Acta Physica Polonica B Proceedings Supplement 19, 4-A30 (2026)

THE ROLE OF THERMAL PHOTONS IN
A MAGNETIZED PLASMA AND THEIR
SIGNIFICANCE IN HEAVY-ION COLLISIONS*

OUYANG ZHAOLU, XINYANG WANG

Center for Fundamental Physics, Anhui University of Science and Technology
Anhui, China

Received 27 April 2026, accepted 10 June 2026,
published online 10 July 2026

In this contribution, we present thermal photon production mecha-
nisms within a magnetized quark—gluon plasma, utilizing the framework
of Landau-level quantization. We examine the specific influences of the
magnetic field, chemical potential, and chiral chemical potential on pho-
ton yield and polarization. By providing a more comprehensive theoretical
description of photon production across the full evolution of heavy-ion col-
lisions, our study offers a promising new avenue for resolving the “photon
ve puzzle” and potentially detecting the signature of magnetic fields in
heavy-ion collision experiments.
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1. Introduction

Electromagnetic probes play a pivotal role in relativistic heavy-ion col-
lisions. Due to their weak final-state interactions, they escape the medium
with minimal distortion, effectively serving as an unobstructed “thermome-
ter” of the evolving system. Consequently, thermal photons encode vital in-
formation regarding the trajectory of hot and dense QCD matter — from the
primordial quark—gluon plasma (QGP) stage through to the late hadronic
phase [1-3].

Despite their utility, a significant discrepancy remains: the direct-photon
vo puzzle. Standard models suggest that because a large fraction of thermal
photons is emitted during the early stages — before collective flow is fully
established — their elliptic flow (v2) should be relatively small. However,
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measurements at both RHIC and the LHC have revealed a surprisingly siz-
able direct-photon elliptic flow [4-6]. This persistent gap between theory
and observation necessitates the exploration of additional production mech-
anisms. In noncentral collisions, the presence of intense magnetic fields can
fundamentally alter QCD matter properties, potentially enhancing photon
emission and introducing new sources of anisotropy.

In this contribution, we will present thermal photon production within
a magnetized plasma, focusing on anisotropy and polarization effects, and
their relevance to resolving the vo puzzle. We further examine the impact
of finite chemical potential and chiral chemical potential, proposing a novel
methodology for detecting definitive magnetic field signatures in heavy-ion
experiments [7-11].

2. Thermal photons from magnetized plasma

In a hot QCD plasma under a background magnetic field, the transverse
motion of charged fermions is quantized into Landau levels. As a result, the
photon emission processes are qualitatively modified compared with the zero-
field case. The relevant channels include quark and antiquark synchrotron-
like radiation, ¢ — ¢ + v and ¢§ — @ + 7, as well as quark—antiquark anni-
hilation, ¢ + § — =, accompanied by transitions between different Landau
levels. These processes are schematically illustrated in Fig. 1.

Fig.1. Three types of processes involving fermion states with the Landau-level
indices n and n’: (a) ¢ > g+, (b) G— G+, (¢) g+ 7 — 7.

The thermal photon production rate can be obtained from the absorptive
part of the retarded photon polarization tensor in the magnetized medium
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where the corresponding imaginary part is given in Ref. [7].

The nonmonotonic dependence of the integrated photon production rate
on the transverse momentum is shown in Fig. 2 for |eB| = m2 and |eB| =
5m2. For both magnetic fields, the higher temperature leads to a systemati-
cally larger rate, reflecting the enhanced thermal population of quark states.
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In the stronger-field case, well-resolved peaks appear at small kr, whereas
the corresponding structures are less visible for the weaker field. This indi-
cates that the magnetic field not only changes the overall photon yield, but
also induces discrete transition structures associated with the Landau-level
spectrum.
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Fig.2. (Color online) The integrated photon production rate as a function of the
transverse momentum kr for |[eB| = m2 (a) and |eB| = 5m2 (b). The different
lines represent results for two different temperatures, i.e., T = 200 MeV (blue solid

line) and T' = 350 MeV (red dashed line).

3. Photon anisotropy and polarization

While the previous section considered the azimuthally integrated photon
production rate, the magnetic field can also affect the angular distribution
of emitted photons. Since the external field selects a preferred spatial di-
rection, the photon spectrum becomes anisotropic. To quantify this angular
structure, it is convenient to define the Fourier coefficients v,, of the photon
spectrum as follows:

2m
1 d°R
vn(kr) = Re / fox o do dy cos(ng)de, (2)
0

where the normalization factor is determined by integrating the emission
rate over the azimuthal angle ¢, i.e.,
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The resulting coefficients v9, v4, and vg are shown in Figs. 3 and 4,
exhibiting a nontrivial k7 dependence with both the sign and magnitude
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Fig.3. Ellipticity of the photon production as a function of the transverse mo-
mentum kt for |eB| = m2 and two different temperatures: 7' = 200 MeV (a) and
T = 350 MeV (b).
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Fig.4. (Color online) Anisotropic coefficient v4 and wvg for the photon emission
as a function of the transverse momentum kt under |eB| = m?2 for two different

temperatures, T = 0.2 GeV (blue solid line) and T' = 0.35 GeV (red dashed line).

varying with temperature and magnetic-field strength. In particular, the
even harmonics show opposite sign patterns in the small- and large-kt re-
gions. For kr < +/|eB|, one finds v < 0, v4 > 0, and vg < 0, whereas the
signs are reversed for kr 2 \/|eB|. The magnitudes decrease with increasing
harmonic order, approximately following a 1/n? hierarchy.

