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The intensive synchrotron radiation resulting from quarks interacting with the collective confining
color field in heavy ion collisions is discussed. The spectrum of hard photons is presented and is
compared with the experimental data showing a feasibility of this magnetic bremsstrahlung-like
radiation. A study of the earlier predicted specific anisotropy in the angle distribution of dileptons
with respect to the three-momentum of the pair is suggested as a way to select this mechanism
among other sources of direct photons and dileptons and to probe the confinement properties.
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1. Introduction

Investigation of matter properties under extreme conditions, for example, quark-gluon plasma
(QGP) is one of the most relevant and interesting problems of modern high-energy physics with
heavy-ion collisions. Among the possible ways of studying the QGP are the so-called electromag-
netic probes [1, 2, 3], that is, photon and lepton sources. Since these particles can pass through the
plasma volume, practically without interacting with quarks and gluons, they, therefore, carry direct
information about its structure.

We propose an essentially alternative mechanism for possibly explaining the observed az-
imuthal anisotropy of direct photons with respect to the reaction plane, which apparently is not
taken into account in other phenomenological approaches. We are talking about "magnetic
bremsstrahlung" or synchrotron radiation of quarks in the collective color field, providing confine-
ment.

This talk is mainly based on our studies [4, 5, 6], which we summarize here.

2. Theoretical framework

In our approach, we assume that the interaction of quarks and QGP occurs by means of a
constant holding force σ that acts along the normal to the surface of the plasma volume. As a
result, a colored object, i.e. a quark or antiquark at the boundary of the plasma system begins to
move along a curved trajectory, so that it emits photons. This magnetic bremsstrahlung radiation
is sufficiently intensive for light quarks due to the large magnitude of the “string tension” σ '
0.2 GeV2 as fixed in the chromoelectric flux tube model [7, 8]. This effect is inherent to any
accelerated moving classical charged particle. This quasi-classical treatment is obviously grounded
on the fact that the de Broglie wavelengths of medium constituents are smaller being compared with
the size of their localization region (QGP).

For the light u- and d-quarks with the energy E the probability of emitted photons with the
frequency ω per unit time t is independent of the mass of the emitting particle in the strong-field
case and the spectral distribution can be represented as [9]:

dNγ

dωdt
=

1
2

e2
qαω

−2/3(σ sinϕ/E)2/3, 0 < ω < E, (2.1)

where α = 1/137 is the fine structure constant, eq is the quark charge in units of electron charge
and ϕ is the angle between the quark velocity and the direction of quark confining force σ (the
normal to the QGP surface in our case). Knowing the laws of quarks motion, it is easy to determine
the spectral angular distribution of photons radiated per unit surface area S of plasma:

dNγ

dSdtω2dωdΩ
=

g〈e2
q〉α

(2π)3σ1/3

3
7

ω
2/3 sin2/3

ϕ0×
∞∫

1

dξ exp

(
− ω

T
ξ

)
(ξ 7/3−1), (2.2)

where 〈e2
q〉= e2

u+e2
d , eu and ed are the u- and d-quark charges, g = spin× color = 6 is the number

of quark degrees of freedom, T is the plasma temperature, ωξ = E is the initial quark energy. ϕ0

is the angle between the normal to QGP surface and the direction of emitted photons.
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The basic conditions to have such a radiation available as: 1) confinement; 2) the presence of
relativistic light quarks (u- and d-quarks) in the hot medium; 3) the semiclassical nature of their
motion.

To specify the QGP geometry and evolution, we use a model of a cylindrical symmetric plasma
volume expanding in longitudinal direction and use a hydrodynamical scaling solution. Taking for
the QGP an ideal gas equations of state, we have T = T0(τ0/τ)1/3, where T0 is the temperature at
the proper time τ0 at the beginning of the hydrodynamic expansion.

