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We extend our proposal that major universality classes of hadronic matter can be understood, and in
favorable cases calculated, directly in the microscopic quark variables, to allow for a splitting between strange
and light quark masses. A surprisingly simple but apparently viable picture emerges, featuring essentially three
phases, distinguished by whether strangeness is conséstattard nuclear matjerconserved modulo 2
(hypernuclear mattgror locked to color(color flavor locking. These are separated by sharp phase transitions.
There is also, potentially, a quark phase matching hadrdrmiondensation. The smallness of the secondary
gap in two-flavor color superconductivity corresponds to the disparity between the primary dynamical energy
scales of QCD and the much smaller energy scales of nuclear phy30556-282(199)06717-X]

PACS numbd(s): 12.38.Aw, 21.65+f

[. INTRODUCTION degrees of freedom in QCD have been overcome.
It is obviously of great interest to extend this picture to
In principle QCD ought to be an adequate basis for thgeal QCD, wherein the disparity between strange and non-
description of hadronic matter in extreme conditions, includ-strange masses is far from negligible. That is what we will
ing extremely high densities such as might be achieved deegketch out here.
in neutron star interiors or transiently during collapse of mas- Our basic technique to understand QCD at high density is
sive stars, collisions between neutron stars, and laborato assume weak coupling tentatively and to work out the
heavy ion collisions. In practice however our ability to solve consequences of this assumption. Indeed, high density im-
the equations is quite limited, and it has been challenging t®lies large Fermi surfaces and, therefore, large momenta for
provide a description firmly rooted in the microscopic &n important class of low-energy degrees of freedom, namely
theory. Specifically, the relationship between widely usedhe quasiparticle excitations near the Fermi surface. Their
phenomeno|ogica| models, based on hadron degrees of fregeneric interactions will be characterized by large momen-
dom, and models based on quark degrees of freedom, therfm transfer, and one might anticipate that asymptotic free-
selves typically employing highly idealized abstractions ofdom can be invoked to analyze these interactions perturba-
real QCD dynamics, has been quite unclear. It has generalfjvely. In the normal ground state, however, there are two
been supposed that at relatively low density the hadronikinds of charged low-energy degrees of freedom—particle-
description is appropriate, while at higher density some sorfiole excitations near the Fermi surface and elementary glu-
of quark description is appropriate. ons. These are dangerous, because their exchanges generate
Recently we argued for the radical proposal that in ainfrared divergences, which invalidate a straightforward per-
slightly idealized version of QCD, with three degenerate fla-turbative approach.
vors (and ignoring electromagnetigrthere need be no sharp ~ Fortunately, we can do better. Indeed, as we know from
distinction between these pictur€s]. More precisely, we the theory of superconductivif] and of *He superfluidity
argued that the color-flavor locked st43 (which can now, [5], arbitrarily weak attractive interactions near the Fermi
thanks to[3], be pretty rigorously identified as the correct surface drive a pairing instability. Early applications of these
ground state at asymptotically large densjti¢isough firmly ~ ideas to QCD are summarized [6]. In favorable cases,
based on quark and gluon degrees of freedom, exhibits alncluding QCD with three or more degenerate flavplt$
the main features one might expect from naive extrapolatiofnteraction with the resulting condensate opens up gaps in all
of phenomenologically based conventional wisdom for thecharged channels. Then there are no infrared problems, and
|0w-density phase_ Specifica"y, the ground state exhibitéhe Weak-coupling analysis is internally consistent. Of course
confinement and chiral symmetry breaking, while the el-this successful weak-coupling approach to high-density QCD
ementary excitations carry quantum numbers of pseudoscalé not the straightforward perturbative one: it is heavily
mesons, vector mesons, and baryons matching “phenomenéPoted in asymptotic freedom and BCS theory, and includes
logical” expectations, notably including integral electric both local and global spontaneous symmetry breakaog-
charges. The simplest hypothesis, then, is that there is onfnement and chiral symmetry breakjnglerived from first
one phase. This implies, in particular, that color-flavor lock-Principles.
ing provides a rigorously defined, asymptotically controlled
frameyvork whgrein the classic qualitative barrigrs to relating Il. ONSETS AND MISMATCHES
the microscopioquark-gluon to the macroscopic¢hadron
Until further notice we shall consider the case where the
chemical potentials for all three flavors are set equal, and we
*Email address: schaefer@sns.ias.edu shall pretend that electromagnetism has been turned off.
"Email address: wilczek@sns.ias.edu The preferred color-flavor locking ground state is particu-
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larly symmetric and energetically favorable for 3 degenerateors are determined by the inverse of the mattix The
flavors. What happens as we turn up the strange quark maseff-diagonal(anomalouy propagator is

