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Soft-contribution to thermal photon emission from chiral QCD medium
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We evaluate the thermal photon emission rate from a chirally asymmetric quark gluon plasma using the
hard thermal loop approximation. The quasiparticle and plasmino modes prevalent at finite temperature
split into L and R-modes in the presence of chiral imbalance and are found to disperse differently acquiring
different thermal masses. The soft contribution to the thermal photon emission rate obtained from the
retarded self-energy is found to contain additional terms proportional to the square of the quark and chiral
chemical potentials which is found to cause an enhancement to thermal photon emission in the presence of

chiral imbalance.
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I. INTRODUCTION

In quantum chromodynamics (QCD) the compactness of
the non-Abelian SU(3) gauge group allows for topologi-
cally nontrivial configurations of the gluon field. This leads
to a vacuum structure comprising of the superposition of an
infinite number of topologically distinct states which are
characterized by nonzero winding number [1,2]. These
distinct vacua are connected by tunneling instanton tran-
sitions through a potential barrier whose height is of the
order of the QCD scale, Agcp [3-5]. Topological objects in
QCD are likely to play an important role in many
fundamental nonperturbative processes such as chiral
symmetry breaking and possibly confinement. These
objects are not only important for vacuum physics but
are also relevant at high temperatures such as those realized
in heavy-ion collisions at RHIC and LHC energies due to
the substantial production of another class of objects
known as sphalerons [6,7]. It is conjectured that the high
abundance of sphalerons enable thermally activated tran-
sitions over the energy barrier separating topologically
distinct vacua [8—11]. These topologically nontrivial gauge
field configurations can induce P and CP odd effects.
Through the axial anomaly of QCD such processes can lead
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to the imbalance between left- and right-handed quarks
[12,13] which is related to the topological winding number:
Nr — N, = -20,, [14]. Although no global CP violation
has been experimentally observed such local violations
may lead to domains of finite chiral imbalance in the
QGP [15,16]. This imbalance is commonly characterized
by a chiral chemical potential us, which quantifies the
difference in number densities between right- and left-
handed quarks.

Recently, anomalous transport phenomena have gained
significant attention with implications spanning from high-
energy nuclear physics to condensed matter systems
[17-20]. Of particular importance is the chiral magnetic
effect (CME) [14,21-24] which generates a vector current
in the direction of the applied magnetic field. The CME
offers a promising avenue to probe topological fluctua-
tions in QCD [25]. Similar mechanisms have also been
explored in Dirac and Weyl semimetals [26-31] where
chiral quasiparticles are realized in condensed matter
systems.

Electromagnetic probes such as photons and dileptons
have been long considered to be the most effective probes
to characterize the initial state of the matter produced in
relativistic heavy ion collision experiments at RHIC and
LHC. Owing to their long mean free path compared to the
dimension of the system photons and dileptons escape the
system without any interaction and therefore carry infor-
mation about the conditions of the system from where they
are produced. In Ref. [32] the dilepton production rate
(DPR) has been calculated in a hot and dense chiral
medium and it is shown that the DPR is enhanced in the
low invariant mass region due to the contribution from
the Landau cut. As a result the forbidden gap between the
unitary cut and the Landau cut vanishes at high temperature

Published by the American Physical Society
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and chiral chemical potential. Interestingly, spin polarized
photon and dilepton emission from a chiral plasma have
been conjectured to provide evidence for possible P and
CP violations in strong interaction [33]. Again, a novel
mechanism for soft photon production based on conformal
anomaly of QCD and QED along with the existence of
strong electromagnetic fields in heavy collision has been
proposed [34]. This mechanism is also shown to provide a
significant positive contribution to the azimuthal anisotropy
of photons as well as to the radial flow.

