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Dynamical breaking and restoration of chiral and color symmetries in the static Einstein universe

D. Ebert,"* A.V. Tyukov,” and V. Ch. Zhukovsky*"

'Institut fiir Physik, Humboldt-Universitit zu Berlin, 12489 Berlin, Germany

*Faculty of Physics, Department of Theoretical Physics, Moscow State University, 119899, Moscow, Russia
(Received 28 March 2007; revised manuscript received 6 July 2007; published 24 September 2007)

We study the behavior of quark and diquark condensates in the framework of the extended
Nambu-Jona-Lasinio model under the influence of a gravitational field in the static D-dimensional
Einstein universe at finite temperature and quark density. The thermodynamic potential and the gap
equations for the model are obtained. Quark and diquark condensates as functions of the chemical
potential and temperature at different values of the curvature have been studied. Phase portraits of the

system have been constructed.
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I. INTRODUCTION

Effective field theories with four-fermion interaction of
the Nambu—Jona-Lasinio (NJL) type [1], which incorpo-
rate the phenomenon of dynamical chiral symmetry break-
ing, are quite useful in describing the physics of light
mesons (see e.g. [2—4] and references therein) and di-
quarks [5,6]. Moreover, on their basis one can study the
effects of various external conditions, like temperature and
chemical potential [7], and consider the influence of exter-
nal electromagnetic and gravitational fields. In particular,
the role of the NJL approach increases, when detailed
numerical lattice calculations are not yet admissible in
QCD with nonzero baryon density and in the presence of
external gauge fields [8—12]. Moreover, the NJL model has
also applications in the nuclear physical and astrophysical
researches [13].

It was proposed more than 20 years ago [14-16] that at
high baryon densities a colored diquark condensate (gq)
might appear. In analogy with ordinary superconductivity,
this effect was called color superconductivity (CSC). The
possibility for the existence of the CSC phase in the region
of moderate densities was recently proved (see, e.g., the
papers [17-19], as well as the review articles [20,21] and
references therein). Since quark Cooper pairing occurs in
the color antitriplet channel, a nonzero value of (gg) means
that, apart from the electromagnetic U(1) symmetry, the
color SU,.(3) symmetry should be spontaneously broken
inside the CSC phase as well. In the framework of NJL
models, the CSC phase formation has generally been con-
sidered as a dynamical competition between diquark {gg)
and usual quark-antiquark condensation (Gq). Special at-
tention has also been paid to the catalyzing influence of
color magnetic fields on the condensation of diquarks [12].

In several papers, in the framework of the NJL model,
the influence of a gravitational field on the dynamical
chiral symmetry breaking (DySB) due to the creation of
a finite quark condensate {(gq) has been investigated at zero
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values of temperature and chemical potential [22—25]. The
study of the combined influences of curvature and tem-
perature has been performed in [26]. Recently, the dynami-
cal chiral symmetry breaking and its restoration for a
uniformly accelerated observer due to the thermalization
effect of acceleration was studied in [27] at zero chemical
potential. Further investigations of the influence of the
Unruh temperature on the phase transitions in dense quark
matter with a finite chemical potential, and especially on
the restoration of the broken color symmetry in CSC, were
made in [28]. One of the widely used methods of account-
ing for the gravitation is based on the expansion of the
fermion propagator in powers of small curvature [29,30].
For instance, in [31], the three-dimensional Gross-Neveu
model in a space-time with a weakly curved two-
dimensional surface was investigated, using an effective
potential at finite curvature and nonzero chemical poten-
tial. In paper [32], this approximation was used in consid-
ering the D ySB at nonvanishing temperature and chemical
potential. It should, however, be mentioned that, near the
phase transition point, one cannot consider the critical
curvature R, to be small and therefore exact solutions
with finite values of R, should be used. This kind of
solution with consideration for the chemical potential and
temperature in the gravitational background of a static
Einstein universe has recently been considered in [33].
There it was demonstrated that chiral symmetry is restored
at large values of the space curvature.

There arises an interesting question, whether similar
effects can occur in the study of CSC under the influence
of a gravitational field.

For this aim, we study in the present paper the influence
of temperature, chemical potential, and a gravitational field
on the behavior of the quark and diquark condensates. In
particular, we consider the phase structure in an extended
NJL model with dynamical breaking of chiral and color
symmetries in the case of a gravitational field which is
taken into account exactly. This then allows us to study the
dependence of the order parameters of symmetry breaking
on the gravitational field.
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In the following, we will choose a simple model of a
curved space-time of constant positive curvature, called the
static Einstein universe. This model is widely discussed in
literature either as a solution of the Einstein equations with
a given cosmological constant and a nonvanishing energy-
momentum tensor of an ideal fluid as a source, or as an
initial state in inflationary cosmology with a scalar field,
and the cosmological constant as its vacuum energy (see,
for instance, [34]). Note also that the Einstein universe and
other suitably generalized compact curved space-times
were extensively employed for studying the phenomenon
of Bose-Einstein condensation (see, e.g. [35] and referen-
ces therein). As is well known, one of the possible models
for the expanding universe is the closed Friedmann model.
Since the formation of quark condensates is expected to
take place considerably faster than the expansion rate of
the universe, its radius can be considered in our calcula-
tions as constant. In this sense, the chosen model space-
time of the static Einstein universe might be considered as
a simple cosmological model for a space with positive
curvature. Note, however, that the same form of the metric
does also hold for the interior of a collapsing, spherically
symmetric star, thereby admitting also a noncosmological
interpretation of the chosen model.

