two condensate phas
Upon further deleptonization, whenmne

;5210 MeV an-

other second order transition from the K0/K1 phase~con-
taining electrons! to the K0 phase~without electrons! is to be
expected.

Although it is premature to speculate precisely how t
will influence various observable aspects of the early evo
tion of neutron stars, we comment on a few important c
sequences of our findings. Firstly, since the only hadro
excitations in the CFLf phases with energies below the g
are the pseudo Goldstone bosons with masses;10
220 MeV, the leptons are likely to dominate the transp
processes and the matter specific heat. During delepton
tion we can expect dramatic changes to these aforementi
properties. This is likely to affect various aspects of the ea
evolution of the neutron star including neutrino transport

If magnetic fields play a role during this early phase,
can expect field topology to change greatly during the ea
deleptonization phase. Since the initial K1 and K0/K1

phases are electrical superconductors they will expel
magnetic field in the core due to the Meissner effect, while
later times when the system is characterized by a neutra0

phase and the U(1)em is restored, the Meissner affect disa
pears and the core now admits the magnetic field.

Finally, since the neutrino free ground state contains
electrons, we note that the total lepton number emitted
neutrinos will be 20% –30% larger than in conventional s
narios. This is particularly exciting because current neutr
-
ys
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detectors such as SNO, which can distinguish between
ferent flavors, in conjunction with larger detectors, such
super-Kamiokande which primarily detect the anti-electr
neutrinos, is in principle sensitive to the lepton number em
ted from a galactic supernova.

It must be stressed that there are significant uncertain
in our analysis. Most importantly, the density regime o
expects in neutron star cores is not high enough for the
plication of perturbative QCD. At these densities, the qu
tion of whether a quark phase exists at all, whether co
superconductivity occurs should such a quark phase e
and what the size of the resulting gap and chiral Lagrang
parameters would be, are all presently unanswerable. In
analysis we have extrapolated from the perturbative reg
and respected the symmetries of QCD, with the excep
that we have assumedU(1)A violating instanton effects to be
small. If the latter assumptions prove to be false at the re
tively low densities found in neutron stars, a TrMS will be
induced in the chiral Lagrangian@3,10#, altering our analysis.
We also note that we have ignored finite temperature effe
in our analysis of the phase diagram. Thus we require
the matter temperature be small compared to the super
ducting critical temperatureTc;D. In addition, we have ne-
glected finite temperature corrections to the effective the
and the role of thermally excited mesons, which we expec
be small in the protoneutron star context. However, the c
tribution of thermal mesons to the free energy may not
negligible. Nevertheless, we feel confident that should co
superconductivity exist in neutron stars, the phase diag
we have computed will be qualitatively correct and warra
further investigation.
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