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Abstract

We calculate the thermodynamic potential of the quark-gluon plas-
ma in an SU(2) model of GC 12, taking into account the gluon conden-
sate configuration with a constant Ag-potential and a uniform chro-
momagnetic field #. Within this scheme the interplay of condensate
fields, as well as the role of quarks-in the possible dynamical stabiliza-
tion of the system is investigated. .
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1  Introduction

Statistical properties of systems with non-Abelian gauge fields have recently
attracted much attention in connection with the description of the early hot
Universe and investigations'of the behaviour of thé hadronic matter in heavy-
ion collisions. Hadronic matter is believed to exist in two different phases:
a low-temperature confined phase,-and a high-temperature deconfined phase
referred to as the quark-gluon plasma. Many papers devoted to the study of
kinetic properties of the quark-gluon plasma have appeared during the last
years. First, since the effective gauge coupling constant has to be small due
to the property of asymptotic freedom, perturbative methods were exten-
sively used to explore the high temperature dynamics [1). Thereby it turned
out that perturbative cal¢ulations have serions problems. Thus, for exam-
ple, one-loop results for the damping rate of the plasma are unstable with
respect to higher order corrections [2]. Moreover, perturbative expressions
for the free energy density suffer from infrared divergences. After an early "
unjustified optimism that the generation of a chromoelectric Debye screening
mass mp ~ gT [3] would eliminate these infrared divergences of perturba-
tive QC D, Linde has shown this not to be true [4]. For example, in the case
of the free energy such divergence appears in order g°. It is expected that
these divergences, related to zero modes of spatial components of the gauge
field A;, are effectively cut off at momenta of order ¢>T due to the so-called
magnetic mass.

It is generally beheved that the non-lmea.r nature of non-Abelian gauge
fields may lead to the formation of condensates which under certain condi-
tions can serve as infrared regulators. Quark and gluon condensates were first
considered in the @C D sum rule approach [5]. Also a simple analytical model
of the gluon condensate with a uniform chromomagnetic field H = const (the
so called “colour ferromagnetic state”) [6] has been proposed which, however,
suffered from an instability [7]. Various attempts have been made to improve
this with assumptions of a certain domain:like [8} or non-Abelian structure
[9] of the chromomagnetic field. Moreover, the consideration of finite tem-
perature effects did not cure this instability [10). On the other hand, the
possibility of the formation at T # 0 of a new condensate of the 4-th com-
ponent of the gluon potential Ay = const has been discussed in refs.[11]-[16].
This condensate minimizes the effective potential at high temperatures due to
the behaviour of the infrared leading perturbative two-leop and higher-loop
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terms. It has the order of g4, ~ ¢*T. In particular, as the problem of the
homogeneous chromomagnetic field instability stayed unsolved, an attempt
was made to use the As-potential as a stabilizing term [17].

The purpose of the present paper is to study the combined effect of exter-
nal field configurations with H = const and A, == const on the quark-gluon
plasmoa in a simplified SU(2) gauge model of QCD. To this end, we con-
sider the thermodynamic potential as a function of these fields and study
its minimum correspending to the stable thermodynamic state of the sys-
tem. This determines the values of the condensate fields Hin and {Aq)min
as functions of the temperature. In particular, we are interested in the influ-
ence of the chromomagnetic field on the stability of the A4-condensate taking
into account the quark degrees of freedom. Thereby, the interplay of differ-
ent condensate field components in various cases of their relative strengths
is studied. Finally, we estimate the condensate contributions to the Debye
mass which serves as a2 regulator of infrared singularities at T #£ 0.

The paper is organized as follows. Section 2 contains the general formulas
for the effective potential in the one-loop approximation with condensate
fields. In section 3 we investigate the gluon sector, and sections 4 and 5
contain the discussion of the quark sector and the conclusions, respectively.