In order to be able to consider mainly the effects of
gravitation in a rigorous nonperturbative way, we are in-
vestigating here a NJL quark model in curved space-time
with maximal simplifications as concerns the quark matter.
In particular, our calculations are performed in the most
simple case without taking into account additional require-
ments like charge neutrality, color neutrality constraints,
and restricting ourselves, for simplicity, to the flavor SU(2)
group. By using the mean field approximation, we will then
derive an analytical expression for the thermodynamical
potential of the NJL model which contains all necessary
information concerning the chiral and color condensates of
quarks moving in a space with constant positive curvature.
On this basis we finally study the phase portraits of the
model.

II. THE EXTENDED NJL MODEL IN CURVED

SPACE-TIME
In D-dimensional curved space-time with signature
(+, =, —, —, - - ), the line element is written as

ds* = n, €% ebdxtdx”.

The gamma matrices 7y ,,, metric g,,, and the vielbein eg‘ ,

as well as the definitions of the spinor covariant derivative

V, and spin connection wﬁg, are given by the following

relations [30,36]:
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{7, @), v, ()} = 2g,,,(x), va v5 = 2m45
n,p = diag(l, =1, =1, —1,...), 8ur8"’ = oh, (1)

g (x) = eff (e (x),  y,(0) = en(0)va

1 .-
. _ b
Vu=0,+T  Ty=50ilo
— 1
a5 =lYa Vi) (2)
wftb = %ea)‘ebP[C)\pM - Cp)\u, - CM)‘P]’

Copp = eﬁa[peu]ﬁ'

Here, the index a refers to the flat tangent space defined by
the vielbein at space-time point x, and the y%(a =
0,1,2,3,...) are the usual Dirac gamma matrices of
Minkowski space-time. Moreover, s is defined as usual
(see, e.g., [30,37,38]), i.e. to be the same as in flat space-
time and thus independent of space-time variables. In the
following we shall consider the static Einstein universe
with the line element:

ds* = dr* — g;;(X)dx'dx/ (i,j=1,....,D—1). (3)

A conventional model that demonstrates the formation
of the color superconducting phase is the extended NJL
model with up- and down-quarks. This model may be
considered as the low energy limit of QCD. For the color
group SU(3), its Lagrangian takes the form'

. Gy . _ s
L =qliy*V, + uy’lg + ﬁ[(qq)2 +(3iy°79)*]
+ D2 ig.cetySqlligeetyq.] @
N C cJa

c

Here, u is the quark chemical potential, g. = Cg’, g, =
q'C are charge-conjugated bispinors (z stands for the trans-
position operation). The charge conjugation operation is
defined, as usual (see, e.g., [30]), with the help of the
operator C = iy?*y", where the flat-space matrices 7>
and 9" are used.

The quark field ¢ = ¢, is a doublet of flavors and triplet
of colors with indices i = 1,2; a = 1, 2, 3. Moreover, 7 =
(', 72, 73) denote Pauli matrices in the flavor space;
(e)k = gk, (eb)*P = €*PP are the totally antisymmetric
tensors in the flavor and color spaces, respectively.

Next, by applying the usual bosonization procedure, we
obtain the linearized version of the Lagrangian (4) with
collective boson fields o, 7, and A,

n this work, we shall consider the particular realistic case of
N, = 3. The general case of arbitrary N, is discussed in [3] with
relation to the effective hadron theory of QCD. In what follows,
however, we shall keep the general notation N, for convenience.
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L =gliy*V, + py’lg — glo + iy’ 7 #)q
3, 3
_ + >2\ _A*hAh
G T T TG
— A*ig'Cee’y’q] — A"[igee®y°Cq'].  (5)

The Lagrangians (4) and (5) are equivalent, as can be seen
by using the equations of motion for the boson fields
Gy _

o= =349

G
Al = ——32 ig'Cee’y’q,
7= —1giy57
3 qry-74.

The fields o and 7 are color singlets, and A’ is a color
antitriplet and flavor singlet. Therefore, if (o) # 0, the
chiral symmetry is broken dynamically, and if (A?) # 0,
the color symmetry is broken.

