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Abstract

We investigate the formation of quark and diquark condensates in two different
situations. First, we study the phenomenon of chiral and color symmetry
breaking and their restoration for a uniformly accelerated observer due to
the thermalization Hawking—Unruh effect. The gap equations for quark and
diquark condensates with finite chemical potential are constructed. The
critical value of acceleration is also obtained. Second, we consider the
phase transitions in dense matter with quark and diquark condensates in
the static Einstein universe at finite temperature and chemical potential. The
nonperturbative expression for the thermodynamic potential is obtained. The
phase portraits of the system are constructed.

PACS numbers: 04.62.+v, 11.10.Wx, 11.30.Rd

1. Introduction

Effective field theories with four-fermion interaction of the Nambu—Jona-Lasinio type (NJL)
[1] are quite useful in describing the physics of light mesons and diquarks. It was proposed
more than 20 years ago [2—4] 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 regions of
moderate densities was recently proved (see, e.g., papers [5-9]). Since quark Cooper pairing
occurs in the color anti-triplet channel, a nonzero value of (gq) 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 considered as a dynamical competition between diquark (gq) and usual
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quark—antiquark condensation (Gg). Special attention has also been paid to the catalyzing
influence of color magnetic fields on the condensation of diquarks.

Recently, the dynamical chiral symmetry breaking and its restoration for a uniformly
accelerated observer due to the thermalization effect of acceleration was studied in [10] at zero
chemical potential. Further investigations of the possible 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 are thus especially interesting.

Related problems have also been studied for chiral symmetry breaking in a curved
spacetime [11, 12], which may be useful for the investigation of compact stars, where the
gravitational field is strong and its effect cannot be neglected.

The paper is organized as follows. In the following section, we briefly review the extended
NJL model in the curved spacetime and obtain the general expression for the effective potential
in the mean-field approximation. Then we apply these formulae to two different situations.
First, in section 3, we study the restoration of chiral and color symmetries for a uniformly
accelerated observer by using a NJL-type model formulated in Rindler coordinates. We
calculate quark and diquark condensates as functions of the Unruh temperature and finite
chemical potential. We report the critical values of acceleration (the critical Hawking—Unruh
temperatures) for the restoration of the broken chiral and color symmetries first obtained in
[13]. Second, in section 4, we study the influence of gravitational field, temperature and
chemical potential on the behavior of the quark and diquark condensates. As the simplest
model of the curved spacetime we take the static Einstein universe. This model is widely
used in the literature in studying the phenomenon of Bose—FEinstein condensation (see, e.g.
[14] and references therein). This allows us to derive a nonperturbative expression for the
thermodynamical potential and to construct the phase portraits of our system (for more details
see [15]).

2. The extended NJL model in the curved spacetime

In the D-dimensional curved spacetime with signature (+, —, —, —, ...), the line element is
written as

ds® = ngeled dx dx.
The gamma-matrices y,, metric g,, and the vielbein ef; , as well as the definitions of

the spinor covariant derivative V, and spin connection w®

relations [16, 17]:

are given by the following

V(). v ()} = 2,0 (x), {va, y{;} = 2Map> Nab =Adiag(1, -1 -1 -1,..), W
guwg” =4, g"(x) = e (x)e™ (x), Yu(x) = €, (X)Va-

V=0, +Ty, Ly = %“)ZB%}% Oabh = };[7/&» il )
wZB = %eax egp[ckpu = Cop — Cipl, Coon = eia[pema.

Here, the index a refers to the flat tangent space defined by the vielbein at spacetime point x,
and the ya(& =0,1,2,3,...) are the usual Dirac gamma-matrices of Minkowski spacetime.
Moreover ys is defined, as usual (see, e.g., [17-19]), i.e. to be the same as in flat spacetime
and thus independent of spacetime variables.

A schematic 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
£ =qliy"Vy+ny’lq + ZGTI[(W +(qiy 2g)’] + %[iqcse”ysq][icieebysqc]. (3)
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Here, p is the quark chemical potential, g. = Cg’, . = q'C are charge-conjugated bispinors
(¢ stands for the transposition operation). The charge conjugatlon operation is defined, as usual

(see, e.g., [17]), with the help of the operator C = y2y?, where the flat-space matrices >
and yY are used.
The quark field ¢ = g¢;, is a doublet of flavors and triplet of colors with indices

i=1,2:a = 1,2,3. Moreover, T = (7', t2, %) denote Pauli matrices in the flavor space;
(e)* = &k, (e")*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 (3) with the collective boson fields o, 7 and A,

= gliy"V, + —i A*”A”
=gy ny®lg — g(o +iy’T)q (0> +7%) —

— A*[ig' Cee®y g1 — Ah[lqse Y3 Cq'l. 4)

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

In the one-loop approximation, the partition function can be written as follows:

7= f [dq][dc‘z][da][dﬁ][dA*”][dAb]exp{i f de«/_—g[l}, (5)

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

exp{iSer (0, T, AP, A™)} = N /[dq][dc’;]exp{i[ de«/—gE}, (6)

where

Serr(0, 7, AP, A) = — / d?xv/~g [ +8 (D
where S, is the quark contribution.