There are two main qualitative effects associated with the
non-zero strange quark mass. Both can be identified either in A
a hadron picture or in a quark picture. 1 A2

The first effect is that there are now two onset transitions. (Po~€p)(Pot €p)
From the point of view of hadrons, one occurs when th
chemical potential for baryon number exceeds the minima
energy/baryon in ordinarynonstrangg nuclear matter and
the other when the chemical potential is large enough th
strange baryons are also produced.

On the quark side, for free quarks, one would likewise A= f
expect two onsets, occurring when the chemical potential
exceeds first the light and then the strange quark masses.
Taking into account interactions, the situation is more comere, we have introduceEp=Ep—,u,=(e;+ 6,23)/2 and R
plicated, though the qualitative outcome is very likely the — (¢l ¢2)/2. |n practice, we are interested in pairing be-
same. The complication is that the onset transition is eXpyeen almost massless up or down quarks and massive
pected to(and, from a phenomenological point of view, had strange quarks. In that cas@= mﬁ/(4pp)zm§/(4,u). The

betteD_occur at a S|gn_|f|cantly larger value of the'chem|caIlPO|es of the anomalous propagator are locatepqat — R
potential, characteristic of nucleon rather than light quar

masses. In particular, it should occur at a finite value of the™ Vep+A%=isgn(po). As usual, we close the integration
chemical potential even for massless quarks. The possibiliptontour in the lower half plane. Let us denote the solution of
for interacting massless quarks, of a first-order phase transit® 9ap equation in the caBe=0 by Ao. Then, ifR<A,, the -
tion from the “void” state with chiral symmetry broken to a PCl€ with the positive sign of the square root is always in-
color superconducting state at finite density was raise@Uded in the integration contour and we have

within 2-flavor QCD in[7,8]. It is implicit in the construc-

@)

e study the effect of a zero range interaction
(¢102¢2)(¢102¢;). The pairing is described by the gap
a?quation

d*p A

(2m)* [po+ R+135gr(pg) 12— e5— A%

()

tion of the MIT bag model. A Gu? e A
The second effect is that the light and strange Fermi sur- - 4 €p S (4)
faces will no longer be of equal size. Let us discuss this in eptA

more detail on the quark side. When the mismatch is much_ . ) L .
smaller than the gap one calculates assuming degenera gls result is, up to a small correction in the density of states

quarks, we might expect that it has very little consequencet, at we have neg]ected here, identical to the gap equation for
since at this level the original particle and hole states near the€generate fermions, sd~A,. If, on the other handR
Fermi surface are mixed up anyway. On the other hand>A,, there only is a pole in the lower half-plane &,
when the mismatch is much larger than the nominal gap, we> JRZ=AZ, Carrying out thep, integration again leads to
might expect that the ordering one would obtain for degenthe gap equatiofd), but with thee, integration restricted by
erate quarks is disrupted, and that to a first approximatiotthe condition just mentioned. This cuts out the infrared sin-
one can treat the light and heav_y quark dynamics separa_tel)jmarity at?pzo and one can easily verify that the gap equa-
In particular, for weak coupling and Fermi surface mis- o goes not have a non-trivial solution for weak coupling.

