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We discuss a new channel of photon emission from the quark-gluon plasma, which opens up as
photon acquires a tachyonic mass in the presence of the CP-odd topological domains generated
by the chiral anomaly. It allows photon radiation through the decay q → qγ and annihilation
qq̄ → γ processes closely related to the chiral Cherenkov radiation. Unlike previous proposals
this mechanism does not require an external magnetic field. The differential photon emission
rate per unit volume is computed and shown to be comparable to the rate of photon emission in
conventional processes. The presentation is based on Refs. [1, 2].
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1. Introduction

Photon radiation in heavy-ion collisions has been throughly investigated over the last half cen-
tury. Nevertheless the conventional approaches based on the perturbation theory are still struggling
to give a comprehensive description of the photon spectra. This article reviews a novel mechanism
of photon radiation via the chiral anomalies of the gauge theories. Actually, photon radiation via the
chiral anomaly in the presence of the intense magnetic field was investigated in [3–5]. In contrast,
the mechanism presented here does not require any magnetic field.

The quark-gluon plasma (QGP), is believed to contain the topologicalCP-odd domains created
by the random sphaleron-mediated transitions between different QCD vacua [6, 7]. The dispersion
relation of the electromagnetic field interacting with these domains is [8–13]

ω2 = k2 + ω2
pl + m2

A , (1)

where k is the photon momentum, ωpl is the plasma frequency and m2
A = −λσχω with σχ being the

chiral conductivity [14, 15] (assumed to be a constant), λ = ±1 are two photon circular polarizations.
At high enough photon energies and plasma temperatures ωpl is but a small correction compared to
mA and will be neglected in the following sections. The fact that photon acquires a mass in the chiral
medium opens new photon production channels similar to the Cherenkov radiation [9, 16–18].

2. Photon radiation rate

Photon emission by means of the chiral Cherenkov radiation mechanism can proceed via two
channels: (i) the decay channel q→ qγ and (ii) the annihilation channel qq̄→ γ. The total photon
radiation rate is the sum of rates of these two processes.

2.1 Decay channel

The scattering matrix element for photon radiation in the decay channel q(p) → q(p′) + γ(k)
is given by SD = (2π)4δ(4)(p′ + k − p)iMD where

iMD = −ieQ
ūp′s′/ε

∗
kλups

√
8εε′ωV3

. (2)

The components of the 4-vectors are p = (ε, p), p′ = (ε′, p′) and k = (ω, k), Q is quark charge and
m = gT/

√
3 its thermal mass [19]. I retained the relativistic normalization factors (2p0V)−1/2 for

each of the three fields, where V is the normalization volume. The rate of photon production per
unit volume can be computed as

dΓD = 2Nc
δ(ω + ε′ − ε)

16(2π)5εε′ω

∑
λss′

|iMD |
2 f (ε)[1 − f (ε′)]d3kd3p . (3)

where f (ε) is the quark equilibrium distribution function and the small chemical potentials of quarks
is neglected. Performing the summation over the transverse photon polarizations one obtains∑

ss′

|MD |
2 =

2
x2(1 − x)

[
q2
⊥(2 − 2x + x2) + m2x4] , (4)
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where x = ω/ε the fraction of the incident quark energy carried away by the photon and q⊥ =

xp⊥ − k⊥. Neglecting m one obtains

ω
dΓD
d3k

= 2Nc
e2Q2

8(2π)4
|m2

A|

∫ ∞

0
dξ

[
ξ2 + (1 − ξ)2

]
f (ω(1 + ξ)) [1 − f (ωξ)] , (5)

where only the polarization that gives m2
A < 0 contributes. The low and high energy regions of the

spectrum read

ω
dΓD
d3k

= 0.73 · 2Nc
e2Q2

8(2π)4
|m2

A|

{ 3ζ (3)
(βω)3

, ω � T
1
βω e−βω , ω � T .

(6)

Taking into account that m2
A is proportional to ω, one finds that at ω � T , the photon of spectrum

scales as 1/ω2. Thus the total photon rate ΓD is dominated by soft photons ω � T that produce
the large logarithm ln(T/m).

2.2 Annihilation channel

The scattering matrix element for photon radiation in the annihilation channel q(p) + q̄(p1) →

γ(k) is given by SA = (2π)4δ(4)(p + p1 − k)iMA where

iMA = −ieQ
v̄p1s1/ε

∗
kλups√

8εε1ωV3
. (7)

The corresponding rate of photon production per unit volume reads

dΓA =
dwA

VT
= Nc

δ(ω − ε1 − ε)

32(2π)5εε1ω

∑
λss1

|iMA|
2 f (ε) f (ε1)d3kd3p . (8)

Summation over the photon polarizations and denoting by y = ε/ω the energy fraction that the
incident quark contributed to the photon energy and `⊥ = yk⊥ − p⊥ one derives∑

ss1

|MA|
2 =

2
y(1 − y)

[
`2
⊥

(
y2 + (1 − y)2

)
+ m2

]
. (9)

In the annihilation channel m2
A must be positive. Using this to compute the rate yields (in the chiral

limit)

ω
dΓA
d3k
= Nc

e2Q2

16(2π)4
|m2

A|

∫ 1

0
dy f (yω) f ((1 − y)ω)(2y2 − 2y + 1) . (10)

At low and high photon energy the spectrum reads

ω
dΓA
d3k
= Nc

e2Q2

16(2π)4
|m2

A|

{
1
6 , ω � T
2
3 e−βω , ω � T .

(11)

Comparing with (6) one can see that the decay channel dominates the low energy part of the
spectrum, whereas the annihilation channel dominates the high energy tail, see Fig. 1. It is
remarkable that since the photon polarization in the two channels is opposite, the total photon
spectrum has different polarization direction at low and high energies with respect to T .
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Figure 1: Differential photon emission rate (solid line) and its two contributions from the decay (dashed line)
and annihilation (dotted line) processes. Plasma temperature T = 400 MeV, chiral conductivity σχ = 1 MeV
and

∑
f Q2

f = 5/9 (for the two lightest flavors).

3. Summary

The main result of this work is Eqs. (5) and (10) that represent the differential rates of photon
emission rate by means of the chiral Cherenkov radiation in the decay and annihilation channels.
Their sum gives the total photon emission rate (per unit volume). Themagnitude of this contribution
to the total photon yield by QGP shown in Fig. 1 is comparable with the conventional contributions
as one can glean from Fig. 3 of [20].

The rate of photon production via the mechanism presented in this work is proportional to
the chiral conductivity σχ, which is in turn proportional to the axial chemical potential. This
quantity is poorly known which is the source of the largest uncertainty in the photon rate. A
more precise knowledge of σχ can be extracted from the measurements of the charge separation
effect in relativistic heavy-ion collisions because it is generated by the anomalous electric current
proportional to σχ [21].
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