III. EFFECTIVE ACTION

Following [12], we obtain the partition function of the
theory

z- / [dq]ldg]ldo][d7][dA™ [dAP]

X exp{i[de\/—_gZ},

where g = det|g,,,|. In what follows, it is convenient to
consider the effective action for boson fields, which is
expressed through the integral over quark fields

expliSar(c, 7, AP, A™)} = N f [dg]ldq]

(6)

X exp{i[d’)x\/—_gz}, (7)

where
2 + )
Senlen 7, A0, A7) = — [[apxy=g[ X =T
2G,
3APA*D
+ + S , 8
G, } q ®)

N’ is a normalization constant. The quark contribution to
the partition function is given by the expression

Z, = e
— N f [dqlldq] exp(i f dPx=gla(iy"V, — o
— iy’ a7 +uy’)qg — qiAee’y’ O)F'
- q’(z’A*”Cse”yS)q]). ©)

In the mean field approximation, the fields o, 7, A?, A*®
can be replaced by their groundstate averages: (o), (7),
(AP), and (A*"), respectively. Let us choose the following
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ground state of our model: (A'Y = (A?) = (#) = 0 and
(o), (A3) # 0, denoted by letters o, A. Evidently, this
choice breaks the color symmetry down to the residual
group SU.(2).

Let us find the effective potential of the model with the
global minimum point that will determine the quantities o
and A. By definition Seir = — Vg [ d”x,/=g, where

v _30'24_3AA>!<+‘7 ) 7 S
eff 2G1 Gz eff > eff v ’

v = /de\/:E.

In virtue of the assumed vacuum structure ((A»?) = 0), the
functional integral for S, in (9) factorizes into two parts:

(10)

Z, = expiS (g, A)
=N /[d%][d%] exp(i dex\/—_gq} DQ3>
x [lagNaglexp(i [ aPxy=gl0 D 0

+ OMO' + Q’MQ]>, (11)

where g3 is the quark field of color 3, and Q = (g, ¢5)" is
the doublet of quarks of colors 1,2. The following notations
are also introduced:

D=iy*V, — o+ pny’ M = —iA*Ceé&y’, 12
M = —iAgéy°C.

Here & = (&) denotes an antisymmetric tensor in the

color subspace corresponding to the SU.(2) group.
Clearly, integration over g5 in (11) leads to detD. Let us

next define ¥ = (Q’, Q) and introduce a matrix operator

_(2M, -D'
Z‘(ﬁ, 2M>'

Then the Gaussian integral in (11) can be written in a
compact form:

f [dW]e/? [ NTEYZY _ gep /27 (13)

Using the general formula

det(g s ) — de(~BB + BAB'A]
= det{/AA — ABA™'B],
we obtain
exp(iS, (o, A)) = N’ det(D)det'/2[4MM + MD'M ' D]
= N'det[(iV — o + uy®)]det!/2[4|A[?
+(=iV =0+ py")iV = o + uy)]
(14)
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Here, the first determinant is over spinor, flavor, and coor-
dinate spaces, and the second one is over the two-

dimensional color space as well, and V= Y*V,,.

IV. EVALUATION OF DETERMINANTS IN THE
STATIC EINSTEIN UNIVERSE

Let us first calculate the contribution of the determinant:
Indet[(iV — o+ uy°)] = Iln det[(iV — o + uyY)]
+1In det[y3(iV — o + uy°)y°]
sIndet[y#y*V,V, =2iuV,
—u?+ o]

In our case, Iy is evidently equal to zero, and g#*V ,V, =
2 _
ar

Then

V2, where V2 = g'/V,V, is the spinor Laplacian.

. 2
2In det[(iV — o + uy°)] =1n det[(% — i,u,> - V2
+ %R + 0'2}. (15)

In (15) we used the identity [30]
y*y'V,V, =gV, V, + %R, (16)
where R is the scalar curvature of the space-time. Next,
consider the contribution of the second determinant:
detf4|A]2 + (—iV = o + py*) iV — o + uy")]
= det[4|A]* + y#y"V,V, + 0 + u? — 2uoy’
+2ipy"y V] (17)

In analogy with the case of a flat Minkowski space-time,
consider the Hamiltonian of a massless particle,

A

A=ap, (18)

where a* = 9%y, and (p)* = —-iV,, k=1,...,D — 1.
One can easily demonstrate that in the case of the static
metric (3)

A?=-V?+IR. (19)

With consideration of (16) and (19), formula (17) can be
rewritten in the form

det[4|A]2 + (=iV — o + ,uxyo)(zv — o+ uy"]
= det[4|A]> + o2 + u? — p3 + H> — 2u(H + 09°)],
(20)

where py = id,. Finally, let us introduce the Hamiltonian
of a massive particle

A

H=ap+oy°, 1)

<
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where 137 — —iV. It is related to the massless operator as
follows:

H2=H+ o2 (22)
Then, (17) is rewritten in the form
detl4|A]? + (=iV = o + pyO)(iV — o + uy°)]
— det[4|A? + u2 — p2 + H* —2u3] (23)