match, one should not expect mixed nonstrange-strange cole thus conclude that a necessary condition for pairing is
densation. Indeed, unlike when one had matched Fermi sufp .+

faces, in this case one cannot form pairs of equal and
opposite momenta that the elastic scatterings allowed in m2<4peA(p). (5)
Fermi liquid theory connect. So there is not a large space of S

degenerate states connected by the relevant parts of thg, far, we have only dealt with a simple pair condensate
Hamiltonian; a weak perturbation has small effects. Thus, iNnvolving strange and non-strange quarks. In practice, we are
the mixed channel one does not find Cooper instabilities afterested in a somewhat more complicated situation. In par-
weak coupling. ticular, we want to consider the transition between the color-
One way to see this in a more quantitative fashion is tfjayor locked phase for smathg and the two-flavor color
study a schematic gap equation that describes the spin Singlﬁﬁperconductor in the limit of larg®. This analysis can be

pairing of two fermions with different masses. In a basis ofcarried out along the same lines as the toy model discussed
particles of the first kind and holes of the second the quagpove. We now consider the following free action:

dratic part of the action is

pO_Eé A

(Po— €p)1— 2RM AudMud+AusMus)( ¢>
A* pPot 6'2)

l//T
(6)

+
(1,021)1,0(2))( Zgz) (1) @'4) AygMygt+AysMys (p0+fp)l+2RMs

Here, ey °=Ep*— u andE}?= \Jp?+m] ,wherem, , are the  wherey is now a 9 component color-flavor spindf.g, M4
masses of particles 1 and 2. The particle and hole propagand M are color-flavor matrices:
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M= 65,3603, (7) K
T L= (87780 = 6°°8°7)(8acOna— Baadno) (W5020F)
Myg= €3*Pesap, (8)
X (Y oudh). (12)
M us™— 62aﬁ€2ab+ Elaﬁelaba (9)

The free energy of the system is the sum of the quasi-particle
where«, 8 are color anda,b flavor indices.A 4 is the gap contributzion f“;m (10) and the mean field potentiaN_/

for (ud) condensation, and s is the gap for(us)=(ds) =1K(A,4724,). There are wo coupled gap equations,
condensation. Color-flavor locking corresponds to the cas@/Nich can be derived by varying the free energy with respect
A g=A,s, and the two flavor superconductor corresponds td© the two parameters,q andA ,s. Numerically, however, it
Au=0, A 4#0. Flavor symmetry breaking is again caused'S much simpler to minimize the free energy directly. :S\S an
by R=m?/(4p;). The 18< 18 matrix(6) can be diagonalized €*@mple we show results fop=05 GeV and A,

exactly. The eigenvalues and their degeneracies are =25 MeV in Fig. 1. We observe that the flavor symmetry
breaking difference\ ,4— A is very small all the way up to
pOi(€§+A5d)l/2’ d=3, the critical strange quark mass. At the critical mass, there is

a discontinuous transition to a phase wherg, vanishes
exactly. The value of the critical mass is very close to the

Po—R=(ep+AL)"Y%  d=2, estimatem,=2/uAJ.. We should note that in the case of
color-flavor locking there are two physical gap parameters,
Po+R* (EFZ,+ Aﬁs)l/Z, d=2, the octet and the singlet gap. The scale for the critical strange
quark mass is set by the octet gap.
1 1 1/2
po* e§+ 2Rep+ 2R%+ 2Aﬁs+ EAﬁd_ ES) , d=1, IIl. TWO FLAVORS
Whenmy is effectively large according to the preceding
) 5 , 1., 1 12 criterion, it becomes legitimate, when analyzing the light two
Po*| €p T 2Rep T 2R™+2A4+ 5 A+ 58|, d=1, flavors, to neglect the influence of the strange quark. This
(10) implies that the two-flavor analysis carried out [iR,8] is
appropriate. The major result of that analysis is the existence
where of a condensate of the form
S={8AZ(A2,+4R%)+ (A2~ 4R(e,+R)AZ (1D (afaCafy)=—(aRCOoRy =A e eqp. (13

The result becomes easier to understand if we consider sonT@'S condensate imparts a very substantial gap, plausibly of
simple limits. If we ignore flavor symmetry breaking=0 order 100 MeV at several times nuclear density, to two of the

and setA y=A,., we find 8 eigenvaluegot(e§+A2)l’2 quark colors. It leaves a8U(2) subgroup of coloSU(3),