In this work we calculate the emission rate of thermal
photons from a quark gluon plasma with local chiral
imbalance. In particular, we focus on the soft contribution
to the production rate using the hard thermal loop (HTL)
resummed fermion propagator. To this end, we calculate the
one loop retarded photon self-energy with one effective
propagator and one bare propagator in the loop. The
imaginary part of the trace of the retarded self-energy is
related to the photon production rate. A separation scale k..,
where g7 < k. < T, has been introduced in order to
render the integration over loop momenta finite. Hence
it is expected that the results will be scale dependent.
However, it should be noted that in order to be phenom-
enologically relevant, in addition to the soft contribution
the photon production rate requires contribution from hard
scatterings coming from quark and antiquark annihilation
and (QCD) Compton processes. At zero density, using
Boltzmann approximation it is possible to show analyti-
cally that on adding the hard and soft contributions the
separation scale k., does not appear in the final
expression [35,36]. At finite chemical potential Bose and
Fermi distributions have to be used to match the soft and
hard contributions in which case the hard contribution can
only be determined numerically and the final result
becomes independent of k. as shown in [37]. However,
as argued in Ref. [38] most of the contribution comes from
the soft part in the weak coupling limit. Thus we will ignore
the hard contribution in this work.

The plan of the paper is as follows. In Sec. II we briefly
sketch the set up of the photon emission rate calculation. In
Sec. III A the spectral representation of the effective
fermion propagator is presented where we also show and
discuss the dispersion curve. The retarded photon self-
energy from chirally asymmetric medium is calculated in
Sec. III B. The imaginary part of the trace of the retarded
photon self-energy is evaluated in Sec. I[II C. In Sec. IV we
present the final form of the photon production rate and
show the numerical results followed by a brief summary
in Sec. V.

II. SETUP

The emission rate of real photons with energy E and
momentum p from a thermalized plasma of quarks and
gluons is expressed as [35,36,39—41]

dR 2 1
—= Im ™[} (E, p) ——— 1
Fp W(E-P) e M)

where ™11, is the retarded self-energy in a thermal medium.
It is well known that this formula is exact to all orders in
strong interaction and only up to leading order in electro-
magnetic interaction due to the assumption that the pro-
duced photon emerges without final state scattering from
the matter, i.e., the system size is small compared to mean
free path of photons [35,39]. Here we only focus on the soft
contribution to the photon rate as the hard contribution can
be obtained employing perturbative methods. Since the
energy of the produced photon is hard (E > T) there is
only one dressed propagator (represented by blob) which
can be present kinematically in the polarization tensor since
the other one has to be hard. As the photon carries a large
momentum, it effectively probes the internal vertex struc-
ture eliminating the need for vertex corrections. By cutting
this polarization tensor one effectively includes all proc-
esses through which the soft quark interacts with the
medium. Thus we are led to evaluate the diagram shown
in Fig. 1 which is computed in the following sections.

III. PHOTON SELF-ENERGY IN CHIRALLY
IMBALANCED MEDIUM

Including u and d quarks the (trace of the) retarded
photon self-energy as shown in Fig. 1 can be written as

“m(p) = -3 Y TS KPS = P Kin) (@
{K}

with Yo, =T, [ (2‘137’)2 is a fermionic sum-integral with

ko = i(zr’/;}l)” and the retarded self-energy implies p, has a

small positive imaginary part. S(K) is the effective quark
propagator and S(Q) is the bare quark propagator. Below
we discuss the spectral representation of the effective
fermion propagator in a chirally asymmetric medium.

K

Q=P-K

FIG. 1. The one-loop photon self-energy is evaluated in the
HTL approximation. The internal fermion line with a black blob
represents the soft quark propagator dressed with HTL resum-
mation, while the line without the blob denotes the bare hard
quark propagator.
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A. Spectral representation of quark propagator

The effective quark propagator S(K) in presence of
chiral imbalance including the hard thermal loop in the
quark self-energy is expressed as [42]

Yol 7oA
S(K)=P P_
) +<DL+@K,M’*DL_@€,@)

Yo\t Yo )
+P_ ( 4 — P, (3)
Dy (k. k)~ Dg_(ky.k)) ™

where

induced by the presence of chiral asymmetry. Since oM is
proportional to us it is straightforward to verify that in
absence of chiral imbalance M; = My = %(Tz + ’;—z)
with Cr =4/3. It is convenient to introduce a spectral
representation for the effective quark propagator. For any
function of k;, we have

Flky) = /_: e f(;’l P (7)

where p is the spectral density function and can be
determined by inverting the above relation which gives

