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In order to better understand the dynamics of the quark-hadron phase transition
in the presence of a magnetic field, the thermal behaviour of the non-perturbative
QCD vacuum has been examined. The dynamical configuration of the resulting
dual QCD vacuum and its flux tube configuration have been explored in order to
investigate the non-perturbative properties of QCD. Within the context of dual
QCD-based hadronic bag, which ensures the critical parameters and the accom-
panying critical sites for quark-hadron phase transition, related thermodynamic
quantities and equation of state (EoS) to define quark matter have also been stud-
ied in presence of magnetic field.
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Introduction4

High-energy collisions have been effective in producing quark-gluon plasma5

(QGP), a state of matter thought to have existed shortly after the big6

bang [1]. During off-center collisions, the charged ions can generate sub-7

stantial magnetic fields up to eB(1 − 15)m2
π [2]. This method can produce8

magnetic fields that last just a brief duration yet are stationary during that9

time [3]. There has been a flurry of research in this area [4–7], and the10

theoretical methods used to explore QGP need to be modified to reflect the11

effects of external magnetic fields. Insights can be gained from measurements12

at the Large Hadron Collider and relativistic heavy ion collider energies [8,9],13

which can be used to constrain theoretical modelling. The evolution of QGP14

is significantly influenced by the equation of state [10]. Therefore, it is cru-15

cial to investigate the behaviour of magnetised QGP [11]. Different methods16

have been used to investigate how magnetic fields affect QGP [12–14]. In17

the present paper with the help of Grand canonical partition function within18

the domain of Bag Model, we calculated normalised pressure for magnetized19

QGP at finite temperature.20

Field Decomposition Formulation and Magnetic Symmetry21

The mathematical foundation for the dual gauge theory comes from the22

observation that the non-Abelian gauge symmetry allow an extra internal23
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symmetry called magnetic symmetry which restricts and reduces the dynam-24

ical degrees of the theory [15–18],25

Dµm̂ = 0, i.e. ( ∂µ + gWµ× ) m̂ = 0 , (1)

where m̂ is a multiplet defined by the adjoint representation of the group. The26

most general gauge potential which satisfies the above constraint is written27

as,28

Wµ = Aµ m̂+ A
′

µ m̂
′ − g−1 ( m̂× ∂µ m̂) − g−1 ( m̂

′ × ∂µ m̂
′
), (2)

where, Aµ and A
′
µ are the Abelian component of Wµ along m̂ and m̂

′ respec-29

tively and are unrestricted by the constraint. The topological structure may30

be brought into dynamics in a dual symmetric way by imposing magnetic31

symmetry and for SU(3) the relevant homotopy group is π2[SU(3)/U(1) ⊗32

U
′
(1)] so that π2[SU(3)/U(1)⊗U

′
(1)] = π1[U(1)⊗U

′
(1)], where U(1)⊗U

′
(1)33

is the two Abelian subgroups generated by λ3 and λ8. The m̂ consist of n34

winding of the i-spin subgroup followed by n
′ winding of u-spin subgroup of35

SU(3) and is given as,36

m̂ =
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, (3)

where α and β are coset variables. Rotating the magnetic vector m̂ to a fix37

time independent direction by a gauge transformation leads to the value of38

gauge potential as,39

Wµ
U−→ g−1

[(
(∂µβ − 1

2
∂µβ

′
)cosα

)
ξ̂3 +

1

2

√
3(∂µβ

′
cosα)ξ̂8

]
, (4)

where ξ̂3 and ξ̂8 are the space-time independent unit vectors pointing to λ340

and λ8 directions of the internal space respectively and the associated field41

strength takes the form as,42

Gµν
U−→ (Fµν + B(d)

µν ) ξ̂3 + (F
′

µν + B
′

µν
(d) ) ξ̂8, (5)

where Fµν and B
(d)
µν are the electric and magnetic field strength respectively.43

The confinement mechanism of the QCD vacuum can be understood in ab-44

sence of color electric sources (quarks) and the Lagrangian may be reduced45

in the following form,46

L(m)
d = −1

4
B2

µν −
1

4
B

′

µν
2+ |(∂µ+ i

4π

g
B(d)

µ )ϕ|2+ |(∂µ+ i
4π
√
(3)

g
B

′

µ
(d))ϕ

′|2−V,

(6)
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γ αs m̄ϕ(GeV ) m̄B(GeV ) λ
(d)
QCD(GeV −1) ξ

(d)
QCD(GeV −1) κ

(d)
QCD

5.617 0.25 1.21 1.75 0.57 0.83 0.69
6.828 0.24 1.69 1.62 0.61 0.59 0.99
8.093 0.23 2.17 1.52 0.65 0.46 1.42
9.833 0.22 2.90 1.41 0.70 0.34 2.05