2 Effective potential in the one-loop approx-
imation
In the following we shall consider an SU(2) gauge model of QC'D in an

external background field A4, whose generating functional in Euclidean space-
time (if = 24} can be written as follows

Z A7 = f@ uwwaﬁ fﬁu+gw+w+wﬂ

where the QCD Lagrangian in the background gauge has the form

Ny i
1 ,
L=F(FLV+ —(D“"pa#)2+xa(D Yaixs +Y Bilyu(0 ~ig 2,\ A°)+m,]¢,r

= @)

Here A% = '/F+ al -747 ts the ba.ckgrouncl field, 62 are quantum fluctuations
of the gluon field, D __ub- = §8, = gf*<A, is the covariant derivative in the

background field, ¥, X are ghost fields and (D Yap = I , (the Lorentz

gauge o = 1 will be adopted in the following).
For the one-loap calculations to be considered here, the gluon Lagranglan is

expa.nded as
%—WTHNMM, - (3)

where E(o)(A) is the Lagrangian of the background field A,., and L(l)(A a},
the Lagrangian quadratic in gluen fluctuations, is.given by

— 1’ - —c
LA, 0) = ~5asl(D )by + 20T, faarle. (4

The quark Lagrangian used in the one-loop approxima,tioh takes the form

‘ Ny o
L:? = z #’i('hvu + m;)z,b,-, - (5)

i=1 . . ) B
where V,, = 6 - ngA is the covariant derwatwe of quarks in the external

field.
Gaussian path integrations in (1) then lead to the result

. Azm = exp [——fd‘*a: (Faw)] det DE‘,,,-—ZgF,.,,f)]_%
| X det( ) Hdet('y,‘V +m.) _ _(6)

By wntmg Z = exp(Wg), we-obtain for the Euclidean effective action

Wi = %zym+ﬂ@+z]“z)m+mm)m

Here &, (‘G)'and £5(Q:) 2re the energy spectra of gluons G and quarks Q; with
flavour 7 in a constant external field with quantum numbers » and %, respec-
tively. Note that unphysical degrees of freedom of gluons are cancelled by




ghost contributions, and in (7) only physical degreés of freedom are counted
by the boson quantum numbers r.
The effective potential is defined as-

V= —1n Z/( L“) = ———-WE, (8
where L* is the 4-volume. In the one-loop approximation we obtain
: V=vO o, (9)

where VI = (F,,)?/4 is the energy density of the classical field, and v is
the one-loop effective potential.
For finite temperature T the ﬁelds are (antl)permdlc

Ar(za+ B) = Aofas), BloatB)= ~¥(a0) (10)
where # = /T, and we substitute
+°° d$4 —)f d$4,

u— 2—;5 —imx, f';: 7 Z {bosons}, (1)

lI=—0

— 2—“(1 + -1-) — tuzk, (fermions).

Here j12% (& = £1) are the chemical potentials corresponding to opp051te
charges of particles (gluons, quarks).

In the case of finite T"and  the partition function of the grand canomca.l_ -

ensemble is given by
Z = Trexp|-8(H - ﬂlél — 12@a)), (12)

where H is the Hamiltonizn of the system, Qm are charge matrices, and the
trace is taken over physical states only. In this case the thermodynamic po-

tential 2 = =7 In Z can be caleulated, and for the one-loop effective potentlal

depending on Tand g we obtam

(1
o= Tegp L X Wl s

I=—00 r{x=21)

4

" ONp 4o - o
,;ZZ 5 12t 2) (’“’2) muz)=+sk(cz.)1 3

=1 I=—00 kix=: :kl)

I we use the formal integral representation (va]:d up to a counter term)

lnA#—] 'i-exp(-s/l)
o S :

where A has a positive definite real part, the expression {13) reads

+00 o0 3 T
v = -_# > j LG X em(—slCg —inu) + (@)

$

r{k==%1)
3 et AEEID i+ @) (14)
a—l k.5
= ¥4 s

where v and v9 are the gluon and -quark contributions to the one-loop
effective potential.