In the mean-field approximation, the fields o, 7, A? and A*” can be replaced by their
groundstate averages: (o), (), (AY and (A*h), respectively. Let us choose the following
ground state of our model:

(Al = (A% = (7) =0,
and denote (o), (A3) # 0, by letters o, A. Evidently, this choice breaks the color symmetry

down to the residual group SU.(2).
The quark contribution has the following form:

3(c? +7r) 3APA*D
2G, G,

S, (0, A) = —ilnDet[(iV — o + uy®)] — %m Det[4| A
+(=iV =0+ uy") GV — o + uyN1. (8)

Here, the first determinant is over spinor, flavor and coordinate spaces, and the second one is
over the two-dimensional color space as well, and V = y#V/,.
Let us find the effective potential of the model with the global minimum point that will

determine the quantities o and A. By definition Ser = — Vigr f dPx./—g, where
362 3AA* . . S
Vett = =+ —— + Verrs Vetr = ——, V= /dev—g. 9
2G, G, v



J. Phys. A: Math. Theor. 41 (2008) 164064 D Ebert et al

3. Accelerated observer

The physics for an accelerated observer can be described by transforming from Minkowski
coordinates (x°, x',X,) to the Rindler coordinates (1, o, X,) by means of the following

coordinate transformation:
x" = psinhan, x! = pcoshan, x'=x' (i =2,3),

where 7 is the time variable in Rindler coordinates and « is the acceleration.
The line element is given by the relation

ds? = a®p? dn* — dp* — dx2.

In what follows, we shall limit our consideration to the right Rindler wedge. The worldline of
the observer is thus given in Rindler coordinates as

n(r) =1, o) =1/a, X1 (7) = const. (10)
The quark contribution to the effective action can be written in the form
— _ 2 2
S, _Sql+qu_—§[trlnBl+2tr1nBz], (11)

where we have summed over colors (leading to the factor 2 in the second term; the tr-operation
does not include color indices any more) and

B} = (=iy"V, — o — uy")(iy*V, — o + ny%), 1)
B3 = 4|A + (—iy"V, — o + uy")(iy"V, — o + uy°).

Here the product of the relevant operators appearing in (12) can be represented in Rindler
coordinates as

2
B? = (—iy"V, — o) (iy*V —a):i la +ly())/i — a—2+li—(;7%)i—az )
g p?la’ 2 > pop
(13)

In what follows, it is convenient to represent the operators B>, 322 in the basis of the solutions
of the squared Dirac equation

B*W; (.31, p) =0. (14)
The solutions can be sought in the form
Wi (0 E L p) = e e T y(p), (15)

and hence, with the consideration of (13), the function v/; (o) is the solution of the second-order
Bessel differential equation forming the basis of the Rindler modes (see, e.g., [20])

d? d
2 2 2 2 _
(P d—p2+)0@—m/0 +Ej>¢fj(,0)—0, (16)
where for the Rindler modes in the fermion sector, we have to take
- 1\2
m? =k + 02, Ej:(ji%) , 0<j<+00. (17)

Two independent solutions of equations (14), (16) can be obtained by using the projection
operator Pr = 1(1 £y :

v =Py, YT =Py
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Then the normalized solutions of (16) look as follows:
/(=2ij — 1) coshmj

v (p) = L1 (mp),
T ’ (18)
Yy (p) = YOI ‘nl)co‘“'h K ),

where K, is the Macdonald function (modified Bessel function).
These solutions (p |k 1, j,x) = 1//(i) (p), for which we shall use the shorthand notation
w(i) (p) = w( )](,0) form a complete set of functions.
Taking the above formulae and the product of operators (13) into account, we obtain
=4|A* + il la+1 2 82+18 - FV)?
—|— —o?
,0 27/01’1 02 pop YVvV)1
JIACES" . Lz
+(5) = — 22 lnwe — inG )l (19
a’ p ap

For our further calculations, we also have to transform, in the same way, the product of
operators in 312:

11 1 w1’ 2 190 -
2 _ Y o N B £~ v SR
B; —P[;8n+§y0yl 1ai| [8p2+,08,0 (yV)], —o°|. (20)
In order to find nonvanishing condensates o and A, one should solve the gap equations:
0 Vegr Ve
T —o, o 2L
dA* ao

Moreover, by taking into account the fact that the position of the accelerated observer is defined
in (10), we can put p = 1/a.