M3 [1 k ko+k ]
Dy (ko k) =ky Fh——L(-(1F2)In2"—+1 1 1
koK) = ko F k== _2< + k) Yo=Kk plko) = —~Im F(ky) = ——DiscF(ky).  (8)
T 27i
(4)
Using this one can obtain the spectral functions p; ;. and
M3 1 k ko+k ] pr .+ corresponding to the dressed propagators 1/D; . and
Dpilko k) =ko Fh——2 - (1F2) 2"~ +1 Rt Lt
ke (ko, k) = ko F k=~ _2< ij> o=k 1/Dg.s as
(5) kg»z _ k2
+ ) — + _ +
2  RCr [ W\ . PCr prx(ky. k) = IV [6(ky —op1) +6(ky +op3)]
M =M"tM" =—|T"+=S+=5 | £— .
i (e ) B (L RO — k52) ©)
(6) -2
o7 pra(ky k) = 027 [6(ky — wg +) + 6(ky + wg )]
The projectors AL =2 (1 F 7o) projects out spinors R
whose chirality is equal or opposite to the helicity and + Br kg, k)O(K> — kg?) (10)
ki = ko + pu F ps. Here M denotes the thermal mass of
the quark while 6M represents an additional mass scale ~ where
|
M1 (1 F ko/k)
ﬂL,i(kO’k) = M2 [ 21;0 L Ktk 2 oMl k) 2 (11)
{ko :F k—T |:§(1 :Fr)ln ko—k j:l } + 4]72 (1 :FT)
LML F ko/k)
ﬂR.i(kOak) = M2 2kk . otk 2 M o 2 (12)
{ko Sy {5(1 Tl In |foth] 1 1}} +T2R<1 ;f)

The o-functions in Egs. (9) and (10) come from the poles in
1/Dy + and 1/Dg . respectively and correspond to the
propagation of L and R-type quasiparticles [42]. Concen-
trating on the L-mode, it can be seen that at positive energy
ko > 0 the pole in the effective quark propagator has two
branches. The first branch, w;  (k), represents the propa-
gation of ordinary L-quarks with a thermal mass M; . This
quasiparticle mode can be interpreted as a particlelike
solution of L-modes as the ratio of its chirality to its
helicity is +1. This is evident from Eq. (3). The second
branch, w; _ (k) represents a collective mode which has no
analog at zero temperature. Since the ratio of its chirality
and helicity is —1 this gives rise to a holelike excitation,

|

commonly referred to as the plasmino of L-mode. An
analogous interpretation holds about dispersion of the
R-modes.

Numerical solutions for a representative value of ps is
shown in Fig. 2 illustrating the dispersion relations for both
L and R-modes. As can be seen, in the chiral plasma L and
R-modes disperse differently. At vanishing momentum the
particle and plasmino solutions of L and R-modes acquire
different thermal masses denoted by M; and Mp, respec-
tively. These are the fermionic analogs of the plasma
frequency. At intermediate momenta, the plasmino
branches of both L and R-modes exhibit a characteristic
nonmonotonic dispersion. These modes can be interpreted
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FIG.2. Dispersion of L and R-mode for different values of ys at
T =200 MeV and p = 150 MeV.

as collective excitations arising from the mixing between
positive-frequency fermion states and negative-frequency
antifermion states induced by thermal effects. In particular,
at small momentum the dispersion of the plasmino
branches w; /g _ behaves in a similar way to a negative-
energy mode as the energy decreases with increasing
momentum. A distinctive feature of the plasmino branch
is the presence of a minimum at finite momentum. This
nonmonotonic behavior can be understood as follows. At
k = 0, the slope of the dispersion curve for the holelike
excitation is negative indicating that the group velocity is
oppositely directed to the momentum. In contrast, for the
particlelike excitation the group velocity has the same sign
as the momentum. At large momentum, however, the

|

plasmino branch asymptotically approaches the light cone
with the group velocity tending toward unity. The combi-
nation of these two limiting behaviors leads to a local
minimum in the dispersion relation at finite momentum.
The existence of such a minimum implies a vanishing
group velocity at that point which can result in van Hove
singularities in the density of states. These singularities in
turn produce observable effects such as gaps or enhance-
ments in physical quantities such as the dilepton production
rate [43].