Thus, in order to calculate the determinants defining the
effective action, one has to find the eigenvalues of the

operators H and JH. In particular, they may be found
exactly for the case of the static D-dimensional Einstein
universe. They are expressed through the corresponding
eigenvalues of the Dirac operator on the sphere SP~!
[38,39]. The line element

ds? = dr* — a®(d6* + sin®0dQp_,) 24)

gives the global topology R ® S~ ! of the universe, where
a 1s the radius of the universe, related to the scalar curva-
ture by the relation R = (D — 1)(D — 2)a 2. The volume
of the universe is determined by the formula

27TD/261D_1

V(@) ==

(25)

Let us denote the absolute values of the eigenvalues of
the operators (18) and (21) by w; and E,, respectively.
Then, according to [38,39], one has

. 1/ D-1
Hy = T, w; = —(l + )
a 2
Hiyy = “Ep,  E =yl +0>  1=012....
(26)

The degeneracies of w; and E; are equal to

PHED2T(D + 11— 1)
b IT(D — 1) ’

27)

where [x] is the integer part of x.

V. THERMODYNAMIC POTENTIAL AND GAP
EQUATIONS

Next, let us take the complete system of eigenfunctions
W (2, X) = e~ Po'yfs;(X) as a basis. Then the operators in the
two determinants are diagonal and the latter are reduced to
products of corresponding eigenvalues E7 — (py — u)?
and 4|A|> — p} + (E; = p)*. Evidently, there appears a
gap in the spectrum of the second operator proportional
to |Al, and as a result, the diquark condensate is formed.
Using the relation detO = exp(trIn0Q) and following the
standard procedure, one obtains the following expression
for the quark contribution to the effective potential:
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- S
Vet = — ;q
Ny (dpy &
=i [ 5 2 S ddnlE = uf - 4]
+2In[4IAPR — g} + (B = w?) 28)

where v = Vtand V is the volume of the universe, defined
in (25), ¢ is the time interval, and N, denotes the number of
flavors N, = 2.

In the case of finite temperature T = 1/8 > 0, the fol-
lowing substitutions in (28) should be made:

dpo .
27

) — ITZ( Do — iw,,

where w, is the Matsubara frequency. Then the quark
contribution to the effective potential (28) becomes the
thermodynamic potential €},

"Zm i Zdz{ln[(Ez w)? + w?]
B ifwfo
2041 + ]+ (5 £ w2l ©9)

The summation over the Matsubara frequencies can now
be performed with the use of the formula

St + =3 [1 o
+ Z ln<w% + E)

+x

(30)

where, according to (29), p denotes +/(E; = u)*> or
VA|A]? + (E; = w)?, respectively. In the following, we
shall neglect the last term in (30), since it is independent
of o and A, and the first term can be rewritten as

3 [t e

= 21n cosh(pB/2) + const

= pB + 2In(1 + e »B) + const.
(1)

Then the final form of the thermodynamic potential looks
like

PHYSICAL REVIEW D 76, 064029 (2007)

Al Ny -
Qo A)=3(—+—) LN, -2 S d}{E + T1
(0.8 =3+ 20) - v, ) e+ T
X (1+ e PE-#W) + TIn(l + ¢ BEFW)}

N &Y
~ 3£ S diy(E — p +4IAP
=0

+ (B + )+ 41AP
+ 2T In(1 + e~ AV(E w7 +4IA1%)

+ 2T In(1 + e AV E+w?+4AP)Y (32)

In order to find the correspondence of the result obtained
with the case of the flat space—time,2 we consider the zero
curvature limit, i.e., R — 0 (a — ), of the expression for
the thermodynamic potential. In this limit

R—0,

[ — o0, wl—>la_1

Z—»[dl=a/dwl=afdp

(where we have changed the variables w; — p) and, since

rO+1-1) _ oy
ra+1) ’

the degeneracy is equal to

2[(D+l)/2]F(D +1-1) o[(D+1)/2] Do
LTTU+Drio—1 (D -2)!

By taking the expression (25) for the volume V(a) into
account, we finally obtain for the case D = 4

d*p
QO=3(—++—]-2N
(261 Gz) /

@m)
X{E, + Tn(1

a — 09,

+ e PEW) + Tin(1 + e FE )}

3
2y [GEE, — w + 4laP

+ (B, + w)? +41AP
+ 2T In(1 + e~ PV(E,~ w7 +4IAF)

+2TIn(1 + e~ AVE R HAIAR))

This equation coincides with the corresponding result for
the ordinary four-dimensional flat space-time (see, e.g.,
[17-19]).

