ISSN 2616-8685 . JOURNAL OF PHYSICS AND ELECTRONICS Vol. 26(1), 2018
DO0110.15421/331801
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The presence of the Ay condensate in quark-gluon plasma leads to Z(3) symmetry breaking and
Furry's theorem violation. Due to this phenomenon the color charges are induced and other even-number
diagrams are allowed. We calculate the first diagram of this series — tadpole diagram with one gluon line
and find induced color charges in the plasma. Next, quark polarization operator in Ap presence is
calculated and partially investigated.
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1. Introduction

The quark-gluon plasma is a new object in nature, which consists of quarks and gluons
in the state of asymptotic freedom. Plasma exists at high temperatures and densities and is
very unstable. Due to a number of unique processes, quark-gluon plasma is the main object of
research nowadays. Despite such high interest, many phenomena are not investigated.

At low energies the interaction between quarks is so strong that they form a bound state.
However, due to asymptotic freedom at high energies, the effective coupling becomes weak.
Quarks are deconfined and form the quark-gluon plasma state. This is so-called
deconfinement phase transition (DPT).

There is a number of processes absent in vacuum through the Furry theorem. This
theorem states that Feynman diagrams with odd number of external photonic lines mutually
cancel (and thus give a zero total contribution to any process amplitude). This is valid for
vacuum, but in the presence of plasma, {-parity is violated and the theorem ceases to be
satisfied.

Fig. 1. Tadpole diagram.

The generally recognized SU(3) global symmetry violation mechanism at high
temperatures is the appearance of the so-called /A, condensate. This leads to the appearance
of the chromomagnetic mass and color charges.

The goal of this paper is to consider one of new type processes, so-called "tadpole"
diagram, and to calculate the induced color charges and its corrections to quark polarization
operator.
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2. A, condensate
Quarks interact with electromagnetic field and gluons according to the form

—q a . a . 2’ “ a
L=y {7# (6#5 b —ie, 4,0 b —zg(Qﬂ E] ]—mfﬁ b}l//b @)

where A, is the electromagnetic field potential, O, is the gluon field potential, e, is the
electric charge of the quark with flavor [, m , 18 the quark mass, g is charge of strong
interaction, a, b are color indices.

A, condensate is a solution to field equations giving minimum to the effective
potential for the gluon fields at high temperatures. It belongs to the center of the gauge

group A, = ;Zz[,neZN,nzo,l,...N—l.

Actually, the value of the 4, has to be calculated from the full effective action with

quantum corrections taken into account. Difference between (A,) and 27zn/[gN

points is due to a to spontaneous gauge symmetry violation [1].
The QCD Lagrangian in the relativistic background gauge has the form

L= (G 5 (DL + ZDID, 1+ 7, imy*
Hg 7, (4 + O

Gy, = (D20l ~(D!)y" 0, - o ™00,

(D2Y" =50, +gf " 4,

(D, =570, + 8™ () + 4),

A =5,(5%4+5 A,

()

where (¢°), are SU(3) generators, O, is a quantized field, f “¢ are structure
constants, y,y are ghost fields.

For further consideration it is convenient to introduce charged basis of the gluon
field

m, =—= (4, x7id}), 7, =4, n,=A4,

1]

K= iEnid). K= (4 zrid) Q

The basis splits into 3 subgroups ﬂj,ﬂ'ﬁ, Kj,nﬂ and ]Zi,n# which are important

for what follows.
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In this basis, in the Lagrangian momentum space the background fields Ag and Ag
are included as constant shifts.
3. Induced color charge

In this section, we calculate the induced color charge generated by a tadpole
diagram. In charged basis, we have two components of the induced charge for the shifts

A} and 4.