In a similar way one can also express the bare propagator
in spectral representation. It is convenient to first write the
bare propagator in the same basis as the effective propa-
gator as in Eq. (3). Thus we obtain [42,44,45]

Yoy YoA- )
S(Q) =P ( + P_
(@) =P, dp(q5.q9)  dp_(q7.q)
Yoy YoAA- )
—|—[P’_< 4 - \p 13
dr+(q5.9)  dr_(q5.9)) © (13)

where

dr.(q5.9)=q5 Fq and dp.(q5.9)=q; Fq. (14)

The spectral density functions for the bare propagators will
be denoted by ¢ and they are given by the following
expressions

or+=06(q) Fq) and ogy=06(q5 Fq). (15

B. Calculation of in-medium photon polarization
function at finite u;

Now using Egs. (3) and (13) in Eq. (2) we get

R (P) = 5 QEI[Tr[VyP+kP—V”P+@P—] Tr[VﬂP+kP—7ﬂp+@P—} Tr[yﬂP+}%P_y”P+QIP_]
h(P) =

e
3 4{}(} Dy (kg k)dy, (45 q)

Dy . (ko+, k)dL,— (q& ‘])

DL,—(k(J)r’ k)dL,Jr(‘I(J)r’ Q)

Trly, P KP_y'P,OP_|  Trly, P RP_y'P,QP_|  Trly, P RP_y'P,OP_]

D, _(kg.k)d, _(q5.q)

Dy (kg k)dg (g5 q)

Dy (kg k)dr (g5 9)

Tr[y”P+i(P_y/‘P+@P_] Tr[VﬂP+KP—}’”P+@P—]]

Dy _(ky. k)dg (95, 9)

&

Dy _(ky. k)dg —(qq5.q)

2 A

e (il
3 0 DL,+(k(J)r’k) dL,+(‘Z(T’CI)

S

dr—(q5.9)

p—
DL,—(k(T’ k) dL.+(qg’ ‘1)

k-

N 1 < K-0 N K-0 >
Dy (k. k) \dr+(q5.q) dr_(q5.9)

D

R-—(l"tf k) (dm(qé @ dzf(é?, q)ﬂ (16)
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where K* = (1,k), K = (1, —k) and we have used Note that in the limit 45 — 0, Eq. (16) correctly reduces to
the standard result of Ref. [35] since the denominators for

Trly,P. KP_y"P PP | = 4K - 0 the L- and R-modes become identical.
= Trly, P KP_y*P.QP_| (17) C. Imaginary part of the retarded photon self-energy
2 - We now evaluate the imaginary part of the retarded
Tr[},ﬂPJrkP‘yMP*QP‘} =—4K-0 photon self-energy which is required for calculation of the

= Trly,P, f([pu_y# P, QIP_]. (18) photon production rate given by Eq. (1). Following Eq. (16)
we can write
|

5 " A 1 1 1
Im ™TF (P :—e2I[K-Q<Im +Im +Im
“P) =3 Dy e 0 (@) Dy (gt a) D (ke K (a0 q)

{x)
+1 ! ) +K @(I ! +1 !
m . m m
Dy _(kg . k)dg _(qg - 9) D, (kg .k)d _(q5.q) Dy _(ky.k)dy (g4 .q)
1 1
+1Im +Im )} (19
Dr (i R dn(d5-0) ™ D (g R r () )

In the above equation sum over Matsubara frequencies can be performed using the method discussed in [43] and for finite
chemical potential the result is given by

Im T F (ko) Fa(go = po — ko) = z(e/P0 — 1) / dwde'p(w)p2 (') (w)nf(0')5(po — 0 — o). (20)
ko

Here p; and p, are the spectral density functions for F; and F, respectively and nf = 1/ (eﬂ(“’W) + 1) is the Fermi
distribution function. Now using this result in Eq. (19) we get

. S, &k
Im e[HZ(P) :?e (eﬁpo - 1)/(277:)3/d(0d0)/
x [ (@)ng™ (@ ){K - Qps014 +pr-op-) + K- Qpor - +pp_ori)}
+np " (@)ni ™ (@){K - O(pg. 4 0r.+ + pr—0r-) + K- Q(pp 0 - + pr-or)}6(py —w— /). (21)
In the above expression, the spectral functions p are evaluated at (, k), while the ¢ functions are evaluated at (o', q).