Let us assume that the constant external fields Ay and H modelling the
gluon condensate are described by the following potential

E: =,6p26u'3Hml + buabasAs = 5032,,. (15)\

The energy spectrum of charged gluens in this field
n,a.q;, (G) QQH(TI. + 1/2 - 0’) + qg: (16)

depends on the following quantum numbers: n = 0,1,2, ... is the Landau
quantum number, o is the spin orientation parallel (¢ = 1) and antiparallel
(o = —1) to the external field direction (the & = 0 mode is cancelled by the
ghost coniribution), and g; is the long:tudma,l momentum. For quarks of two
colours we have

Crmpe@i) = 9H(n +1/2 4 0/2) + p + m], (1
where for the ground state n = 0 we have only one value of the spin ori-
entation ¢ = —1 . Note that the naive ground state of gluons (n = 0,6 =
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+1,g3 = 0) is tachyonic , £2(G) = —gH < 0 . Hence, since an unstable
mode is associated with' it, it should be considered separately (see below,
(37)). As for the true ground state {n = 1,0 = +1,¢3 = 0), its energy is

real, &1, = gH, and plays the role of a “mass” of stable excitation modes

of gluons.

The contribution of the Ay potentlal is ea31ly accounted for if we substi-
tute 2y — gAy, fug — g—*- for gluons or quarks, respectwely, in éxpression
(14). We remark that the role of the As-potential in-some way resembles
that of the mass term, since for the gluon Lagrangian {4) we may write

; 1
o= -(62 )7 ig Aadaal £+ 5" A6 — bsbs)ataf) + L) (18)

Here E( stands for the H field contribution, and for charged gluons {c =:1,2;.

d=1 2) g2 A% piays the role of a finite real mass term. This effective mass,
together with the “field mass” squared gH (see alsc sect.3 below), provide for
the regularization of the infrared divergencies arising in finite T perturbative
calculations. Notice that a non-vanishing constant external potential A,
associated to mass generation leads to a spontaneous breakdown of local
SU(2) gauge symmetry.

3 GIuon se_étor

We study here the boson contribution to the one-loop effective potential
and discuss in more detail the case of a strong A4 background as compared
to the H background. Afier integration over g5 in (14) (as understood in
the summation over r, cf.(16)) and separating the temperature independent
contribution with the help of the formuls

+eoo

Z exp(—s(2nl/B+gA,)’ } J_[1+2 Zexp(-——) cos(gAs81), (19)
i=—o00
we obtain for @he gluon effectwe potentlal
szvgﬂo-l_-vg = 8 Z f —exp[ 2gHs(n+I/2—a}
n—O(a £1}
x[1+2 Zexp(—,@zp /4s) cos(gA4BD). (20)
=1

The first term, correspondmg to zero temperature, glves after performmg
regularization and renormalization’ procedures the well known result [6, 7]

. gH (gH)* '

Woo = parylgH) (ln S0t 4 o) T, (2)

where M is the renormalization point, and ¢is a correspondmg nurnerical
constant which we do not specdy here. This expression contains an imaginary
part indicating the instability of this ferromagnetic state of the gauge ﬁeld
al zero temperatire. The second term in {20) determines the temperature
dependent part of the effective potential. Performmg the summatlons over
n and o we obtain .
vg = VG p=o + V5 (22)
where we separated the A = 0 effective potential vT o from the finite H
part "’r H O :

fnio =~y || 5 LB ety @9

oy = g(f'*; (A+B+C), (24)

and

Y b dy 2exp(—3ky) 1. & '
4 - fo ¥ Txp(—way)_,\_)Z"XP(“F/%')COS(QA@I),

s}
[

fo oofTexp( )\y)zexp( 12/4y)cos(gA4ﬁl) (25)

=1

c

[ & w003 el costoan.