Table 1. The masses of vector and scalar glueball as functions of αs, where λ
(d)
QCD,

ξ
(d)
QCD and κ

(d)
QCD are the penetration depth, coherence length and Ginzburg-Landau

parameter respectively.

where, V is the effective potential responsible for the dynamical breaking of47

magnetic symmetry and ϕ is a complex scalar field for monopoles is given48

below,49

V =
48π2

g4
λ(ϕ∗ϕ− ϕ2

0)
2 +

432π2

g4
λ

′
(ϕ∗ϕ

′ − ϕ
′

0
2)2. (7)

Utilizing the asymptotic solutions, the energy per unit length of the resulting
flux tube configuration is obtained as,

k(n,n′ ) = 2π

∫ ∞

0

ρdρ

[
n2g2

32π2ρ2

(
dF

dρ

)2

+
n2

ρ2
F 2(ρ)χ2(ρ) +

(
dχ

dρ

)2

+

3λα−2
s (χ2 − ϕ2

0)
2

]
+ 2π

∫ ∞

0

ρdρ

[
n

′2g2

96π2ρ2

(
dG

dρ

)2

+
n

′2

ρ2
G2(ρ)χ

′2(ρ)+

50 (
dχ

′

dρ

)2

+ 27λ
′
α−2
s (χ

′2 − ϕ
′

0
2)2

]
, (8)

where n, n′ are color quantum numbers and F (ρ)
ρ→∞−→ C

√
ρexp

(
−mBρ

)
,51

G(ρ)
ρ→∞−→ C

′√
ρexp

(
−m

′
Bρ

)
and ϕ(x) = exp(inφ)χ(ρ), ϕ

′
(x) = exp (in′φ)χ′(ρ).52

Incorporating color reflection invariance the masses of the magnetic glueballs53

is estimated by evaluating the string tension k(n,n′ ) of the resulting flux tube54

written as, k(n,n′ ) =
1

2πα′ = γ(n,n′ )ϕ
2
0. As a result, using the numerical com-55

putation of equation (8), for γ(n,n′ ), one may obtain the vector (m̄B) and56

scalar (m̄ϕ) magnetic glueball masses as a function of αs and these results57

are obtained in table (1).58

Equation of State in presence of Magnetic Field59

The transition from a confined hadronic phase to a QGP phase, is fore-60

seen at high temperatures and/or baryonic chemical potentials and for some61

decades, the bag model equation of state (EoS) has been accustomed to char-62

acterize QGP. Employing the dual QCD formalism, the bag energy (Bsu3)63
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may be identified and manifest to perform an significant role in determining64

the phase structure of the QCD vacuum. The dominant part of the energy65

related with the confinement regime is explicated from equation (8) and may66

be recognized as bag energy expressed as,67

B
1/4
su3 =

(
λ

π2

)1/4
m̄B

4
, (9)

where m̄B is the non-thermal contribution to the vector glueball mass. To68

contemplate the QGP phase, we utilize a Bag model EoS with bag energy. We69

have chosen the limit of large B in order to make the numerical evaluation70

of thermal integrals less complicated. The pressure for the QGP phase in71

presence of magnetic field may be expressed in the following form [19],72

PQGP =
37

90
π2T 4 + TΣf

qfB

2π2

∫
dkzln

[
1 + e−

√
k2z+m2

f
T

]
−Bsu3, (10)

where B is the external magnetic field in the z-direction, f is the flavor73

index and qf is the electric charge. The pressure for hadronic phase may be74

expressed as [18],75

Ph =
7

180
π2T 4. (11)

Utilizing the grand canonical ensemble formalism, the EoS for quark-hadron76

system at non-vanishing external magnetic field has been constructed within77

the framework of SU(3) dual QCD hadronic bag in which the bag pressure78

has been shown to depend on the vector glueball mass mode of the magnet-79

ically condensed QCD vacuum. In fig. 1 3-D plot of normalised pressure for80

hadronic and QGP phase given by equations (10) and (11) respectively and81

has been plotted in the T − eB plane for different couplings.82

Conclusion83

The effect of magnetic field (B) on the equation of state of hot quark84

matter is investigated. A magnetic field induces phase-space Landau-level85

quantization and for lowest Landau-level (l = 0) normalised pressure for QGP86

and hadronic phase have been obtained within the framework of dual QCD87

hadronic bag at non-zero external magnetic field. With increasing magnetic88

field strength the critical temperature reduces which leads to inverse magnetic89

catalysis. The normalised pressure increases with increasing magnetic field90

especially at low temperatures. At high temperature the normalised pressure91

is not affected by magnetic field and is apparently limited to the Stefan92

Boltzmann limits.93
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Fig. 1. The 3-D plot of normalized pressure (hadron phase and QGP phase) in
T − eB plane for different couplings.
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