Since we are interested in calculating the soft contribution, the exchanged quark propagator must be dressed and
satisfies

K<’ -kK<0 = 0<kK -0 <k, (22)

where k2 denotes the cutoff in the four-momentum transfer ¢ (and u). This cutoff is introduced in the calculation of the hard
contribution to regulate the infrared divergences arising from the soft region of phase-space. Consequently the delta-
functions (corresponding to pole contributions) in the spectral densities p; . and pg + do not contribute at this order.
Instead, only the branch-cut contributions represented by f; . and B . are relevant. Thus we arrive at
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Sn &k
ImthZ(P) = ?ez(eﬂpo — 1) /W/dwda)'

x [ (@)ng~ (o ){K - O

+ni " (0)np” (0 ){K -

(2n)}
+ K0y 8(po— 0+ q) + fr_

+Br_6(po— @+ q)) + K - O(Br . 6(po

This can be simplified further by incorporating the
following assumptions. Since the external photon is hard,
i.e., po > T and exchange quark is soft, i.e., » << T we can
write

L/R.~
ng

(po— @) m n/ ™ (po) m e, (24)

Furthermore we note that J-function with argument
po—w—+¢g will never go to zero due to kinematic
reasons. The other J-function can be simplified using
HTL approximation as

1
8(pg—o—q) z;&(cos&—%)

since ¢ = |p — k| ~ p — kcos 6. (25)

Using these in Eq. (23) we get

e Ppro

k
meE(P) = do

- ( ePpo

(k+o)p _(@, k)
(k+ @)pr (o, k)].
(26)

X [(k —o)pp (0, k) +
+ (k- w)ﬁR,+ (0, k) +

The integrals involving f; . and fg . can be performed
both numerically [35] and analytically [46]. Thus finally
we arrive at

—p 2 2
Imretn”(P)—S—( ooy ke ke
127 2 L oMz B
5¢2 K2 sM?
——_(ePPo—1)ePPopg? —In—=
1271'(6 Je { M ML]
(27)

( OfL 01+ +Pr-op_)+
O(Pr10r+ +Br-or_)+ K- Q(ﬁR,+UR,— + Br-or+)}6(po

3
— 53—”32(eﬂ170 — 1)/ &k /da)[nf‘,Jf(a))nf;’_(po —a)){f( Q(ﬂL,+5(P0 —w— 6]) Y hL

8(po—®—q))} +ny
—w+q)+ Pr_6(py—w—

>

K- Ofriop -+ Pr_or4)}

—w-)
3(po— @ +q))

H@)nf(po — @) {K - O(Br 1 8(po — @ — q)

)} (23)

IV. SOFT CONTRIBUTION
TO THE PHOTON RATE

Now we can write down the final expression for the soft
contribution to the thermal photon production rate from
chirally imbalanced matter by using Eq. (27) in Eq. (1)

EdR Saa;e_ﬂE 2+/,t_2+u_§ k2 +6M21
dp 927° 2 2) " e M|
(28)

Along with terms proportional to 2 and y? the second term
in the third bracket appear due to the presence of chiral
imbalance. In the limit us — 0, Eq. (28) correctly reduces
to the result of [37] since My, M; — M. Furthermore at
u — 0 we recover the well-known rate given in [35]. We
plot in Fig. 3 the photon emission rates at 7 = 200 MeV.
Throughout this section we will choose a, = 0.3. The blue
and green lines depict the enhancement due to the finite
baryon chemical potential ¢ and chiral chemical potential
us respectively. By comparing the Figs. 3(a) and (b) we
observe the dominant role played by y which is in line with
the observation in [37]. The presence of chiral imbalance
represented by ys is seen to cause an additional enhance-
ment in the rate.