3. The spectrum of synchrotron photons

From our “master” Eq. (2.2) in the limit of large transverse momenta, k⊥� T , we obtain:

dNγ

dSdtk⊥dk⊥
= Ξ〈e2

q〉ασ
−1/3k−5/6

⊥ T 5/2e−k⊥/T , (3.1)

where Ξ' 0.29 is the result of averaging over angles. Integration of Eq. (3.1) over the QGP surface,
taking into account evolution, gives:

d2Nγ

2πk⊥dk⊥dy
=
∫ dNγ

dSdtk⊥dk⊥
rτdτ = (3.2)

= Ξ〈e2
q〉α3(τ0T 3

0 )
2rk−13/3
⊥ σ−1/3

[
Γ

(
7
2 ; k⊥

T0

)
−Γ

(
7
2 ; k⊥

Tc

)]
,

where Γ is the incomplete gamma-function, τ is the proper time for plasma volume and y is the
photon rapidity, and Tc = 0.2 GeV is the critical temperature at the end of the hydrodynamical
evolution.
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Figure 1: Spectra of synchrotron photons for different T0 and τ0. T0 is the temperature at the moment
of proper time τ0, when the hydrodynamic regime begins. Experimental results taken from [10] for the
centrality 0-20 %.

In Fig. 1 this spectrum (3.2) is presented for the different input parameters T0 and τ0 at the
transverse size of QGP system fixed as r = 10 fm (Tc = 0.2 GeV and σ = 0.2 GeV2 are fixed).
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Experimental data from Ref. [10] in the most central Pb-Pb collisions for the 0-20 % centrality class
at mid-rapidity y in the transverse momentum range 1 < kt < 4 GeV are also given for comparison.
In Fig. 2 we compare the spectrum (3.2) with experimental data for the 20-40 % centrality class
also and for this centrality class < r(b)>' 7 fm (with b being the impact parameter).
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Figure 2: Spectra of synchrotron photons for different T0 and τ0. Experimental results taken from [10] for
the centrality 20-40 %.

4. The peculiarities in angular distributions

The synchrotron radiation is characterized by a high degree of photon polarization. The pres-
ence of a photon polarization is closely related to the geometrical feature of the QGP volume, over
whose surface we should integrate.

In the picture of employing a hydrodynamical scaling solution, one has a cylindrically sym-
metric plasma volume (for central collisions) expanding in the longitudinal direction and the cal-
culations for the final polarization can be done in explicit form. The primary degree of polarization

P =

(
dN2

dωdt
− 1

2
dNγ

dωdt

)/
dNγ

2dωdt
=

1
2

(4.1)

reduces to about 20% for a plasma system. In Eq. (4.1) N2 corresponds to linear photon polarization
along the vector e2. The polarization vectors e1 and e2 are given by

e1 =
σ ×k
|σ ×k|

, e2 =
k× e1

|k× e1|
, (4.2)

where k is the photon momentum.
After averaging these final photons (with a low degree of virtuality

√
k2'
√

σ = 0.45 GeV) are
dominantly polarized along the normal to the plane spanned by the momentum of detected photons
and the cylinder axis. Since the difficulties of registering photon polarization entail many problems
for experimental search for this effect, we have recently suggested in Ref. [5] that observing lepton-
pair angular distribution resulting from the polarized photon conversion could be potentially an
efficient probe of QGP.
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For the noncentral collisions the synchrotron radiation is nonisotropic and photons are emitted
mainly around the direction determined by the normal to the ellipsoid-like surface (characterized by
the eccentricity ε). This means that the photon azimuthal anisotropy, characterized by the second
Fourier component:

vγ

2 =

∫
dφγ cos(2φγ)(dNγ/dφγ)∫

dφγ(dNγ/dφγ)
6= 0 ∝ ε. (4.3)

The coefficient of elliptic anisotropy for dilepton pairs will be also proportional to the eccentricity
of QGP system as it takes place for the bremsstrahlung real photons and can be experimentally
measured.

5. Conclusions

The main thesis of our present investigation is the following: the synchrotron radiation should
be necessarily taken into consideration at a description of global photon and dilepton data in high-
energy heavy-ion collisions. For the most central collisions the boundary photons contribute to the
experimentally measured rate of direct photons at the level of 10%.

To select this new uncommon mechanism of radiation unambiguously we suggest to study
the noticeable specific anisotropy in the angle distribution of leptons with respect to the three-
momentum of pair. The origin of this anisotropy is rooted in the existence of a characteristic
direction in the field where the quarks are moving. Besides as another distinctive feature the syn-
chrotron radiation will be nonisotropic for the noncentral collisions because the photons are domi-
nantly emitted around the direction fixed by a surface normal, whose “mean” value is not zero.

Acknowledgments – The speaker would like to thank the Hard-Probes’18 organizers for the very
generous welcome in Aix-Les-Bains. This work was supported by Russian Foundation for Basic
Research (grant 18-02-00155).
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