3.1. Chiral symmetry breaking

First, let us consider chiral symmetry breaking. In this section, unlike [10], a nonzero chemical
potential u will be taken into account.
Let us first assume that A = 0. Then according to (11) and (13),

Sy = —%itrlnB2
and the gap equation looks like
iG o 1
[d*xy—g d4x\/_ "B
Going over to the momentum representation we obtain

dk, d’k *d
=—iGioNy [ 2 [ S5 [ Lk ol L1EL Ko, Py,
@m)rJy o =

where Ny = 2 is the number of flavors in our problem. With the use of the completeness
relation of the Rindler basis (p|ky, j, £) = I/JSE)/, (p), let us go over to this basis in the variable
Loy

g = —

0, so that

, d? d 2 2 A
d,o M PR _>_<Ji§) :

Next, we are going to an imaginary time coordinate, i.e., to the Euclidean spacetime in
order to consider the thermal effect of acceleration [21, 22]. The Euclidean Rindler spacetime

5
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has a singularity at p = 0, therefore we have to choose the period of the imaginary time as
27 /a [16].
The gap equation for the critical curve, corresponding to o = 0, finally looks as follows:

G o0 —
1=_1Nf/ dg q {tanh (7 L4 +tanh(nq+“) . 22)
272 7 a a

The above equation precisely corresponds to the known expression for the critical curve,
obtained for finite temperature and chemical potential (see, e.g. [23]), if the correspondence
between the acceleration a and Unruh temperature 7 is taken into consideration,

T 1

a 2T
Now, recall that the Unruh temperature is given by the relation

a
T = K.
2.5 x 1022(cm s—2)

Let us take the value of the maximum critical temperature on the transition curve for the quark
condensate formation 7,, = 0.169 GeV, calculated in [23]. Then, we find for the critical
acceleration the following estimate a. = 27T = 27 x 0.169 GeV = 3.2 x 10% cm s~2. This
value is an order of magnitude larger than the value found for the case of a vanishing chemical
potential in [10].

3.2. Color symmetry breaking and formation of a diquark condensate

In order to study the minimum in the variable A of the diquark condensate, we may here put
o = 0. Now, we have

S,2 = —itrln By = —itrIn[4]A]* + (=iy"V, + uy")iy"V, + uy"1l.  (23)
The corresponding gap equation now takes the form
3A 1 A
Gy [dix/—gaA*’
Then the operators in the above equations can be expanded in the Rindler basis (18). Let
us again estimate the value of the critical Unruh temperature and acceleration, at which the
broken color symmetry is restored. For this purpose, we now put A = 0, and after going over

to the Euclidean spacetime and Matsubara frequencies the gap equation can again be written
in the form

2G A tanh T A tanh TY=) w tanh Z&=0)
1=33N / dg q*———*— +/ dg ¢* ——— +/ dg > ——— |,
3 0 q+u n q—u 0 nw—gq

where the upper limit in the integral was replaced by the cutoff A for the physical regularization.
If the correspondence 7 = % between the acceleration a and temperature 7 is taken into
consideration, this result exactly corresponds to the well-known formula for the critical curve
in the usual CSC theory at finite temperature [24, 23]. Let us again give a rough estimate of
the order of the critical acceleration using the numerical results of [23]. By taking their value
of the critical temperature on the transition curve for color superconductivity 7, = 40 MeV,
and the chemical potential © = 0.4 GeV, we find for the critical acceleration the following
estimate a. = 27T, = 27w x 0.04 GeV = 7.5 x 10** cm s~2, which differs from the critical
acceleration for restoration of chiral symmetry by a factor 4.

6
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4. Static Einstein universe

We will use the static D-dimensional Einstein universe as the simple example of the curved
spacetime. The line element
ds? = dr? — a*(d6? + sin® 0 dQp_») (24)

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

277 D/24D—1
D
r(z)
In analogy with the case of flat Minkowski spacetime, we introduce the Hamiltonians A
and H of massless and massive particles respectively

V(a) = (25)

H=ap, H=ap+oy°, (26)
where of = y0y% and (p)f = —iVi, k=1,...,D — 1.
Then the quark contribution to the effective action can be written in the following form:

S, = _%{mDet['ﬂz — (po — w1+ InDet [4|A* + (A — w)* - p3]}, @7

where we have summed over colors (Det-operator does not include color space).

