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Motivation
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The QCD phase diagram in background fields
Neutron stars

Heavy-ions collisions

(Kharzeev, PPNP, 2014)
Long lived electric fields in HIC (Taya et al, arxiv, 2024)
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Motivation
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The QCD phase diagram in background fields

In this work we look at linear responses in the limit of high temperatures or high densities
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The electromagnetic susceptibilities
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Equilibrium: the electric field induces a charge distribution in the medium which in turn balances the electric 
force of the external field. Here: Fermi pressure vs electric force

(Endrődi and Markó, JHEP, 2022)

The electromagnetic susceptibilities are the linear response of a system to the application of external electric 
and magnetic fields.
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The electromagnetic susceptibilities: two approaches
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Schwinger:

1) Free energy for constant EM fields 2)    Expand for weak fields 

Adapted from Endrődi’s talk at EESIM, 2022

(Lowe and Rojas, PRD, 1992)

(Elmfors and Skagerstam,Phys.Lett.B, 1995)

(Gies, PRD, 1995)
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The electromagnetic susceptibilities: two approaches
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Schwinger:

1) Free energy for constant EM fields 2)    Expand for weak fields 

Weldon:

Photon polarization tensor

Expand the free energy in terms of the background fields from the start

Adapted from Endrődi’s talk at EESIM, 2022

(Weldon, PRD, 1982)
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Disagreement with Schwinger’s method
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In (Endrődi and Markó, JHEP, 2022) the susceptibilities are computed using a High-temperature expansion within 
the real-time formalism.

The magnetic susceptibilities agree, but the electric ones do not.
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The electromagnetic susceptibilities in Weldon’s approach
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Equilibrium distribution

(Electric)

(Magnetic)

Vacuum term removed (T=0)

(Endrődi and Markó, JHEP, 2022)
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The electromagnetic susceptibilities: early lattice results
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(Endrődi and Markó, PRD, 2022)

Only mass corrections appear in the sum.

The dots are the results obtained on the Lattice.

From now on, all expressions are from Weldon’s approach on.
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Electromagnetic susceptibilities and power corrections
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The susceptibilities are associated to power 
corrections to the photon polarization tensor.

Hard thermal loop expansion should in principle lead to the 
same results as high-temperature expansion.

We applied the methods of (Gorda et al, PRD, 2023): real-time formalism for QFT at finite temperature and density 

Alternative calculations for power corrections: (Carignano et al,Phys.Lett.B, 2018), (Manuel et al, PRD, 2016).
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The electromagnetic susceptibilities
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(OF and Eduardo S. Fraga, PRD, 2024)

Keep the vacuum the term
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The photon polarization tensor
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The power and mass corrections

1) Expand to obtain the 
power corrections

2)  Expand for small masses 
around the massless solution
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Results for the susceptibilities
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The high-temperature limit

Negative electric susceptibilities and positive magnetic susceptibilities (paramagnet) which agrees 
with (Endrődi and Markó, PRD, 2022) (Bali et al, JHEP,2020).

Both a renormalization scale and a mass appear in our results. 

Electric susceptibilities also disagree with the result from the Schwinger’s method.
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(Endrődi and Markó, PRD, 2024)

Results for the susceptibilities

The high-temperature limit
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Conclusions and perspectives
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In this work
● We have shown how the electric and magnetic susceptibilities can be 

computed using tools from hard thermal loop theory;
● Results for the high temperature limit agree well with lattice simulations 

and are consistent with m->0;
● We have extended previous results to the case of dense media.

For future work
● Interacting quarks within perturbative QCD (in progress);
● Extend the results for dense media to arbitrary masses.

Returning to the motivation…
● Still not clear why the Schwinger’s method gives  a different answer (ordering of 

limits?).
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Backup slides 
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The photon polarization tensor
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Do not contribute to the sum

Mass corrections

Results for the longitudinal component

For m-> 0 we recover the massless case (Gorda et al, PRD, 2023), 
(Carignano et al,Phys.Lett.B, 2018), (Manuel et al, PRD, 2016).
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Results for the susceptibilities
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The high-chemical potential limit

Similar qualitative behaviour, but the dense case reaches saturation more slowly.
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Results for the susceptibilities
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The high-chemical potential limit

The signs for the susceptibilities are the same as in the high-temperature limit: negative electric susceptibilities and 
positive magnetic susceptibilities.
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Taking the k-> 0 limit leads to a divergence
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Susceptibilities without equilibrium requirement: more complications

Equilibrium distribution(Endrődi and Markó, JHEP, 2022)
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The photon polarization tensor
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The power and mass corrections
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Calculations by (Endrődi and Markó, JHEP, 2022)
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(Endrődi and Markó, PRD, 2024)
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