A discussion on the choice of numerical values of a; is in
order here. At typical temperatures expected to be produced
in QGP, the value a, = 0.3 is consistent with a comparison
between perturbation theory and lattice gauge simulations
[35,39]. This implies g &~ 2 and our assumption of g <« 1
while employing HTL approximation is strictly not valid.
However as discussed in [47,48] the Braaaten-Pisarski
method can be applied for large values of ¢ for the class
of quantities which are logarithmically infrared divergent as
in the present case, provided the energies or momenta of the
particles are much greater than the temperature. Since we
are working with production rate of hard photons with
energies ~GeV the extrapolation to realistic values of the
coupling constant might be justified.

We now focus specifically on how presence of chiral
imbalance modifies the production rate of hard photons.
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3.0x10‘7____———-—~____~—_”,,,——””///
~ 2.5x1077
' — _E=1.8 GeV
W
L E = 2.0 Gev
>
Q T = 200 MeVv
€ 2.0x1077
© Q
B|
53]
1.5%1077
@
50 100 150 200
ps (MeV)

—— u=0, us=0
______ pu=300, ps=0
________ pu=300, wus=300
~ 10° (in Mev)
I in e
&
.
1
>
Q
)
o mn'
T %
<3}
1076
T = 200 MeV
b)
170 1.5 2.0
E (GeV)

The photon production rate as a function of photon energy at 7 = 200 MeV and a, = 0.3. (a) u = 200 MeV, p5 = 200 MeV
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FIG. 4. The photon production rate as a function of us for different values of photon energy at (a) 7 =200 MeV and

(b) T =300 MeV in absence of u.

For this we will put 4 = 0 and study the photon production
rate as a function of us for different values of temperature.
Such a scenario may be relevant for ultrarelativistic heavy
ion collision experiments where the created matter is
expected to have baryon density close to zero but can
have local P-odd domains with finite us. In Fig. 4(a) we
have shown the us-dependence of the production rate of
hard photons at 7 = 200 MeV considering energy of the
photon E = 1.8 and 2 GeV. As evident from the plot, with
increase in ps the rate increases and the enhancement is
more prominent for lower values of energy. Qualitatively
similar behavior is observed in Fig. 4(b) where we have
taken 7' = 300 MeV keeping all other parameters fixed.
Comparing Figs. 4(a) and (b) it can be inferred that with

increase in temperature the production rate increases owing
to the availability of a larger thermal phase space.

V. SUMMARY

In this work we calculate the thermal photon emission
rate from a quark gluon plasma with chiral imbalance. In
particular, we have considered only the soft contribution to
the photon self-energy by employing the dressed quark
propagator obtained using the hard thermal loop approxi-
mation. We first study the quark dispersion relations and
find that both the familiar quasiparticle and plasmino
modes prevalent at finite temperature split into L and
R-modes in the presence of ys which disperse differently.
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At vanishing momentum the particle and plasmino solu-
tions of the L and R-modes acquire different thermal
masses. At intermediate momenta, the plasmino branches
of both L and R-modes are found to exhibit a characteristic
nonmonotonic dispersion. Finally, the soft contribution to
the thermal photon emission rate obtained from the retarded
self-energy is found to contain additional terms propor-
tional to the square of the quark and chiral chemical
potentials which cause an enhancement to thermal photon
emission in the presence of chiral imbalance. Though
temperature is by far the leading scale, a notable enhance-
ment in production rate with s is observed for a given
momentum. However in order to make an explicit con-
nection to the experimentally observed photon excess a
space-time evolution of the rate is to be performed using
relativistic hydrodynamics with axial anomaly [49]. It is
also to be noted that inclusion of a finite quark mass will

lead to modification of the Dirac structure of the fermion
self-energy and hence the dispersion relations, and may be
implemented in chiral media following [50]. Again, effects
of momentum anisotropy as well as external magnetic field
on photon production rate from a chiral plasma will indeed
be interesting to study. However the complexity in the
overall nature of the photon self-energy in this case due to
new structure factors arising from the presence of addi-
tional vectors corresponding to the directions of the
magnetic field and the momentum anisotropy is likely to
render the calculation quite nontrivial.

DATA AVAILABILITY
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