First we calculate the contribution for the case (4,)!, = 4,6,,6“

[_ pa7a+m} @

md (2 ) 2 4 p +m
where ﬁz(p4=p4iA0,p),p4=27ZT(1+1/2),I=0,i

When calculating the trace, two terms appear: the first with p, + 4, , and the second

with p, — 4, due to the structure of SU(3) generators. The result is

—I [ (pi+d) (=) } “
(274

(p4+A) +5 (p4—A0)2+8;

where 6‘: =p’ +m”>. Also, we make the replacement p, = —p, inthe second sum

_ J’ (py+4,) 6)
Ot =) Gy D (p4 +4,)" + &,
To calculate the sum we use the following representation [4]
d’ v (w+4
e L =4 ta anf2_(024) 4, @

Q2r) #i 2 (w+4,) +g

The integrand function has two purely imaginary poles of the first order. We use
residues to find its value

Po  (0+4,)
(2 ) 2 (0+4,) +g

md

0. (®)

The result is
B J. 2Bsin A,
O = (27)* cos B4, + cosh ﬂg

In what follows, we calculate the integral in the high-temperature limit
T — o (B —0).Inthis case |p [ m, so we use

=Jp? +m Alp|. (10)
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In this case, since Ag has a finite value, it is suppressed by # — 0. In this case,

large momenta give significant contribution. Consequently, the integral gets the following
form

1
Qs == ﬂj(zz) 1+cosh 8 [p|

When passing to spherical coordinates, we change the lower limit of integration for
p from 0 to m to eliminate the divergence at 0. This does not significantly affects the

an

integral value,

o p’dp
Qs = 12
¢ J""1+coshﬁp (12)
The result is
3 2 mf —mf3 ﬂ
O.= ﬂ Li,(e ™" )ympB| -mB—4In(1+e )+mﬂtanh7 (13)
where
0 Zk
Li(2)=2 " (14)
im0k
The final result is obtained after the expansion of (13) with § — 0
m
2 3
Oha ng{ P === B+0(p )}- (15)
RY/2
More complicated situation appears in the case (4,);, = 4,6,,0", since A
generator has three diagonal components
Dy, +m
Ona =484 T=lTa | 16
d ZI(z) |:34p2+m2:| ()
After doing similar calculations we obtain the following result
o = 4,BJ- sin 34, N sin2 34, (17)
Coa = V37 (27)| cos B4, +cosh Pe, cos2fBA4,+cosh fe,

However, in the high temperature limit 5 — 0, both integrals acquire the same form

2
O = f rdp (18)
1+cosh fp

After integration we obtain
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Q:d = \/g%ﬂz {—4le (e—mﬂ) + mﬂ{mﬂ+ 4111(1 + e—mﬁ) —mﬂwﬂhm?ﬂ:|} (1 9)

The final result is

L, 8w’ 5
de & 0|:3\/—ﬁ \/3”2 B+O(p ):| (20)

As we see from (15) and (20), the induced color charge in the first term does not
depend on mass and depends on temperature as ~ 7' . At the same time, the second term

depends on mass and temperature as ~m°T . When passing to the high-temperature
limit, only the first term is significant and therefore the quark-gluon plasma acquires the
spontaneous charge in the case m =0, also.

Thus, one of the consequences of the the 4, condensate presence is the Z(3)

symmetry and the C -parity violation, which leads to the induction of color charge in the
plasma.

4. Quark self-energy

Now let us calculate a quark self-energy in the presence of the 4, condensate. As is
known, the particle spectra are determined by the Schwinger-Dyson equation

G'=p+m-3, (21)

where X is polarization operator.
Let us calculate it in one-loop approximation. For this, in addition to the tadpole
diagram, we also need to consider the next one shown in the figure.

N,

e

Fig. 2. One-loop quark self-energy.