=1

Here we have introduced a new integration variable y == s/A4% and a dimen-
sionless parameter A = gHB* . The exponential exp(iy) in C (25) leads to
a divergence of the integral as y — oo . This divergence originates from
the incorrect procedure of integrating over the proper time variable s for the
n =0, ¢ = +1 mode. The gluon state with n = 0}, & = +1 which gives this




divergent exponent in C, is a tachyonic state with imaginary energy, et <0
Note that this unstable mode is respons:ble for the imaginary part of the
effective potential »¢

The H = 0 term (23) is easily computed After mteg:a,tmg over s the
series over I reduces to ‘

i 2m)t |
Y, celleh) —%m@sﬂﬂw), (26)
=1 .

where By(z) = z* — 2z® + 2% — 1/30 is the Bernoulli polynomlal wnth
argument defined modulo 1, and { = gAs.
from uncharged gluons, we obtain °

45

08 gm0 = _%T"_J, §,r=1'4(zg;fa/2ar)2(1 —gpfemy? ~ (20)

(for convenience, here and in the following we use also the dimensionless
variable £8/2m being taken modulo 1).

Now let us consider the limit of high temperatures, > \/_H T > gAi

-as-cornpared-to the background fields and proceed to compute ”T ;- First

we suppose that the potential A, is smaller than the chromomagnetic field

H, e, . N

_ ¢ = gAs < /oH. (28)
Then in the high temperature limit the expressions A, B, C in (25} with the
help of analytical continuation C(A} = B(—A — ic) can be asymptotically
evaluated and for the real part of (24) plus (21) we obtain

' H2 4xT 1 .
VO 4 Re(vy+ i) = 3+ gees(oH (Y =] - gaT(eH)”? -
—bﬁzngT of(gH) T, (29)
where 7 is the Euler constant, and a,b,¢ are numerical constants given by
VZ-1 '
e = 2u-coplsh,
b= IVE-2/2) 41, (30)

1 1
o = fgrlC- KB -1,

8
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with {(z) being the Riemann zeta function, Thls approximate expression was
obtained for the first time for the case of finite chemical potential 4 = —igAs
in ref.f17]. For { = 0 it agrees with the result of ref. [10] It should be

" noted that the logarithmic dependenoe on H present in vf_, is cancelled by
" a corresponding term in v§ .

We are now able to find the minimum of the real part of the effective
potential deternuned by

ORer®/3(+/aH) = 0. @

The solution of this equation gH = (gH)min can be presented in the form
(see also ref.f17]) ‘

VG Hmin = 2maa,(T)T + (%)2'%05%’ o

where the positive numerical constants & and b are defined in (30), and we
have omitted a smaller term proportional to c£%. Moreover

o = 92(T) g | €
o(T) = 4w 4#(1 + zo70? ln(Tzlﬁz)) )

is the effective coupling constant of the pure gluon sector at the scale deter-
mined by T; and M? = MZ2e*{4x)~2. The main term in (32) is proportional
to the infrared regulating parameter o,(T)T [1], which has to be expected
since the “ferromagnetic” background itself is an infrared, i.e. long distance
phenomenon. The second term in (32), proportional to (gA,)*, enlarges
the value of gHum, indicating that there is no tendency of a transition to
the perturbative vacuum with zero magnetic field at temperatures where
£ < a,(THT.

The expressions (27), (29) can be used to find the Debye mass of a tem--
poral gluon influenced by the condensate fields

m})) — 32 G'/aAz =§ 2T9 4g2T2£ﬂ(1 é‘ﬂ)

—2bg*T/gH — 12c* A} (34

JEH '
This expression was derived for the case of small gA,, satisfying (28). Ex-
trapolating it to the condensate value &umin ~ ¢°T (cf.(42) below), and using
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Vg Huin ~ g*(T)T from (32) , we obtain
mp = -32-923“2 + 0T, (35)

where C is a certain numencal coefficient. From (35} we see that keeping
field dependent terms in m%, and determining the condensates by the infrared
behaviour of the theory, is in some sense equivalent to going beyond the one-
loop approximation.