¢ . N acting among these two colors of quarks, unbroken. The
and one elgenvalge with the gap 2This is indeed the ex- third color of quark does not acquire a gap from the primary
pected spectrum in the color-flgvor Iogked phase. If, 02n thE<3:ondensate. As we will discuss below, these quarks can ac-
othezr lr,lzand’. we sed,s=0, we find 4 elgenvaluepoﬂ_:(ep quire a small gap from secondary modes of condensation.
+A<) ™ while the other 5 eigenvalues have vanishing gapsyig gap, however, will not break the residual gauge sym-

Again, this is as expected. metry, since it only involves quarks of the third color. The

We note that in the presence of flavor symmetry breakingg;qa| gauge symmetry can be broken in the case of three
the first three eigenvalues, which depend &g, only, are

completely unaffected. For the next 4 eigenvalues, which ————————————————————————

only depend o\ 4, the energyp, is effectively shifted by 0.0af .
R. This is exactly as in the simple toy model discussed :
above. It implies that foR>A s, when we close the inte- 00sk ‘_’,—_
gration contour in the compleg, plane, we do not pick up [ ]

They depend on both ,4 andA 5, and they explicitly con-
tain the flavor symmetry breaking parame®iNevertheless,
the structure of the eigenvalues is certainly suggestive of the 001
idea that forR<A%, we haveA,=A 4, and the gaps are :
almost independent @&, while atR=A% there is a discon- o T
tinuity and A ;s goes to zero. m, [GeV]
This is borne out by a more detailed calculation. For this

purpose, we add a flavor and color anti-symmetric short FIG. 1. Light quark gap\ 4 and strange—non-strange gAps
range interaction as a function of the strange quark mass.

>
[
this pole. The last two eigenvalues are more complicated=
$
3
<]
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flavors, even if the strange quark is heavy, as long as théhe channel that was considered 1. In this work, the gap
chemical potential is above the onset for strangeness. Wia the tensor channel was estimated to be in the range of
will discuss possible modes of strangeness condensation bseveral up to 100 keV. Of course, this estimate is exponen-
low. tially sensitive to poorly determined couplings.

The expected low energy degrees of freedom are quasi- For later purposes, let us note that each of these possible
particle excitations around the Fermi surfaces of the thirdsecondary condensates breaks either isospin or rotational
color quarks. It is important to note that in these channelssymmetry.
there are no massless gluons. These low energy degrees oflt is remarkable that in a theory where the dominant scale,
freedom are truly weakly coupled. Gluons in the unbrokernthe gap of the first two color quarks, is on the order of 100
SU(2) remain massless, but their interactions becomé/eV, the mass gap of the light degrees of freedom comes
strong. We expect that this means that ®6(2) is con- outto be so small. This is clearly reminiscent of the situation
fined, just as it would be in a vacuum theory with massivein real-world QCD at small density. QCD dynamically gen-
quarks. Of course, here we cannot claim rigorous control. erates masses on the order of several hundred MeV, but the

The primary condensatéd 3) leaves a residual gauge and binding energy of nuclear matter and the gap in superfluid
chiral symmetry, as well as an unbrokerf1) baryon num- nuclear matter are small, on the order of a few MeV. This
ber symmetry. This can be seen as follows: The condensatéisparity is among the most fundamental qualitative facts
breaks both color hyperchardgg;=diag(1/3,1/3;-2/3) and  about nuclear physics that one would like to understand from
baryon numbeB = diag(1/3,1/3), but leaves the combination a microscopic viewpoint. From all previous standpoints
B'=B—Qg invariant. Similarly, the condensate violates known to us, it results from a conspiracy. Since just such a
electric charg®, = diag(2/3;- 1/3), but there is a modified disparity appears as a calculable feature of the high-density
charge operato®. .= Q.m— Qg/2 Which leaves the conden- phase, we are motivated to consider whether it is legitimate
sate invariant. So despite initial appearances the primariP extrapolate from the high-density phase to nuclear density.
condensate is not an electric superconductor. A modifiedf it is, then no conspiracy need be invoked.
photon remains massless. To justify such an extrapolation, however, we must as-