The eigenvalues of the operators A and H 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~! [19, 25]

~ 1 D—1
Hny = xapiy, wl=—(l+ > ),

a (28)
Ay = +En, E =,/o} +02, [=0,1,2....
The degeneracies of w; and E; are equal to
ADD2T (D +1 — 1)
d = , (29)

-1
where [x] is the integer part of x.
After going over to the Euclidian spacetime and summing over Matsubara frequencies we
obtain the thermodynamic potential
0_2 | A|2

Q(G,A)=3(—+

Ny - —B(E—
— L (Ne =2) Y d{E;+T In(1 +e PEm
3G, G2> V( ) I{E n(l+e )

=0

N o0
+T In(1 +e PEHMY) 7f > AV (E = ) + 4 AP+ (E+10)2 +4] AP
=0

+27 In (1 +e AV EZ™IARY Lo I (1 4 e FV (B0 +4AR) | (30)

Now, imposing the condition on the effective potential, €2 (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 introduce a (soft) cutoff in the summation over
[ by means of the multiplier e=*/% [12], where A is the cutoff parameter.

In flat spacetime, the regularization cutoff constant A can be determined from the
experimental results like pion mass or pion decay constant. Since we have no such experimental

7
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0 10 20 30 40 R

Figure 1. The phase portraitat 7 = 0 for G; = 10. 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.

data in the curved spacetime, we restrict ourselves only to qualitative study of gravitation
effects. To this end, we scale the thermodynamic potential and all relevant quantities like
condensates, curvature, chemical potential and temperature by the unknown cutoff A. The
Cooper instability between quarks does not occur if the cutoff scale is less than the chemical
potential. However, since we use the soft cutoff regularization we think that our results are
still valid in the vicinity of the cutoff parameter as well.
Then the regularized thermodynamic potential is written as
2

o |A? Ny >
Q(g, A) =3 — + — ——NC—2§ @ g
(@, 4) (2G, G2> V( )Z:OG !

x {E;+ TIn(1 +e PE=M) 4 TIn(1 + e PEr1))

N' o0
— 7 2o |V (E — )P+ AIAP + (E+ P+ 4IAP
=0

+27 In (1 +e PV EWIARY L o I (1 4 e AV B +41AR) (1)

In the following section, we shall perform the numerical calculation of the points of the
global minimum of the finite regularized thermodynamic potential Q"¢(o, A) — Q™(0, 0),
and with the use of them, consider phase transitions in the Einstein universe.

4.1. Phase transitions

In what follows, we shall fix the constant G,, similarly to what has been done in the flat case
[6, 26], by using the relation G, = %Gl. For numerical estimates, let us choose the constant
G = 10 such that the chiral and/or color symmetries are completely broken. Moreover, let
us now limit ourselves to the investigation of the case D = 4 only.

In figure 1, the R—pu-phase portrait of the system at zero temperature is depicted. For
points in the symmetric phase 1, the global minimum of the thermodynamic potential is at
o = 0, A = 0 (chiral and color symmetries are unbroken). In the region of phase 2, only

8
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16 02 04 06 08 1 12 14 16

Figure 2. The phase portraits at 7 = 0.35 (left picture) and at R = 3 (right picture), G; = 10.

chiral symmetry is broken and ¢ # 0, A = 0. The points in phase 3 correspond to the
formation of the diquark condensate (color superconductivity) and the minimum takes place
ato =0,A #0.

Moreover, the oscillation effect clearly visible in the phase curves of figure 1 should be
mentioned. This may be explained by the discreteness of the fermion energy levels (28) 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).

In addition, we considered also phase transitions at finite temperatures. In figure 2, R—u-
and T—u-phase portraits are depicted. It is clear from figure 2 that with growing temperature
both the chiral and color symmetries are restored. The similarity of plots in R—u and T—u
axes leads one to the conclusion that the parameters of curvature R and temperature T play
similar roles in restoring the symmetries of the system.

5. Summary and conclusions

First, we have investigated the role of the thermalization effect by the acceleration of an
observer for the restoration of chiral and color symmetries in quark matter at finite density
in the framework of the NJL model. Obviously, the acceleration here plays the role of the
temperature, as if the system is placed into a thermostat.

Second, we have considered the phase transitions in the static Einstein universe at finite
temperature and chemical potential. The effects of gravitation were exactly taken into account.
Moreover, an oscillation effect of the phase curves was found, which may be explained by the
discreteness of the fermion energy levels in the compact space.

The dependence of chiral and color properties of the quark matter on the acceleration
of the observer may be useful in the physics of black holes, where the Rindler metric can
be considered as an approximation for the description of the surface gravitational fields.
Moreover, the investigation of the influence of strong gravitational fields, such as in compact
stars, on the diquark condensation and thus on the possible existence of color superconductivity
in the core of the compact stars, is also of great importance.
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