Let us now consider the imaginary part of v%, or:gmatmg from the con-
tribution of the unstable tachyonic mode n = 0, ¢ = +1. Then Imv<, which
does not diverge, can easily be computed taking the termn =0, ¢ = +1 in
the sum over r in (13)

{ ) :
Imw® = Im Z qusl [(gf“—gAd)z—gH'}“}‘] . (36)

At high temperatures T > /gH only the { = 0 term can gwe 2 NoN-zero
contribution to the i nmagmary part and we obtain

Imvc;_ﬁ_\/m(}(gﬂ (9Ad?), -6D

where 8{z) is the usual step function. In fact, (37) a.dmits a simple physical
interpretation in the sense of a tachyenic instability. For large H-fields the
tachyonic contribution —gH to the effective mass squared of charged gluons
dominates over the contribution (gA44)? from the A,-condensate.

However, when the gA4 condensate is larger in magnitude than the mag-
netic one; i.e., gAs > /gH, the i imaginary part vanishes

% =0, gH < (gA)? (38)

and the non-perturbative field configuration may become thermodynami-
cally stable. Thus, the system stabilizes itself as a result of the formation
of condensates +/gHmin and (gAs)min (see the discussion below). Tt is just
the interaction of gluons with the constant field A4 which cures the “ferro-
magnetic” unstable mode n = 0, ¢ = +1 so that the imaginary part of v
disappears. - : ’
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In the region gAy > +/gH, we can write

G__.“2T4 iz::@z _ﬁz
vo= 15 + WT(ZW) ( 271')
P 2F(¥) , G _
)« 7, Imp® =0, (39)

where ® = /glf , and F(vr) is the function of ¥ = (1/2)(1 + 62,/@2), intro-
duced in ref.[17]

F(V) \/E 3/2+/;°° 4(‘ - zdz o - (40)

+ )4 (exp(2rz) — 1)°

Unfortunately, the one~loop effective potential (39) has no nontrivial mini-
mum in £ At the same time, it possesses the well-known Z(2)-symmetry,
as is seen frorn the symmetry properties of the Bernoulli polynomials (26).

The authors of refs.[11]-[16] claim that higher loop contributions to v lead
to the formation of a A, condensate. In fact, let the one-loop result (39) be .
supplemented by the two-loop contribution [12] :

N
2

calculai;ed in the Feynman gauge & = 1 for the case H = 0. Then a non-
trivial minimum arises

puin = (A4} min = (92-/47r')T ey (42)

where the omitted terms'are of higher orders in ¢* and $%/(gA4)?. Generally
speaking, one may expect that the condensate value of A, will be of the
same order as (42), i.e. {gAq)min = ¢X(T)T F(H2, ¢*(T)), where [ is a certain
unspecified function of order unity. Then, for & < ¢ the “ferromagnetic”
background estimated from the result (39), (41) instead of (32) becomes

G(Z)‘__L% 2T4(Eﬁ)+g (41)

= g ()Tl (43)

Substituting the extreme values of £ and @ from (42) a,nd (43) into (39)
{41), one arrives at 3 )
a a (2) _ 2T4 . 4 ng4 gG(T)T-i

§!nin 6 Y
vmin+vmm 15 +g 94 - 4872 - 2444 ( min) - (44)




Thus, one can state that, as a result of gluon sel-interactions, at high tem-
peratures specific condensates /g Hiin and (gA4)min are formed. The former
is determined in the one-loop approximation, whereas the latter is a higher-
loop effect. Though both condensate values are of the same order g2, their
confributions to the thermodynamic potential differ in the order of magni-
tudes: the “ferromagnetic” one is of the order ¢°, and the A4 contribution is
of the order g%

Let us mention that the above resulis have been obtained in the Feynman
gauge a=1. Inref {16] it was shown that the effective potent:al containing
an Ay field does not depend on ihe gauge parameter ai the two-loop level. It
should be expected that this conclusion remains valid for the general back-
ground configuration (15).