These results suggest that the leading even-order anisotropy coeflicients v,
may serve as characteristic signatures of magnetic-field-induced photon emis-
sion in a hot QGP. In realistic heavy-ion collisions, however, such a signal
would be difficult to isolate because of large backgrounds and the convolution
with other sources of anisotropy, such as hydrodynamic flow and initial-state
fluctuations. Furthermore, a major theoretical and experimental challenge
stems from the highly transient nature of the magnetic fields generated in
heavy-ion collisions, which decay rapidly during the early stages of the sys-
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tem’s evolution. Therefore, the observable photon anisotropy may depend
sensitively on the lifetime of the magnetic field and on the early-time evo-
lution of the QGP. Nevertheless, the present calculation provides a useful
theoretical baseline for the intrinsic photon anisotropy generated by the
magnetic field. Future improvements in experimental measurements, col-
lision simulations, and data analysis may make it possible to further test
these predictions.

4. Effects of chemical potentials and chiral chemical potentials

Beyond modifying the total yield and angular anisotropy, a magnetized
plasma can also affect the polarization structure of emitted photons, espe-
cially in the presence of finite quark number or chiral charge densities. Using
the completeness relation for the photon polarization vectors, we decompose
the photon emission rate into different polarization components

YV 7 Vs VL R VI V. R L 7 R L 7
g _6060 E+E+ €E_€_ GHEH 5 (4)

where €)' are photon polarization vectors, i.e., eff =(1,0,0,0), eﬂL = (0,0,0,1),

et =(0,1,44,0)/V2.

We focus on the emission of circularly polarized photons, represented
by the polarization vectors €. For photons emitted parallel or antiparal-
lel to the magnetic field, these states correspond to left- and right-handed
circular polarizations, equivalently photons with opposite helicities. When
these projectors are contracted with I7,,,(k), the photon polarization tensor

naturally separates into the following four parts:
9" My (k) — O (k) + 1T (k) + 1) (k) + T (k) . (5)

The contributions proportional to Im I7(+) and Im IT() define the emission
rates of right- and left-handed circularly polarized photons
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For finite chemical potential, the emission rates for left-handed and right-
handed circular polarizations differ significantly. To quantify this imbalance,
we define the degree of circular polarization as

(+) (=)
R i (kT7¢7y) -R i (kT7¢7y)
PcirC(kTv ¢, y) = E{S ?ﬁﬂ‘) . (8)
7?“dilcf (kTv gbv y) + Rdiff (kT7 Qb, y)
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The corresponding numerical results are presented in Fig. 5, which indicate
a substantial degree of circular polarization in the photon emission. The
sign of Peire(kT, ¢, y) is determined primarily by a nonzero electrical charge
density in the plasma. Indeed, by separating the partial contributions from
the up and down quarks, we find that the up quarks emit more left-handed

photons (P(u) < 0), while the down quarks emit more right-handed photons

circ
(P(Ei)c > 0). Since the up quarks have twice the electric charge of the down
quarks, their emission rate is higher overall. Consequently, the net circular

polarization from QGP is negative, Peie < 0.
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Fig.5. The degree of circular polarization as a function of the azimuthal angle for

T = 200 MeV with two magnetic fields, |eB| = m2 (left) and |eB| = 5m?2 (right).

NREE

Figure 6 shows the angular dependence of the left- and right-handed
circularly polarized photon emission rates at finite chiral chemical potential.
For positive us, the right-handed component is enhanced along the magnetic-
field direction, while the left-handed component is enhanced in the opposite
direction. The resulting asymmetry is most pronounced around ¢ ~ 7/2,
and its magnitude increases with transverse momentum. It is also enhanced
by a stronger magnetic field, but reduced at higher temperature.
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Fig.6. The angular dependence of right-handed (solid lines) and left-handed

(dashed lines) circularly polarized photon emission rates for T = 200 MeV with

two magnetic fields, |eB| = m2 (left) and |eB| = 5m2 (right).
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A nonzero quark-number chemical potential also affects the relative
strength of the two circular polarizations. For u > 0, the left-handed com-
ponent dominates over the right-handed one. This effect may be interpreted
as a photon analogue of the Hall effect in a plasma with finite charge density.

When the electric charge density vanishes, p = 0, the circularly polarized
emission is symmetric under reflection in the transverse plane. In contrast,
a finite chiral charge density, us # 0, breaks this symmetry. For ps > 0,
the emission rate of right-handed photons is higher in the upper hemisphere,
while the left-handed component dominates in the lower hemisphere, where
the two hemispheres are defined with respect to the magnetic-field direction.
The pattern is reversed when the sign of p5 changes.

These results suggest that circular polarization observables may provide
characteristic signatures of finite electric and chiral charge densities in a
strongly magnetized plasma. More broadly, the sensitivity of circularly po-
larized photon emission to p and us suggests a possible connection with
anomalous transport phenomena. Specifically, a finite chiral charge density
s under a strong magnetic field is intrinsically tied to the Chiral Mag-
netic Effect (CME), whereas a finite baryon chemical potential p drives the
Chiral Separation Effect (CSE). While the present work does not provide a
direct hydrodynamic or transport simulation of these macroscopic currents,
our results demonstrate that circularly polarized photon emission observ-
ables can serve as sensitive, complementary, and nondestructive probes of
the local electric and chiral charge densities in a magnetized QGP. For a
comprehensive and recent review of strongly interacting matter in extreme
magnetic fields and these related anomalous transport mechanisms, we refer
the reader to Ref. [12].

5. Summary and perspective

In this contribution, we presented several aspects of thermal photon pro-
duction in magnetized QCD matter in connection with relativistic heavy-
ion collisions. We studied photon emission from a magnetized quark—gluon
plasma, including anisotropy and the effects of finite chemical potential and
chiral chemical potential. In the future, we will extend this study to more re-
alistic phenomenological analyses with the space-time evolution of heavy-ion
collisions taken into account.
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