That has been done in [2] for a chemical potential . We use these results in the
case N =3 for QCD. As it follows from the explicit form of the Feynman rules [4],

(2 ) D,.(r-9)y,6(p),(p,ql p—9), (22)
where the bare functions have the form
17/ 1p 1 §IV
Co(p.glp—a)=7, G°(p)—‘—‘2, D,,(p) =% (23)
p tm p

We sum over the spinor indices and obtain
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iy,p,+2m
ZI Qxy (PP +m)p—q) (24

After that we calculate the temperature sum

S(q)=— 2g Id3p95 ﬂa) i(a);/4+pq)+2m ‘
(2x)’ [(@=-4))" +&,1[(0-q,)+|p-q[]

Also, we introduce the convenient notations for Bose and Fermi occupation number

(25)

s 1 . 1

n =-——-, n =—— . 26
P eﬁ'\p\_l P eﬁ(€p+le)+1 ( )

The result is found to be

2(q)=

(2 )
y mz; Y4€, +iYp +2m
&, (q,+ig,—4,)'+|q-p[’

ny [|p | +i(4, —g)]y, +iy(p —q) —2m

p| (q,— 4, +ilpD* +¢,,
zn, Y4y T1YP—2m
&, (q,+ig, +4)’ +|q-p[’
p 1P| -i(4, +4)17, +iv(®-q)—2m 27)
Ipl (q,+ 4, +ilp)* +5,,

To simplify further calculations we introduce two new functions
and found them separately. Using 7rX(q)/ 4 =mZ(q) we find Z(q)

4g* dip n, 1
Z(q)=-"2[L 2 —
Ipl| (g4, +1|pD" +¢&,,

_ 1 , (29)
(g4 + 4, +ip))’ +5,

Similarly, for Try,2(q)/ 4 =1K,(q) we obtain the function K,(q)
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+

2ig’ ¢ d’p )
K.(q)=-mZ
e Lm 4+ilp)la-pF
—[he(4, > -4))]] (30)

And from Try,2(q)/4 =1K,(q) we find the vector K (q) (n=1,2,3)

28> ¢d’p p ,
K — n
0= j {(% A, +ilp)’+lq-pl’
~[he(4y, > -4)]]. 31)

As we see, unlike previous calculations with chemical potential y, in the case of 4,

it is included as the real shifts of the zero momentum component. Therefore, it also
changes the frequencies of modes in the environment and affects the stability of spectra.

Next we consider the contribution of the induced color charge, which was not
calculated already. For the tadpole diagram we have the expression.

> 4g’
>@=3 j(27:) ZI(27:)

D, (k+m})y,Tr[G(p)T,(p.q| p—9)]. (32)

From the equality of initial and final momenta g =¢"' it is obvious that k£ =0. The

second integral gives Q. ,, which was calculated above. The result is

o _ 16g2

——Q;n > 33
By o

where (m;)2 ~ g*'T? is the dynamical gluon mass in the plasma. It enters the gluon

propagator as phenomenological parameter which is not calculated here. Using le "

expansion (15) we obtain
o 64 . 32
z =ﬂ;ﬁ 320 g o )} 64

As we see, the induced color charge gives correction to quark masses. Moreover, the

-2

first term depends on temperature as ~ 7g ™. The next term is of the order ~ 7~ and is

next to the leading at high temperature.
5. Discussion
In this paper, we have considered the quark-gluon plasma at 4, background. We
used the charged basis, which made it possible to consider the condensate as the constant
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shifts of the zero momentum component. We calculated the induced color charge for the
cases (4,);, =(4,), 8 and (4, =(4,),5".
Also, we calculated the proper diagram Fig. 2 in the presence of the 4, condensate.

We also have considered the induced charge — the tadpole diagram, which was not yet
calculated. It turns out that the induced color charge brings new corrections to quark

masses, which were calculated. These corrections depend on temperature as ~7g ™' at

high temperature limit.
Since the first term of induced color charge factorization does not depend on mass, it

is induced even in case m =0. Taking into account that the generation of the A,

condensate is an order parameter of deconfinement, it is clear that in all previous papers
considering the state of the quark-gluon plasma without taking into account the induced
charge (for example [2]) not only the contribution of the tadpole diagram was not
considered, but also the charge conservation law was violated.
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