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Outline

• Background and motivation 
• Fermion in magnetic field 

• damping rate  
- from self-energy 
- from the poles of the propagator  

• Electrical conductivity in extreme condition 
  -QED conductivity  
  -QCD conductivity 



Matter in Extreme conditions  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• High densities

• High temperature 

• High magnetic field
Inside compact star, non-central heavy-ion 
collisions

Early universe, Quark gluon plasma in heavy ion 
collisions

Compact stars core,  experimental lab 
(FAIR…)



Magnetic field:
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• Compact stars  
- equation of state, mass-radius relation, gravitational collapse/merger, 
neutrino emission from star  
     [Duncan et al. Astrophys.J.Lett. 392 (1992) L9]  
     [Ferrar et al. arXiv: 1009.3521]  
       [Anderson et al. Phys.Rev.Lett. 100 (2008) 191101]  
       [Ghosh & Shovkovy, arXiv:  2501.03318 , JHEP 04 (2025) 110]  
       [Ghosh & Shovkovy, arXiv:  2504.20138 , JHEP 04 (2025) 110]  

• In the early universe  
- Magnetic fields from cosmological phase transitions 
     [Vachaspati et al. Phys.Lett.B 265 (1991) 258-261]  
       [Enqvist, Olesen, Phys.Lett.B 319 (1993) 178-185]  

• Non-central heavy-ion collisions  
- chiral magnetic effect, anisotropies, elliptic flow 
     [Kharzeev et al., arXiv:0711.0950]  
       [Fukushima et al. arXiv:1209.5064]

https://arxiv.org/abs/1009.3521
https://arxiv.org/abs/2501.03318
https://arxiv.org/abs/2504.20138
https://inspirehep.net/authors/1010703
https://arxiv.org/abs/1209.5064


Chun Shen
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Magnetic field @RHICs

�7

Off-center heavy 
ion collision
Magnetic field 
strength |eB| ~𝑚2

𝜋

𝑚2
𝜋 ∼ 1018𝐺

Earth magnetic field~  
10-1 G

Short lived 

[Skokov et. al, 0907.1396 [nucl-th]] 
[Zhong et. al, 1408.5694 [hep-ph]]

[Ferrer, Incera, arXiv: 1603.08226]

Neutron star~  
 

         

refrigerator magnets ~ 

 
 

https://arxiv.org/abs/0907.1396
https://arxiv.org/abs/1408.5694
https://arxiv.org/abs/1603.08226
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[Rafelski & Müller, PRL, 36, 517 
(1976)] [Kharzeev et al., arXiv:
0711.0950] 
[Skokov et al., arXiv:0907.1396] 
[Voronyuk et al., arXiv:
1103.4239] 

Lienard-Wiechert 
potential:

𝐵

Non-relativistic limit,

Coulomb’s law: 

Biot-Savart law:

Rn = x − xn
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[ Tuchin, Adv.High Energy Phys. 2013 (2013) 490495]

σ= 16 MeV 
(brown)

σ= 0 
(blue)

σ= 5.8 MeV (red)

Expanding medium (green):  T(t)  → σ(t)

Conductivity?

High electrical conductivity can 
prolong the lifetime of 
magnetic fields

1𝑓𝑚 /𝑐 = 3 . 3 × 10−24𝑠𝑒𝑐

induced currents help sustain the 
magnetic field through Lenz’s 
Law, reducing its decay rate.



Dirac Equation

Energy spectrum:

Spin quantum 
number: s=± 1/2

Orbital:  
k=0,1,2,…

[Miranski & Shovkovy, 
Phys.Rept. 576 (2015) 1-209]

Landau Levels

Relativistic: 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Fermion propagator @B≠0

Schwinger phase:

translation invariant part

The fermion propagator in coordinate space:

Field theoretical 
approach
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 Fourier transform of the translation invariant part (free 
propagator)

spin projectors:

generalized 
Laguerre 
polynomials

Fermion propagator in the spectral 
form:

The spectral function carries information about the quasiparticle properties in plasma



Gluons or photons in strong field

 12

Effective mass through coupling with 
fermions

No ‘electric charge’ 
-does not feel B at zeroth order

B

[Miranski & Shovkovy, Phys. Rev. D 66, 045006 (2002)]

[Mustafa et. al Prog.Part.Nucl.Phys. 148 (2026) 104234 ]



Electrical 
Conductivity

[Shovkovy et. al, PRB 89, 085126 (2014)]

The conductivity tensor becomes anisotropic

 Hall conductivity
σH

nondissipative transport  : non-zero even in free theory
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Conductivity  @ B≠0
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Phenomenological models:  
[JHEP 08, 083 (2013)]  
[Phys. Rev. D 105, 054016 (2022)]  
[Phys. Rev. D 96, 114026 (2017)]  
[Phys. Rev. D 101, 034027 (2020)]  
[Phys. Rev. D 104, 056030 (2021)] 
[EPJC 83, 489 (2023)]

Attempts within a gauge theory  
(LLL approximation or “longitudinal” kinetic theory): 
[PRD 94, 114032 (2016)] 
[Phys. Rev. D 95, 076008 (2017)]  
[Phys. Rev. Lett. 120, 162301 (2018)] 
[JHEP 04, 162 (2020)]

We compute the complete conduction picture in magnetized matter, including higher 
Landau levels and transverse transport, and reveal rich underlying physics.