Under the unbroken symmetries, the quarks of the thirsume that there is no significant phase transition separating
color carry baryon number 1. In addition to that, they arethe high-density color superconducting phase from nuclear
singlets under residugU(2) gauge symmetry. And they matter. (Changes in the nature of the small secondary con-
carry charge$1,0) (in electron charge unitswith respect to ~ densate, which are certainly expected in view of the discus-
the modified photon. Thus, remarkabaly, at asymptoticallysion above, are not germane heréhis has the startling
large density, the low energy—quark—degrees of freedoniimplication that chiral symmetry must be—up to the effects
have the quantum numbers of the proton and the neutron. of non-zero light quark masses, electromagnetism, and small

At the level of the primary condensate, there is no gap fosecondary condensations—restored in nuclear matter.
these modes. It is interesting to note, however, that the podVhether this is true in reality is worthy of much further
sible modes of secondary condensation involving thesévestigation. It is suggestive, in this regard, that several ex-
modes correspond exactly to the known possibilities for pairPerimental determinations suggest that the axial vector cou-
ing in nuclear matter. This is the case because the remainir@fing ga, whose free-nucleon value 1.26 reflects chiral sym-
quarks not only carry the same isospin and charge quantufetry breaking9], is renormalized to very nearly unity in
numbers as the proton and neutron but also, as emphasizgtclear mattef10-12. We should mention, however, that
above, they are both singlets under the residual gauge groufflis renormalization can also be explained by hadr¢hg}

The superfluid pairings most often considered in the contex@r nuclear structurgl4] effects.

of nuclear matter have the quantum numbg&s!L ;=1S,,

33, and °P,. While 'S, is expected to dominate at low

density, P, pairing is likely to take over at high density.

The simplest operators with these quantum numbers are  Above the onset for net strangeness, there is a Fermi sur-
face for strange quarks. For larges there will be a big

IV. ONE FLAVOR

1Sy YCrsmatdh (14)  Fermi surface mismatch, and the strange quark will not pair
with light quarks, as we discussed earlier. Then we can ana-
33, ¢Cy5§,72;—¢,¢,c§72¢ (15) lyze its condensation independently. We expect a purely
strange diquark condensate to form. This condensate breaks
3p, SlﬂC'YS?’iRj o, (16) strangeness, but conservesZa that flips the sign of the

strange quark.
Possible modes of strange quark superfluidity were stud-
ged in detail by Bailin and Lov§6]. If the condensate is to be

out the symmetric traceless part. Nothing essentially new i olor antisymmetric, overall symmetry requires that it cannot
gained by considering operators that involve the coupling o y : Sy {ry requires tha
e a scalar. A particularly interesting possibility is to lock

spin and angular momentum, sucha,ﬁ%{&zp. These opera-  gjor and spin:
tors can be reduced using the equations of motion.
One gluon exchange is repulsive in all these channels,

with the exception of the tensor operaw€=, 7,4 That is (s*Cyis?)=Ae"P7s] . 17

Here,k=Kk/|K| is the unit momentum vector arf8lprojects
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With this condensate, color symmetry is completely broken, V. TWO PLUS ONE FLAVORS

as is naive rotational symmetry, but a modified rotation sym- We have sugaested the existence of three maior tvpes of
metry involving simultaneous color and naive spatial rotation 99 jor typ

remains valid ordered phases for high-density QCD witt 2 flavors: two-
By taking the non-relativistic limit, and ignoring the com- Ea;;or gglgrrl S:F;ircgr?ﬁj?gtg% Vggﬂ) r?frla\llllll(t)?ci(ljt:lz:]] ac(c)clJer%ae-_
plications due to antiparticles, we can vastly simplify the ying 9 P 9

. ; . : scription of each differs substantially, and our modelling
analysis of this phase. We consider the action above(and immediately beloysuggests they are separated

y by sharp phase transitions, but the question arises whether
( T), (18)  the need for such transitions is guaranteed by any mismatch

' of physical symmetry.(Differences in gauge symmetry,
which are meaningful only in the context of weak coupling,
where ¢ is now a six-dimensional spin-color spinor. The cannot be invoked herfd5,16].)
pairing matrix M corresponding to color-spin locking is  Fortunately, it is. The two-flavor color superconducting
given by state, given only the primary condensation, has global sym-
metry SU(2), X SU(2)rX Ug(1)x Ug(1) for massless light
quarks, where the first two factors are chiral isospin, the third
is ordinary strangeness, and the fourtinsodified baryon
number. With non-zero but degenerate light quark masses,