Now, imposing the condition on the effective potential,
Q(0, 0) = 0, we should subtract a corresponding constant
from it. The thermodynamic potential, normalized in this
way, is still divergent at large /, and hence, we should

(33)

*Because of different topologies of the flat space-time and the
Einstein universe, the expressions for their line elements do not
relate to each other by any simple limiting procedure.
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introduce a (soft) cutoff in the summation over [ by means
of the multiplier [33] e~ /A where A is the cutoff
parameter.

For convenience, we shall divide all the dimensional
quantities that enter the thermodynamic potential by the
|

|A2

reg —
Qe (o, A) = 3<2G1 .

8
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corresponding power of A to make them dimensionless,
ie, Q/AP, o/A, AJA, AP72G 5, APV, R/A%, T/A,
u/A, w;/A, and denote them using the same letters as
before: ), o, A, Gy, V, R, T, , w,. Then the regularized
thermodynamic potential is written as

N 00
) - Vf(NC —2)> e “dfE, + Tin(1 + e AE~1) + Tln(1 + e~ A1)}
=0

N JE AP 4R
- Vf Z “"ldl{\/(E, — )+ 4AP7 + \/(E, + )2 + 4|A]2 + 2T In(1 + e~ AV E—mP+4IALR)

+ 2T In(1 + e~ AV Etw?+4IARYyY

In the following section, we shall perform the numerical
calculation of the points of the global minimum of the
finite regularized thermodynamic potential ()™(q, A) —
0g(0, 0) [they should of course coincide with the minima
of the potential Q™2(g, A)], and with the use of them,
consider phase transitions in the Einstein universe. To
this end, we have to consider the following gap equations:

gQyree _ oQ)ree _
Pyl 9A 0. (35)
VI. PHASE TRANSITIONS

As it is seen from (32), the thermodynamic potential
depends on two independent coupling constants G; and
G,. In what follows, we shall fix the constant G,, similarly
to what has been done in the flat case [12,18], by using the
relation

G, =3G,. (36)

For numerical estimates, let us further choose the constant
G, such that the chiral and/or color symmetries were
completely broken. For comparison, we shall consider
two cases of the choice of the constant: (1) G; = 10 (this
value formally corresponds to that of [33]) and
(2) G| = 20. It should be noted that different choices of
the value of G; do not change the results in principle, but
the scales of parameters are changed significantly (see

*In flat space-time, the regularization cutoff constant A can be
determined from the experimental results. However, in the case
of a curved space-time, in order to fix the cutoff A we need new
theoretical/experimental inputs for chiral QCD in (strong) gravi-
tational background fields, concerning, for instance, the effective
gluon mass, known values of the quark condensate, or even
experimentally measured pion properties. Our aim here is to
perform only a qualitative study of gravitation effects on chiral
and color symmetry breaking and its restoration, focusing only
on the qualitative dependence of the phase structure on gravity.
To this end, due to the present lack of experimental knowledge,
we scale the thermodynamic potential and all relevant quantities
like condensates, curvature, chemical potential, and temperature
by the unknown cutoff A.

(34)

[

Fig. 5 below). Moreover, let us now limit ourselves to the
investigation of the case D = 4 only.

Let us first consider phase transitions in the case of zero
temperature. Then, the thermodynamic potential takes the
form

A\ N,
Q¢(0, A) =3[ ~— + —— ) ——L(v, -2
(0 4) 3<2G1 G2> y We=2)

X i e “d{E, + (u — E)0(n — E)}
l:

3

Nf —w, 2 2
Y D (B )

+ (B, + )+ 41APY, (37)

Figures 1-3 show the behavior of the point of the global
minimum (o, A), determined from the gap equations (35)
for the potential (37), as a function of u at different values
of R=3,R=12,and T = 0, for G; = 10 and G; = 20.

Using the formulas for the thermodynamic potential
Q¢ we can calculate the fermion number density in the
system

aQreg
Iu

at fixed 7. (38)

The function n(w) at fixed R is depicted in Fig. 4. The
stepwise character of the curve is explained by the dis-
creteness of the energy levels and by the presence of the
step function in (37). It is seen from these figures that,
when the chemical potential exceeds the critical value .,
the chiral symmetry is restored and the color symmetry is
broken. Notice that for R = 3, G; = 10 our value for u, =
1.75 is close to that from [33].

One may ask why the diquark condensate A vanishes for
large chemical potential u, i.e., why CSC will be destroyed
at large densities. (An analogous behavior is seen also in
Fig. 6 of [19].) In fact, since in the weak coupling QCD of
flat space-time the nonvanishing CSC phase is present for
arbitrary large values of w, the NJL results for large values

064029-6
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Condensates ¢ and A as functions of u for R =3, G; = 10, and T = 0 (all quantities are given in units of A).
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FIG. 2. Condensates o and A as functions of u for R = 12, G; = 10, and T = 0 (all quantities are given in units of A).
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FIG. 3.

of the chemical potential could be an artifact of the model
and should be considered with care.

As is clear from Figs. 1-4, a first order phase transition
takes place at the point u = u . (the first derivative of the
thermodynamical potential is discontinuous).

