
Dual QCD and Phase Transition in Early Universe

∗Akhilesh Ranjan1,∗ Hemwati Nandan2, and P. K. Raina3

1,3Department of Physics and Meteorology, I.I.T., Kharagpur-721302, INDIA and
2Centre for Theoretical Physics, Jamia Millia Islamia, New Delhi-110025, INDIA

Introduction
The quantum chromodynamics (QCD) vac-

uum with condensed monopoles/dyons (i.e., a
dual Ginzburg- Landau (DGL) type model of
QCD or dual QCD) has been quite success-
ful to describe the large-distance behavior of
QCD vacuum [1]. Further, such DGL theory
of QCD at finite temperature is also found to
be useful in studying the phase transition pro-
cess [2] as believed to occur in early universe.

In the present article, we have used the
DGL theory of QCD with dyons to study the
hadronisation in early universe. The effective
potential at finite temperature is calculated
by using the method as in [3]. The notions
of the phase transition in the background of
the dyonically condensed QCD vacuum has
been investigated by calculating the critical
temperature in view of the temperature
dependent couplings.

Effective Potential in Dual QCD
We use the DGL model of QCD with the

field–theoretic description of dyons with the
following Lagrangian [4],

L = −1

4
(∂µÃν − ∂νÃµ)2 +

1

2
|Dµφ|2 − V (φ),(1)

here Dµ = ∂µ + i QÃµ and Q =
√

e2 + g2

with e and g as electric and magnetic charge
respectively. V (φ) = λ(φφ∗ − v2)2 with φ =
φ1 + iφ2. The Lagrangian has U(1) symme-
try therefore we consider the vacuum expec-
tation value to be real(φo) and the thermal
fluctuations in φ around φo by expanding it
as φ = φo + δφ1 + iδφ2. Further, Ãµ does
not have a homogeneous mode and therefore
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it can also be treated as a fluctuation. It is
well-known that in the broken mode of sym-
metry, Eq.(1) gives rise to two mass modes
(i.e., the mass of the scalar and gauge fields

as mφ = 2
√

λφo and mÃ = Qφo respectively).
As such the QCD vacuum acquires the prop-
erties similar to that of a relativistic super-
conductor due to the breakdown of symmetry
and leads to a dual Meissner effect.

In order to study the effect of thermal fluc-
tuations, let us first consider, the field equa-
tion corresponding to φ1 as follows,

∂µ(∂µφ1) + ∂µ(2QÃµφ2) + 4λφ1(φ
2

1

+φ2

2
− v2) − Q2ÃµÃµφ1 = 0. (2)

On taking average of the Eq.(2), we have,

4λ(< φ3

1 > + < φ2

2φ1 > −v2 < φ1 >)

+Q2 < ÃµÃµ >< φ1 >= 0. (3)

Now in order to quantify the thermal fluctua-
tions, let us substitute < φ1 > = φo, < δφ2 >
= 0, < Ãµ > = 0 and calculate,

< δφ2

1
>=

∫

d3p

(2π)3
1

ε

1

exp(βε) − 1
+ (T=0 term),

(4)

where ε =
√

~p2 + m2

φ and β = 1/kT . Here, we

absorb the zero temperature part in the def-
inition of the renormalised zero-temperature
coupling. At high temperature, up to the first
order leading expansion [2],

< δφ2 >=
T 2

12
− mφT

4π
. (5)

Similarly, < ÃµÃµ >= 3 < δφ2 >. The
Eq.(3) can now be re-structured in terms of
the above-mentioned substitutions along with
Eq.(5) and < ÃµÃµ >. The integration of
left hand side expressions of the restructured
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Eq.(3) wrt φo then gives the following form of
effective potential,

Veff (φo) = λφ4

o − (Q3 + 8λ3/2)
T

4π
φ3

o

+

{(

2λ

3
+

Q2

8

)

T 2 − 2λv2

}

φ2

o. (6)

Analysis of Phase Transition
Presence of cubic term of φo in Eq.(6) shows
that due to thermal fluctuations the sys-
tem will go through first order phase tran-
sition. Now, we consider temperature de-
pendent expressions of λ [5] and Q [7] as
λ(T ) = λo(1 − aT/Tc), where a = 0.88 from
quenched lattice calculation [6]) and Q2(T ) =
4π/[9ln( T

0.1254Tc

)2] (for three quark flavors).

On further analysing the Eq.(6) with the tem-
perature dependent couplings, we obtain the
transition temperature as,

Tc =

√

0.115λ2
ov

2

0.038λ2
o + 0.020λo − (0.027λ

3

2

o + 0.016)2

(7)
The mass of dual gauge field in
the broken phase of symmetry is

mÃ = 0.192[0.333λ
3

2

o + 0.195] Tc/λo. The
higher order loop diagram contributions will
be smaller and so they can be ignored. Such

T = Tc
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FIG. 1: Behavior of effective potential(scaled with
v4), i.e., Veff/v4 as a function of φo/v and T/v.

perturbative calculations in the present for-
mulation are therefore valid approximations.
We have plotted Veff in Fig.1 as a function

of φo and T using the temperature dependent
expressions of couplings with λo = 0.1.

Conclusions
The phase transition in early universe is
studied with temperature dependent coupling
constants and higher order temperature
corrections. It modifies the critical temper-
ature and effective mass of gauge fields. In
the framework of DGL theory, the phase
transition in early universe comes to be
of first order. In the DGL theory, if one
incorporates the first order mass correction
to both the φ field and the gauge field at
finite temperature the perturbative study of
the model is a valid approximation. Further
investigations of this formulation based on the
flux tube and bag model at finite temperature
would be of crucial interest for much clearer
understanding of the hadronisation process in
early universe.
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