Po— €y AcsM s
A:S|M:S| Pot €p

(¢

M csi= (0207 )ij €<P. (19

Other possible forms of order are

M poi= (7203);;€3*#  polar the first two factors collapse into a diagorfaly(2). The
strange superconducting state differs from this by breaking
MA=(020+)”63“3 A phase (20) Ushgl)—>22. The color-flavor locked state haA§U(2)
XU(1). These clearly all differ. However, in the two-flavor
Mpia= (0201)jj 61“ﬁ+(0'20'2)ij e?*f  planar. superconducting state, since the primary condensation leaves

gapless modes, we must in addition consider the effect of

Let us first look at the color-spin locked phase. The quadratipossible secondary condensations. However, as we already
action (18) is easily diagonalized. We find four eigenvalues mentioned in passing, these condensations break either isos-
with gap V2A. and two eigenvalues with gaf.s. The  pin or rotational symmetrybut not strangenegsso they
degeneracies reflect the unbroken rotational symmetry. Theannot reproduce the symmetry of either of the other two
state with gapy2A.¢ has spin 3/2 and degeneracg-21 major phases.
=4, while the state with gap . has spin 1/2 and degen-  Our discussion of the phase structure of dense matter in
eracy Z+1=2. In the polar phase, there are four states withQCD with two light and one intermediate mass flavor can be
gap A, while two states remain gapless. In the A phasejllustrated concretely with the help of a simple schematic
only two quarks acquire a gap,, while the remaining four model. Let us consider a short range interaction with the
are gapless. In the planar phase, finally, all the physical exduantum numbers of one gluon exchange,
citations are gapless. _ _

Since the color-spin locked phase is the only phase where L=K( @y NP (py*N2ip), (21)
all quarks acquire a gap, it seems reasonable to expect that . .
thisqis the grc?und sta%epof one flavor QCD at zero te%]pera(_?haractenzed by a coupling constaitWe study the phase

ture and large chemical potential. This is what Bailin angSlructure of the system in t_he mean field approximation.
Love found by analyzing the Landau-Ginzburg functional,s'nce we are interested in chiral symmetry breaking and dy-

which however is only justified in the vicinity of the critical namical mass generation as well as superfluidity, we can no

temperature. For simple model interactions, we find that ei!onger restrict ourselves to particle-hole pairs, but have to

ther color-spin locking or the polar phase might be favored alnclut;ie anti-particle(holg) contributions also. The free en-
zero temperature. A rigorous treatment is a feasible and inc'9Y 1S of the form
teresting project, but will not be attempted here.

It is amusing to note that the color-spin locked phase has F= E e(oi,6)+V, (22
excitations with spin 3/2. This, of course, is the spin of the !
baryon in QCD with one flavor. The ordering of the states, P
however, appears to be inverted as compared to the expecta- _ p = R
tion from the hadronic phase: while the ground state baryon 6(0’5)_,[ (Zw)s[‘/(Ep_’“) ot \/(EP+M) o7,
has spin 3/2 in the hadronic phase, and the spin 1/2 baryon is (23
an excited state, a spin 1/2 excitation is the lowest of the two
in the high density phase. This might indicate that the highwhere E,= Jp?+ (oc+m)? is the single particle dispersion
density and nuclear phases must be separated by a phasdation andV is the mean field potential. The integration
transition, though strictly speaking it need not, since the orover p is regularized by a sharp cutoff.
dering of low-lying levels is a non-universal feature. In any ~ We consider the following phases:
case, the situation is certainly less straightforward than for (1) A phase with chiral symmetry breaking only. This
three degenerate flavors. phase is characterized by a chiral condensate
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(Q2aE) = 6"P(8apS 0+ 230p3S o). (24)

(2) The color flavor locked phase, including the possibility of [ strange s
a dynamically generated contribution to the strange quark
mass, 40

(2Cys0h) = (S5 FA, + S5 LA ), (25)

void

m, [MeV]

(s*sPy= 53 . (26)