Concluding this section, let us compare our results with those of ref.[18],
where the case of an inhomogeneous chromomagnetic field was considered.
The approach, advocated in that paper differs from ours in using the operator
method which gives only the terms of the perturbative expansion in powers
of the chromomagnetic field. Nonperturbative nonanalytical terms in H,
such as those in (39) are not described by such an expansion. The analogous
sttuation of an insufficiency of the operator expansion for the full description
of effects influenced by the external field was mentioned in ref.[19]. The exact
description of the external uniform field, advocated in the present paper,
accounts for the most interesting infrared region and thus cures the infrared
divergences present in the resulting expression of ref.[18]. Indeed, the infrared
divergent term (see eq.(6) of that paper) is reproduced from our expressions
(24), (25) by expansion in powers of gH and subsequent integration in the
proper time representation (14) with an infrared cutoff on the upper limit.
Without expansion, the proper time integral for the real part of ¥ in (24),
(25) converges, the parameter ¢H being the natural infrared regulator.

4 Quark sector

We now examine the role of quarks concerning the stability of the condensate
fields A,, H. In the chiral limit, when masses of quarks are zero, the one-loop
effective potential of quarks is described according to (14} and (17) by the

12

formula

1 2 gH [dps
-1,Q __ _- fluinl e o4
Nf v '81=Z-;o dx 27

x > In[(.W;—lm — 89 A4/2) + &2, ] {45)

n=0,1,...;o=+1,x=%1

Eq.(45) can be considered in the same way as the boson case. Using (19} to
separate the zero temperature term and introducing the proper time repre-
sentation fhi\ we finally arrive at

v = iyt vig (486)
where

ds ‘
-1,.Q
Nilvf, = 2(%)2./ — coth 2gHs (47)

is the quark contribution to the effective potential at zero temperature and

Se o gH (Tds  exp( BT
Nvry = 2(271_)2]0 i cot}-l(gHs/2)§exp( 43)
]

x{cos(=> + )l + cos(@ —'m )l : (48)

is the correspondmg finite temperature part of @, Here three terms may be
separated

v%m =‘vT'H + '”T,s + ”T.e,m (49)
where the first one

- - SH [¥ds _2
N TH = (2;;)2/ 2(coth(gH.sﬁ) gH.s)

x Z( 1)’exp(——), ‘ (50)

=1

describes the chromomagnetic field contribution, the second one

. 1 © ds e g
-1.Q - _+ _E : e
Nf Ure = (2“.)2/ 3 < exp( 4s )

B¢

[ct)s(ﬁ‘f + )+ cos( —mi], {(51)
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is the contribution for the fermionic gas in the A4 potential, and

- g ds gHs 2
N.f vav - 2 (2,”)2 32 oth —— 2 gHS
X Eexp{—— [cos( +7r)l+
i=1
+ <:c>s()62—6 — o) = 2(=1)"], (52)

describes the combined effect of A; and H on quarks.
The £ contribution is most easily calculated. After performing the s inte-
gration and summing over I according to (26) we obtain

2 :::+1 -2 ‘
Ny, = - B + B (53)
where z = :2?.5 . Since
x+1
By(—— )—Bq( 5 %,
we finally have
) Tt 2 ., 2 1
1,0 _ 1% Ge vrmar Tz Fae L
N7 =~ 5T~ SO T GIE) - 5 (54

Here the first term corresponds to the free fermion gas with two colour degrees
of freedom. Moreover, due to the modified periodicity properties in « of the
Bernoulli polynomials in (53) as compared to (26), this expression breaks the
Z(2)-symmetry of the gluon contribution (27).