Limitations:

• Restricted to the lowest Landau level (LLL)

• No access to higher Landau level transitions

• Perpendicular (transverse) transport not 
described

limitations of kinetic 
theory @B≠0!



Electrical 
Conductivity

Kubo formula:

with  fermion species having 
electric charges 

Nf

ef

spectral function

Matsubara sum
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[Ghosh, Shovkovy, Phys.Rev.D 110 (2024) 09, 096009 ] & 
[Ghosh, Shovkovy, Eur. Phys.J.C 84, 1179 (2024) ]

Kubo formula:

Fermion spectral 

function

Spectral function ∝ fermion damping rate (Γn)

Electrical 
Conductivity

Because of Landau level hopping

Finite because of scatteringWhen interactions 
included:



Fermion damping rate from self-energy: 
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Order of 

Sub-leading

[Ghosh, Shovkovy, Phys. Rev. D 109, 096018 (2024)]

• Underlying 
processes:

kinematically forbidden In the 
absence of a magnetic field

α |eB | /T

Γn



Leading order processes:
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are leading processes.

are leading processes.

Kinematically forbidden
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Analytic expression:

Matrix amplitude 
squared

[Ghosh, Shovkovy, Phys. Rev. D 109, 096018 (2024)]

positive definite quantity

Energy conservation:

Γave
n (kz) =

α
2ℓ2βnEn

∞

∑
n′ �=0

∑
{s}

∫
dξ [1 − nF(Ef,s′�) + nB(Eγ,s′�)] ℳn,n′�(ξ)

s1s2 (ξ − ξ−
n,n′�)(ξ − ξ+

n,n′�)

βn = 2 − δn,0
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Conductivity of QED plasma
[Ghosh, Shovkovy, Phys.Rev.D 110 (2024) 09, 096009 ] 

 ~ universal functions of the 
dimensionless ratio 
σ/T

|eB | /T2
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T and B-dependence

tends to decrease with temperature (like metals)

tends to increase with temperature (like semiconductors) 

T- dependence:

B- dependence:

    increases and       decreases with B

transverse (dashed lines) and longitudinal (solid lines)

[Ghosh, Shovkovy, Eur. Phys.J.C 84, 1179 (2024) ]



Transport 
Mechanism

Longitudinal conductivity:

Transverse conductivity:

– Conductivity is driven by transitions (hopping) 
between LLs

– At least, transitions between 0th and 1st LLs are 
required

Conductivity is hindered by transitions or 
scattering events.
damping rates are determined by scattering and 
transitions to other LLs 
  ---Individual LLs contribute like independent species

 22
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Conductivity of QCD plasma

Lattice

Processes?

[Aarts et al. JHEP 1502, 186 (2015)] 
(Lattice)

[Ghosh, Shovkovy, Eur. Phys.J.C 84, 1179 (2024) ]

[Almirante et al. arXiv:2406.18504]



Conductivity of QCD plasma
[Ghosh, Shovkovy, Eur. Phys.J.C 84, 1179 (2024) ]
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Summary: Conductivity @ 
• Conductivity is calculated for a plasma in a strong magnetic field from 

first principles within a gauge theory (QED/QCD).  

• The transverse conductivity is suppressed, while the longitudinal 
conductivity is enhanced by a strong magnetic field. ---Anisotropic 
nature …Different mechanisms 

• Transverse conduction critically relies on quantum transitions between 
Landau levels, effectively lifting charge trapping in localized Landau 
orbits. 

• The damping rates are determined by           processes. 

• The results are relevant for understanding a wide range of extreme 
astrophysical environments, such as those found in neutron stars, 
supernovae, and heavy-ion collisions. 
 
Future direction: 

• How other sub-leading processes contribute to the conductivity? 
• Behavior at finite chemical potential? 
 



ASU  26

Thank 

you
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[Ghosh, Shovkovy, Phys.Rev.D 110 (2024) 09, 
096009 ] & [Ghosh, Shovkovy, Eur. Phys.J.C 
84, 1179 (2024) ]

Kubo formula:

Fermion spectral 

function

Electrical 
Conductivity

Damping rates of charge carriers in their 
quantized Landau level states

Current-current 
correlation



Expressions for transverse and longitudinal conductivities 



Damping rate:
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T=400 
MeV
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Landau-Level Sum 
Convergence

• A significant number of Landau levels must be included 
across a broad range of parameters.

Requires 

Requires 



2. Damping rates from the poles of the propagator:
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Quark self-energy

splitting of the parallel velocities and masses 
of the two spin states

Poles:



The Fourier transform of the translation invariant part of the propagator
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Two spin-split Landau-level states : 
different damping rates