In Fig. 5, the u — R-phase portrait of the system at zero
temperature is depicted for two choices of G; = 10 and
G, =20 (1, 2, and 3 denote the symmetric, chiral, and
superconducting phases, respectively).

For points in the symmetric phase 1, the global mini-
mum of the thermodynamic potential is at 0 =0, A =0
(chiral and color symmetries are unbroken). In the region
of phase 2, only chiral symmetry is broken and o # 0,
A = 0. The points in phase 3 correspond to the formation
of the diquark condensate (color superconductivity) and

0.8 |
\
0.6 \
\
0.4 ‘
0.2 |
\

2 4 6 8 a

Condensates o and A as functions of u for R = 12, G; = 20, and T = 0 (all quantities are given in units of A).

—

0.8
0.6
0.4

0.2

2 4 6 8 .

FIG. 4. The fermion number density at R =3, T =0, and
G, = 10.
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FIG. 5. The phase portrait at T = 0 for G; = 10 (left picture) and G; = 20 (right picture). Dashed (solid) lines denote first (second)
order phase transitions. The bold point denotes a tricritical point. The numbers 1, 2, and 3 designate the symmetric phase, the phase
with chiral symmetry breaking, and the superconducting phase, respectively.
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FIG. 6. The phase portraits at 7 = 0.35 (left picture) and at R = 3 (right picture), G; = 10.

the minimum takes place at o = 0, A # 0. The dashed line
in Fig. 5 denotes the first order phase transition, and by the
solid line the second order phase transition is depicted. The
bold point denotes the tricritical point between transitions
of the first and second orders. As was pointed out in [33],
the vertical line at T = 0 between phases 1 and 2 implies
that the lowest eigenvalue of w( is nonvanishing. In the
vicinity of this line, a second order phase transition takes
place, i.e., in this case, the curvature R behaves exactly in
the same way as the temperature 7" does in the flat space.
Let us mention that, as in the flat space (see [18]),at 7 = 0,
no mixed phase with both condensates different from zero
takes place. Comparison of the plots for values G; = 10
and G; = 20 demonstrates no significant modification of
the form of the phase portrait made by the different choices
of the coupling constant. However, with growing value of
G, the critical values of R and u increase.

The above results are in agreement with the conclusions
of [18,19] made for a flat space-time that in two-flavor
QCD a second order phase transition takes place at high
temperatures and a first order transition at high densities,
and this leads to the presence of a tricritical point.

Moreover, the oscillation effect clearly visible in the
phase curves of Fig. 5 should be mentioned. This may be
explained by the discreteness of the fermion energy levels
(26) in the compact space. This effect may be compared to

the similar effect in the magnetic field H, where fermion
levels are also discrete (the Landau levels). The corre-
sponding magnetic oscillations of the wu — /eH-phase
portrait in dense cold quark matter with four-fermion
interactions were found in paper [10], where it was dem-
onstrated that in the massless case, such a phase structure
leads unavoidably to the standard van Alphen—de Haas
magnetic oscillations of some thermodynamical quantities,
including magnetization, pressure and particle density.* In
addition, we considered also phase transitions at finite
temperatures. In Fig. 6, & — R- and T — u-phase portraits
are depicted. No mixed phase with simultaneous nonzero
values of oo # 0, A # 0 can be seen in these plots.

It is clear from Fig. 6 that with growing temperature both
the chiral and color symmetries are restored. The similarity
of plots in R — p and u — T axes leads one to the con-
clusion that the parameters of curvature R and temperature
T play similar roles in restoring the symmetries of the
system. For comparison, we also studied the phase portrait
for the case of vanishing curvature, R = 0. The obtained
result turns out to be very similar to the right picture in
Fig. 6. In the case R = 0, with chemical potential growing

“On the other hand, since these oscillations are related to the
restoration of color symmetry for large w, they seem to be here
rather an artifact of the NJL model.
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from zero, the critical temperature for the transition be-
tween phases 1 and 2 decreases from a value slightly higher
than 1.5.

VII. CONCLUSION

By using a static model of compact space-time (the
Einstein universe), we have derived a nonperturbative ex-
pression for the thermodynamical potential of the
Nambu—Jona-Lasinio model in the mean field approxima-
tion. The corresponding effects of gravitation were exactly
taken into account. This allowed us to consider phase
transitions in the vicinity of the critical points. In particu-
lar, we have studied the influence of the chemical potential,
the temperature, and the curvature on the chiral and color
superconducting phase transitions. Moreover, an oscilla-
tion effect of the phase curves was found, which may be
explained by the discreteness of the fermion energy levels
in the compact space.

The analysis made in this paper demonstrates that the
space curvature R in the case of compact space plays an
analogous role as the temperature 7" does in the flat space,
leading to a second order phase transitions and the resto-
ration of chiral symmetry. On the other hand, at certain
values of the chemical potential (and a sufficiently large
coupling constant), a superconducting phase is formed, and
the color symmetry is broken. However, as might be ex-
pected, the chiral and color symmetries become restored at
high temperatures and high curvatures.”

