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Quark gluon plasma

Recipes for quark-gluon plasma

High temperature (Tc ∼ 160 MeV) High baryon density
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QGP in presence of magnetic field

Magnetic field in non-central HIC

Magnetic field of strength upto ∼ 20m2
π (∼ 1014 T) can be created

in non-central heavy ion collision.

b/2
x

z

O

Magnetic field strength decreases with time .

In a direction perpendicular to the reaction plane.
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QGP in presence of magnetic field

Fermion propagator in magnetic field

Approximations on the magnetic field

Homogeneous

Time independent

Energy of fermion in presence of magnetic field

En =
√
k2z +m2

f + 2nqfB.

Fermion propagator in strong magnetic field is given as

S(K) = ie
− k2

⊥
qfB

Kq/ +mf

K2
q −m2

f

(
1− iγ1γ2

)
.
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QGP in presence of magnetic field

General structure of gluon effective propagator
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General structure of gluon effective propagator

Formalism

1 The presence of heat bath breaks the Lorentz symmetry of the
system.

2 Four velocity uµ of heat bath is introduced because of presence of
medium. We choose rest frame of heat bath uµ = (1, 0, 0, 0).

3 We consider magnetic field along z direction nµ = (0, 0, 0, 1).

4 Rotational symmetry is broken due to the presence of magnetic
field.

5 Quarks are directly affected by magnetic field.

6 Gluons are affected via quark loop.

Pµq = (P · u)uµ − (P · n)nµ = (p0, 0, 0, pz)

Pµ⊥ = Pµ − Pµq = (0, px, py, 0)
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General structure of gluon effective propagator

General structure of gluon self energy

Ward identity PµΠµν = 0

Vacuum

Πµν = Π(P 2)
(
ηµν − PµP ν

P 2

)
= Π(P 2)V µν .

Thermal
1 Two linearly independent tensors needed.

2 Define ūµ = uνV
µν .

3 Define Bµν = ūµūν

ū2 and Aµν = V µν −Bµν .

4 Πµν = ΠTA
µν + ΠLB

µν .

5 ΠL = BµνΠµν , ΠT = 1
2A

µνΠµν
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General structure of gluon effective propagator

Dispersive modes of gluon in thermal medium
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General structure of gluon effective propagator

Magnetized medium

1 Constituent tensors constructed out of
ηµν , PµPν , uµuν , nµnν , Pµuν + uµPν , Pµnν + nµPν , uµnν + nµuν .

2 Four linearly independent tensors needed.

3 Define n̄µ = nνA
µν .

4 Define Qµν = n̄µn̄ν

n̄2 , Nµν = ūµn̄ν+n̄µūν
√
ū2

√
n̄2

and Rµν = Aµν −Qµν .

5 Gluon self energy Πµν = bBµν + cRµν + dQµν + aNµν .

6 b = BµνΠµν , c = RµνΠµν , d = QµνΠµν , a = 1
2N

µνΠµν .

Figure: Quark loop of gluon self energy Πµν
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General structure of gluon effective propagator

Effective gluon propagator

Dyson Schwinger equation D−1µν = (D0
µν)−1 −Πµν

Dµν =
ξPµPν
P 4

+
(P 2 − d)Bµν

(P 2 − b)(P 2 − d) − a2
+

Rµν
P 2 − c

+
(P 2 − b)Qµν

(P 2 − b)(P 2 − d) − a2
+

aNµν
(P 2 − b)(P 2 − d) − a2

Leads to three dispersive modes of gluon.

Reduces to thermal effective propagator at eB = 0.

Three dispersive modes

P 2 − c = 0,

(P 2 − b)(P 2 − d)− a2 = (P 2 − ω+
n )(P 2 − ω−n ) = 0
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General structure of gluon effective propagator

Dispersion relation of gluon

SFA

0.0 0.5 1.0 1.5 2.0 2.5 3.0
0.0

0.5

1.0

1.5

2.0

2.5

3.0

0.0 0.5 1.0 1.5 2.0 2.5 3.0
0.0

0.5

1.0

1.5

2.0

2.5

3.0

Eur.Phys.J.C 79 (2019) 8, 658
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General structure of gluon effective propagator

Conclusion

1 Three non-degenerate dispersive modes of gluon.

2 One transverse and two mixed modes in SFA.
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General structure of gluon effective propagator

Thermodynamics of magnetized quark-gluon
plasma
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Thermodynamics of magnetized QGP

Anisotropic pressure in presence of strong magnetic field

F = ε− Ts− eB ·M.

Longitudinal pressure Pz = −F .

Transverse pressure P⊥ = −F − eB ·M = Pz − eB ·M .

Magnetization M = − ∂F
∂(eB) .

Longitudinal pressure of free quarks and gluons in presence of
strong magnetic field

P i
z = NcNf

∑
f

qfB
T 2

6

(
1 + 12µ̂2

)
+ (N2

c − 1)
π2T 4

45

Transverse pressure

P i
⊥ = (N2

c − 1)
π2T 4

45
= gluon pressure
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Thermodynamics of magnetized QGP

HTL Pressure of QGP in magnetized medium

Free energy is calculated using the effective propagator of quarks
and gluons in magnetized medium.

Fq = −NcNf

∑
f

∑∫
{P}

ln (det[S−1eff ])

= −NcNf

∑
f

∑∫
{P}

ln
[
P 4
q

(
1 +

4α2 − 4β2 + 4αp0 + 4βp3
P 2
q

)]

where S−1eff = /P + Σ.

Fg = (N2
c − 1)

[
1

2

∑∫
P

ln [det(D−1µν )]−
∑∫
P

ln(−P 2)

]
.
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Thermodynamics of magnetized QGP

Pressure of QGP in magnetized medium

Soft (P ∼ gT ) and hard(P ∼ T ) quasiparticle

For quarks

Lowest matsubara frequency ∼ T .

We keep terms upto O[g4] and O[(µ/T )4] .

For gluons

For hard quasiparticles (P ∼ T ) we make a high temperature
expansion of the ‘Log’ term.

We keep terms upto O[g4].

For soft gluons (P ∼ gT ), we put p0 = 0 because this is the lowest
Matsubara mode.

g3 term appears from soft part.
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Thermodynamics of magnetized QGP

Results in SFA
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Phys.Rev.D 102 (2020) 5, 054004
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Thermodynamics of magnetized QGP

Lattice results

JHEP 1408 (2014) 177
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Thermodynamics of magnetized QGP

Conclusion

1 Pressure of QGP becomes anisotropic in presence of strong
magnetic field.

2 Longitudinal pressure is greater than the transverse pressure.

3 The magnetized medium shows paramagnetic nature.

4 Qualitative nature of one loop pressure matches with lattice.

5 Results can be improved by performing higher loop order
calculations.
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Thermodynamics of magnetized QGP
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Time dependence of the magnetic field

Nucl. Phys. A 929, 184 (2014)
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Debye screening mass
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Phys. Rev. D 100 (2019) 3, 034031
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