Next, let us introduce as in the gluon case a new variable y = 7 -and the
parameter A = 2H3? into the chromomagnetic term (50) which yields

e H [*d 1
Nj,lv%H = (2—1{)5-‘&;] i;’(coth Ay — ,\—y)
x zexp(——)( o (55)
=2 .
14

Here again the identity (19} is useful, which we pui into the form

o0

2
3 expl- ) costal) = ~%fexp(—w2y)ﬁ

=1

x[1+2 i‘exp(—47r312y) cosh{4x®ly)]. (56)
=1

In the high temperature limit T > /gH (/\ < 1) the followmg terms can be
separately calculated

B o= f f-(cothz\ymi)e‘"zy y—-—‘/:A+0A3), (57)
Q

g = —& f 2 (cothy — Ly w‘ j dyyie -y
2 J, g
xZexp(—tiwzlzy)cosh(tlw?ly) CA, (58)

=1

where C is a constant, whose value is evidently expressed Ey the left-hand
side of this expression with A = 1. The third term

© gy 1 1, e
= Y coth Ay — — — —Ay)e™ ™Y
Ja Qﬁfo y%(co My g 3)\y)e x

o
X Z exp(—47*Py) cosh(47r21y).

i=1

is approximately calculated with the observatlon that the term -Ay/3 provides
the main contribution. In the appromma.tlon with In A > 1 we obtain

=2 ln(AC’l), (59)

where () is a numerical constant, whlch we do not spec:fy here. Combining
(57), (58) and (59) we find

gH

N
o )2»32( A+ 0+ - 1n(,\01)) . (60)

N;lvgﬁ
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The final result looks as follows’
-0 _ (gH)Y . (gH[?) ., _ gH
Nilvpy = :Ig},T[lnT +C'+ O(F)z]- (61)

As it is seen from this formula, there is no linear temperatureé term (gHP/*T
in the fermionic effective potential. The zero temperature effective potential
(47} after performing regularization and renormalization procedures can be
written in the form

o = n ——-
=07 48q2 T gH
where M is the renormalization point. Therefore, the In 3-5"— contribution is
cancelled between vﬁh. and v3_,, and we atrive at ’

Nitv (62)

C A= Q (4] — (gH)2 M2 "
N ofg +vi ) = “agn? Wlgg +C1- (63)

Note that in the case of weak chromomagnetic fields /gH < gA4 the
combined effect of A, and H described by (52) is small and can be neglected.

[ we consider the-quark contribution (63) where there is no linear in T
term, we see that the value of the “ferromagnetic” field strength (32) is not
affected, though the effective strong coupling constant (33) is replaced by

2 2 g 7%
g =g’ /A +(1 = Ny)gs =) (64)

Clearly, this has to be expected since asymptotic freedom holds at high tem-
perature. This value of g%(T') has to be substituted in (41)-(44) as well.
Finally, we can find the quark contribution to the Debye mass

32 N, 252A2
FAESAYC AP g L TR Y Ml |
"= A T e LU (63)

For the condensate estimate A4 ~ gT" the second term in (65) is again of the
order of the higher perturbative terms and hence must be omitted.

The case of finite current quark masses is somewhat more complicated,
After some transformations we can write the effective potential in the form

L (gH 2 1 [ 23 .
¥ = 2(94,{2; ;%.L[ﬁm}sp(“emnvs'i'l)

=1

CERNE s=1 m2 gH . g
x— A% TgH T ) _(W) }ds, (66)
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where x = gAuB/2, Fla,s) = Y50, S a* /%%, {(n,b) is the generalized Rie-
mann zeta function, and the integration contour is an infinite circle closed in

‘the left half-plane, whiclisis bounded on the right-hand side by the straight

line parallel to the ordinate axis and situated to the right of the point s = 3
(i€ s=3+¢ 0<e<1). Asone can see from (66), s = 3,1,...are the
first order poles leading to the free fermion gas céntributions. The general
expression '

_ W=, +08, (67)
has an oscillating part v3, and a monotonic pari v3,,. In the high temper-
ature limit mg@ < 1 the oscillating part is negligible (for the corresponding
expression in QED describing Landan oscillations, see [20]). The monotonic
part takes ithe form

Ny oo '
o = 23 NGk (68)

Ka(nmif) | B, gH ' 2(k—1) .
X{ n2ﬂ2 + ; (2’6)! \2”!‘.) (,61’1) Kﬁ(k—l)(nmiﬁ)})
where K,(z) is the Macdonald function and By are the Bernoulli numbers.
In the high temperature limit {m;f < 1) after performing summation of the
Macdonald functions series [20] we obtain