Clearly, the simple schematic model of gravitation con-
sidered in this work may represent, at best, only qualitative
features of the dependence of quark and diquark conden-
sates on a strong gravitational field. Much further work has

Notice that we have primarily concentrated ourselves to the
study of chiral and color symmetry breaking in the 4-
dimensional Einstein universe. It should, however, be mentioned
that the phase curves plotted for space dimensions different from
3 demonstrate a considerable similarity with the case studied in
this work.

PHYSICAL REVIEW D 76, 064029 (2007)

to be done towards a more quantitative and realistic de-
scription of the dynamical breaking and restoration of
chiral and color symmetries in curved space-time. This
concerns, in particular, the interesting question, whether
the predicted CSC in cold compact objects like neutron
stars (see, e.g., [40] and a more recent paper [41]) might
eventually be influenced by the associated strong gravita-
tional fields. Concerning the cosmological situation, it
should be mentioned that the temperature in the cosmo-
logical phase transition after the big bang is very high.
Thus, the hadronic phase transitions, considered in this
paper, are not related to this cosmological phase and could
only occur later at lower temperatures. Moreover, a
straightforward cosmological interpretation of our model
is not adequate, since real space-time at the present stage of
cosmological evolution seems to be flat and not curved or
closed. Despite the fact that our model space-time is in this
sense just a theoretical model, we believe that the problem
considered here represents an interesting new example of a
quantum field theory model with interacting fields which is
studied nonperturbatively in curved space-time. In particu-
lar, this framework allowed us to study the interplay of
quantum effects and gravitational background (space-time
curvature) in the restoration of dynamically broken chiral
and color symmetries. Hopefully, such kind of studies
might initiate other investigations, which are yet closer to
realistic cosmological or astrophysical situations.

ACKNOWLEDGMENTS

One of the authors (V. Ch. Zh.) gratefully acknowledges
the hospitality of Professor M. Mueller-Preussker and his
colleagues at the particle theory group of the Humboldt
University extended to him during his stay there. We thank
also I. E. Frolov for his consultations in some questions of
numerical calculations and K.G. Klimenko for fruitful
discussions. One of us (D.E.) is also grateful to L.
Alvarez-Gaume for useful discussions and comments.
This work was supported by DAAD.

[1] Y. Nambu and G. Jona-Lasinio, Phys. Rev. 122, 345
(1961); 124, 246 (1961); V.G. Vaks and A.I. Larkin,
Zh. Eksp. Teor. Fiz. 40, 282 (1961) [Sov. Phys. JETP
13, 192 (1961)].

[2] M.K. Volkov and D. Ebert, Yad. Fiz. 36, 1265 (1982)
[Sov. J. Nucl. Phys. 36, 736 (1982)]; Z. Phys. C 16, 205
(1983); D. Ebert and H. Reinhardt, Nucl. Phys. B271, 188
(1986).

[3] D. Ebert, H. Reinhardt, and M. K. Volkov, Prog. Part.
Nucl. Phys. 33, 1 (1994).

[4] T. Hatsuda and T. Kunihiro, Phys. Rep. 247, 221 (1994).

[5] D. Ebert, L. Kaschluhn, and G. Kastelewicz, Phys. Lett. B

264, 420 (1991).

[6] U. Vogl, Z. Phys. A 337, 191 (1990); U. Vogl and W.
Weise, Prog. Part. Nucl. Phys. 27, 195 (1991).

[7] S. Kawati and Miyata, Phys. Rev. D 23, 3010 (1981); V.
Bernard, U.-G. Meissner, and 1. Zahed, Phys. Rev. D 36,
819 (1987); Chr.V. Christov, E. Ruiz Arriola, and K.
Goeke, at the XXX Cracow School of Theoretical
Physics, 1990, Zakopane, Poland [Acta Phys. Pol. B 22,
187 (1991)]; D. Ebert, Yu.L. Kalinovsky, L. Miinchow,
and M. K. Volkov, Int. J. Mod. Phys. A 8, 1295 (1993);
K. G. Klimenko and A.S. Vshivtsev, JETP Lett. 64, 338
(1996); A.S. Vshivtsev, V.Ch. Zhukovsky, and K.G.

064029-9



D. EBERT, A. V. TYUKOV, AND V.CH. ZHUKOVSKY

(8]

Klimenko, JETP 84, 1047 (1997).

S.P. Klevansky and R. H. Lemmer, Phys. Rev. D 39, 3478
(1989); H. Suganuma and T. Tatsumi, Ann. Phys.
(Leipzig) 208, 470 (1991); T. Inagaki, S.D. Odintsov,
and Yu.l. Shil’nov, Int. J. Mod. Phys. A 14, 481 (1999);
E. Gorbar, Phys. Lett. B 491, 305 (2000).