(3) The superconducting phase, with or without strange o- R —
guark condensation 0 200

u[MeV]
B\ — ap3
<qgc7’5%>—€aﬁ €ap3Bud @7 FIG. 2. Phase diagram calculated in the schematic model de-
. scribed in Sec. IV. We show the phase boundaries between the
(s7sPy=5P3.;. (28 vacuum phase(void), the color-flavor locked phasécfl), the

) ) ] ~nuclear phasésg), and the hypernuclear phaéges. Note that the
In practice we ignore the condensation energy of the lightransition line from the nuclear phase to the color-flavor locked
quarks of the third color and the strange quark superfluidphase turns sharply towards the void-cfl transition at very small

since both of them are expected to be quite small. For m,=0 there is a direct transition from the vacuum phase to the
The effective potential and the mass gaps in the threeolor-flavor locked phase. Also note that the phase diagram was
different phases are easily calculated. We find calculated with aA\=600 MeV form factor, so the turnover of the
cfl-scs transition negn =600 MeV is an artifact of this form fac-
16 tor.
(1) 01~ =O'6=§KEO

=600 MeV and fixedk =32A "2 in order to reproduce a

16 =0 quark constituent mass of 400 MeV. o

o= ... =09=§K(20+25) We note that each of the phases dlsusged above is indeed
favorable for some values of the chemical potential and

strange quark mass. The transition from the color-flavor

V=K (4855 +325 3+ 1633) locked phase to the nuclear or hypernuclear phase is shifted
K K to smaller strange quark masses as compared to the calcula-
_ _s_" _ _ tion in Sec. lll. This effect is due to the large dynamically
(2) 0= ... =% 3(3Al A2)s O 38A2 generated strange quark mass. Also, as a function of the
chemical potential, there is an intermediate nuclear phase
16 between the vacuum and color-flavor locked phases even for
g7= -7 (’9:§KES very small strange quark mass. Again, this is due to the large
dynamically generated strange quark mass. We also note that
V=K(—16A;A,+ 1625) even for small strange quark masseg-50 MeV, the onset

for strangeness is significantly above the onset for light
quarks. This, of course, is the most direct manifestation of a

(3) 1= ... =0,=5KAy dynamically generated strange quark mass.

We should stress that the model is clearly very crude, and
16 in particular that the locations of the phase boundaries should
o= ... =09:§K25 not be regarded as quantitative predictions. Nevertheless, we
believe that the existence of the different phases and the
topology of the phase diagram are robust features, conse-

V=K EAﬁdJr 1625). (29) quences Qf the_ physicf'il mechanisms we have discussed.
3 There is an interesting consequence, in the strange super-

) o conductor phase, of the interplay between color-spin locking
In the color-flavor locked phase we include the shlft_ln thefor the strange quarks and color symmetry breaking induced
e|genvalu_es dug to the strange q_uark mass, followmg OUhy the primary light quark condensation. The preferred color
detailed discussion in the first section. In particular, the inte+yis induces a preferred spin axis, so that the material be-
gral in the non-strange—strange particle-hole channel is rgsomes a strange ferromagnet, in particular violating even the
stricted to?f,> R?+ 62, The only difference is that we allow modified rotation symmetry.
for the possibility of a dynamically generated contribution to  Finally, we would like briefly to discuss two interesting
the strange quark mass. It is now straightforward to mini-possibilities for high density that have been proposed and
mize the free energy in the three phases separately and touch debated in the literature, from the point of viéve.,
determine the global minimum by comparing the differentworking down from the asymptotitsised here. One is the
solutions. The result is shown in Fig. 2. We have choden hypothesis of stable strange quark mafter]. In our lan-
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guage, it is the hypothesis that in the interacting theory therenary condensation in two-flavor superconductivity. Again,
is no separate onset transition for strangeness, but strangewever, nothing we have encountered suggests this is a
particles appear immediately and abundantly at the “void tovery favorable possibility.

matter” transition. In our Fig. 2, it would mean that the  Note addedRelated issues are addressed in a paper by
lower portion of the strong-coupling region would be Alford, Berges, and Rajagopgl9]. Where they overlap, our
squeezed out. Although in the nature of things we cannotonclusions agree.

rule this out, since it is proposed as a strong-coupling phe-

nomenon and our methods are intrinsically weak coupling,

nothing we have encountered suggests it. The secold is ACKNOWLEDGMENTS
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