N '
" m! m}_ mfp 3
@ _ —— DT 2
Vmon = ;:[ gogt Tepr tgEin T — gt

& | Bu | 9H o |
R Bt B 2 debl ¥ A ’

+§ Bk — 1/2)(m,-2) Y4+ flgAa, gH,m 5],
where « is the Euler constant, and the dependence on A, is included in the
function f. Taking into account quarks as well as gluons, the expression for
the Debye mass is replaced by

Ny
1 3,
my = ;(—;g?rz[l—m(m;/T)zi'
@) gH o0 s 2 a2
+253 2m‘;) (mi/T)' + .| + 34°T, (69)
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where smaller contributions of terms associated to Ay have been omitted.

5 Conclusions and outlbok.

In this paper we have studied the qu_a,rk-g'luon.plas_ma‘. in the framework of a
_ nofi-perturbative approach using background gauge figlds as variational pa-
“rameters. Our main result is the calculation of the thermodynamic potential
in‘a simplified SU/(2) modet of QCD and the investigation of the formation
of the condensate fields*(gA4)min 2nd (gH Ymin as Tunctions of the tempera-
ture. These condensates determine the effective dynamical masses of charged
gluons. They appear as a Tesult of the interaction of thermal gluons in the
- infrared region, and on their part improve. the infrared properties of pertur-
bation theory at finite temperatures. The neutral spatial components of the
gauge field remain massless at this level, whereas the temporal component
acquires a Debye mass which is affected by the background fields. - -+
The analysis of the interplay of these condensate fields as well as of con-
- tributions of both quarks'and gluons shows that the H-condensate does not
destroy the state with a Aj-condensate up to its critical value gHo = gi AL

Latger H-fields lead to the appearance of a tachyonic instability. In this re-

gion the tachyonic contribution —gH. to the effective mass squared of charged
gluons dominates over the contribution (gA4)? from the As-condensate. On
the other hand, in the region of siability H < Ho- the chromomagnetic
field lowers the value of the thermodynamic potential (cf.(44)). It minimizes
this potential already in the one-loop approximation, while a non-vanishing
value of the A -condensate is expected to arisé only at the two-loop level.
Moreover, a detailed analysis of the ‘thermedynamic potential in the compar-
atively large Ag-condensate field shows that in this region the dynamically
determined condensate value' Hpin is proportional to the value of the A4-
condensate {cf.(43)).

It is' worth emphasizing that there is a distinction between the usually
studied contribution of gluon (quark) condensates to hadron masses, as con-
sidered in the strong cotpling region, and our consideration. In the present
paper we have studied the temperature-dependent condensates in a region
far above the critical temperaturé of the hadronization phase transition, and
it was shown that condensates together with the Debye mass turn out to be
important for the infrared stabilization of the quark-gluon plasma.
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Concerning quarks, their influence does not alter the principle conclusions
made from considerations of the gluon sector, though their quantitative con-
tributions to the Debye mass and effective coupling constant at high T’ are
substantial. In particular, we note that gquarks in the chromomagnetic field
region H < H, do not change the conclusion about the possibility of the
formation of the A, -condepsate. c o )

"Lét us, finally, add some remarks about possible extensions of the results
obtained Here. The most apparent step is to generalize them-to the realistic
case of SU/(3) and to calculate also higher-loop contributions in the pres-
ence of the external fields. The method of introducing background fields as
non-perturbative variational parameters, used in this paper, can further be
employed for investigations of the chiral phase transition from hadron bound
states to the guark-gluon matter. Here it could promote a deeper under-
standing of the question how strong the gluon condensate affects the quark
condensate and the meson rmasses at finite temperature (see e.g. ref.[21]).
Further results concerning the role of external fields in the Standard Model,
-in QED and in calculations of the photon polarization operator can be found
in refs.[19, 20, 22]. -
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