M. A. Vdovichenko, A.S. Vshivtsev, and K. G. Klimenko,
Phys. At. Nucl. 63, 470 (2000).

D. Ebert, K. G. Klimenko, M. A. Vdovichenko, and A.S.
Vshivtsev, Phys. Rev. D 61, 025005 (1999).

D. Ebert and K.G. Klimenko, Nucl. Phys. A728, 203
(2003).

D. Ebert, V. V. Khudyakov, V.Ch. Zhukovsky, and K. G.
Klimenko, Phys. Rev. D 65, 054024 (2002); D. Ebert,
K. G. Klimenko, H. Toki, and V.Ch. Zhukovsky, Prog.
Theor. Phys. 106, 835 (2001).

J. Hiifner, S.P. Klevansky, P. Zhuang, and H. Voss, Ann.
Phys. (N.Y.) 234, 225 (1994); 1. N. Mishustin et al., Phys.
Rev. C 62, 034901 (2000); Phys. At. Nucl. 64, 802 (2001);
M. Hanauske et al., Phys. Rev. D 64, 043005 (2001).

B. C. Barrois, Nucl. Phys. B129, 390 (1977).

S.C. Frautschi, in Proceedings of the Workshop on
Hadronic Matter at Extreme Energy Density, Erice,
Italy, edited by N. Cabibbo (Plenum, New York, 1978).
D. Bailin and A. Love, Phys. Rep. 107, 325 (1984).

M. Alford, K. Rajagopal, and F. Wilczek, Nucl. Phys.
B537, 443 (1999); K. Langfeld and M. Rho, Nucl. Phys.
A660, 475 (1999).

J. Berges and K. Rajagopal, Nucl. Phys. B538, 215 (1999).
T.M. Schwarz, S. P. Klevansky, and G. Papp, Phys. Rev. C
60, 055205 (1999).

M. Alford, Annu. Rev. Nucl. Part. Sci. 51, 131 (2001);
B. O. Kerbikov, arXiv:hep-ph/0110197.

I. A. Shovkovy, Found. Phys. 35, 1309 (2005).

T. Inagaki, S. D. Odintsov, and T. Muta, Prog. Theor. Phys.

(23]
[24]
[25]
(26]

[27]
(28]

(29]
[30]
(31]
(32]
[33]
[34]

[35]
(36]

[37]

(38]
[39]

[40]
[41]

064029-10

PHYSICAL REVIEW D 76, 064029 (2007)

Suppl. 127, 93 (1997), and references therein.

E. Elizalde, S. Leseduarte, and S. D. Odintsov, Phys. Rev.
D 49, 5551 (1994); Mod. Phys. Lett. A 9, 913 (1994).
E. Elizalde, S. Leseduarte, S.D. Odintsov, and Y.L
Shilnov, Phys. Rev. D 53, 1917 (1996).

E. V. Gorbar, Phys. Rev. D 61, 024013 (1999).

T. Inagaki and K. Ishikawa, Phys. Rev. D 56, 5097 (1997).
T. Ohsaku, Phys. Lett. B 599, 102 (2004).

D. Ebert and V.Ch. Zhukovsky, Phys. Lett. B 645, 267
(2007). (The paper contains a misprint in the definition of
v matrices in the charge conjugation operator C, which
should read like this C = iy?y". The results of the paper,
however, were obtained with the above correct expression
for this operator and do not depend on this misprint.)
T.S. Bunch and L. Parker, Phys. Rev. D 20, 2499 (1979).
L. Parker and D.J. Toms, Phys. Rev. D 29, 1584 (1984).
D.K. Kim and K.G. Klimenko, J. Phys. A 31, 5565
(1998).

A. Goyal and M. Dahiya, J. Phys. G 27, 1827 (2001).

X. Huang, X. Hao, and P. Zhuang, arXiv:hep-ph/0602186.
J.D. Barrow, G. F. R. Ellis, R. Maartens, and C. G. Tsagas,
Classical Quantum Gravity 20, L155 (2003).

J.D. Smith and D.J. Toms, Phys. Rev. D 53, 5771 (1996).
D.R. Brill and J. A. Wheeler, Rev. Mod. Phys. 29, 465
(1957).

J.S. Dowker, J.S. Apps, K. Kirsten, and M. Bordag,
Classical Quantum Gravity 13, 2911 (1996); arXiv:hep-
th/9511060.

R. Camporesi, Phys. Rep. 196, 1 (1990); R. Camporesi
and A. Higuchi, J. Geom. Phys. 20 1 (1996).

P. Candelas and S. Weinberg, Nucl. Phys. B237, 397
(1984).

M. Alford, arXiv:hep-ph/0110150.

T. Fujihara, T. Inagaki, and D. Kimura, J. Phys. A 39, 6371
(2006).



