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quark matter

Snigdha Ghosh®,"" Nilanjan Chaudhuri 2 Sourav Sarkar®,>** and Pradip R0y4‘3’g
'Government General Degree College Kharagpur-II, Paschim Medinipur 721149, West Bengal, India
*Variable Energy Cyclotron Centre, 1/AF Bidhannagar, Kolkata 700064, India
3Homi Bhabha National Institute, Training School Complex, Anushaktinagar, Mumbai 400085, India
*Saha Institute of Nuclear Physics, 1/AF Bidhannagar, Kolkata 700064, India

® (Received 4 January 2022; revised 15 March 2022; accepted 3 April 2022; published 4 May 2022)

The photon self-energy from chirally imbalanced quark matter is evaluated at finite temperature and
density using the real time formulation of thermal field theory. The analytic structure is explored in detail
exposing the cut structure which corresponds to a variety of physical scattering and decay processes in the
medium and their thresholds. The mass of the quarks in the chiral symmetry broken phase are obtained
from the gap equation of the Nambu—Jona-Lasinio model. It is found that, in presence of finite chiral
chemical potential, the chiral condensate tends to get stronger at low temperatures while the opposite is
observed at high temperature values. A continuous spectrum is obtained for the electromagnetic spectral
function and this is purely a finite chiral chemical potential effect.
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I. INTRODUCTION

Relativistic collision of heavy ions aim to probe the QCD
vacuum structure under extreme conditions of temperature
and/or baryon density [1-4]. There exists in fact an infinite
number of energy-degenerate different vacua of QCD
characterized by an integer valued winding number and
separated by a potential barrier [5]. This is probed by
nontrivial topological gauge configurations which interpo-
late between these vacua. At small values of temperature,
transition between different vacua are dominated by
instanton tunneling [6—8], resulting in a lower transition
rate. In Ref. [9] it is argued that, the existence of infrared
instanton structure can provide a mechanism for the chiral
phase transition. However, at temperatures comparable
to the QCD scale, an abundant production of the QCD
sphalerons, another kind of topological gluon configura-
tions, is expected [10,11] which can lead to the significant
increase in the transition rate by crossing the barriers
between different vacua [12—15]. Interaction of the quarks
with these topological gauge fields can change their
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helicities which in turn produces an imbalance between
left- and right-handed quarks and thus lead to the breaking
of the parity (P) and charge-parity (CP) symmetry by
means of the axial anomaly of QCD [16,17]. As there is no
direct P and CP violation in QCD, there can only be local
domains with chirality imbalance which vanishes globally
[18,19]. The existence of chiral imbalance or a difference in
the number of right- and left-handed quarks would imply
the existence of a chiral chemical potential (CCP).
Off-central collisions of heavy nuclei moving with
velocities close to that of light can also generate a pulse
of very strong magnetic field estimated to be ~10'> Tesla
[20,21]. Consequently, electromagnetic interactions driven
by such high magnetic fields are as strong as QCD
interactions. In this situation an asymmetry between the
densities of left- and right-handed quarks will induce a
separation of charges or an electric current being set up
along the direction of the magnetic field. This is known as
chiral magnetic effect (CME) [20,22-24]. Experimental
detection of this transient effect will not only provide direct
evidence for the formation of a chirally symmetric decon-
fined QCD matter with domains where P and CP sym-
metries are locally violated by QCD but also prove the
existence of strong magnetic fields. Intense efforts have
been going on to detect CME in heavy ion collision
experiments at the RHIC at Brookhaven. Recently, the
STAR Collaboration performed a blind analysis of a large
data sample of approximately 3.8 billion isobar collisions
which so far have yielded a null result [25]. However, new
methods for experimental determination of CME have been
proposed [26,27]. Besides these, the chiral imbalance also
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leads to interesting physical phenomena. For example,
chiral matter under rotation can generate currents along
the vortical field, known as the chiral vortical effect which
results in the chiral vortical waves [28-31]. In Ref. [32], it
is shown that, the damping rate depends on both the energy
and the chirality of the fermion. The presence of chiral
imbalance can also be responsible for a different propa-
gation of the left- and right-circularly polarized transverse
modes of the photon [32], providing new contributions to
the collisional energy loss of an energetic fermion [33] and
the fermion damping rate [34]. Moreover, there exists
unstable collective modes signaling the presence of a
plasma instability in a system with an asymmetry between
left- and right-handed chiral fermions which might provide
a new mechanism for the strong and stable magnetic field
of magnetars [35,36].

Furthermore, it is encouraging to note that CME has
been observed in condensed matter systems particularly in
3D Dirac as well as Weyl semimetals [37-45]. In addition,
there are also important consequences of chiral imbalance
on the phase structure of the strongly interacting matter.
Recent studies [46—48] reveals that, in heavy ion collisions,
chiral charge density reaches equilibrium shortly after the
collision and the situation remains persistent for a larger
period of time. Hence the study of chirally-imbalanced
matter continues to be of significant scientific relevance in
the near future.

Correlation functions of local currents are among the
primary theoretical tools which have been used to study the
response of matter created in relativistic heavy ion colli-
sions [49-51]. Of particular interest is the electromagnetic
current correlation function which characterizes the
response of the system to electromagnetic probes which
have been extensively studied in the literature [50,52—60].
The electromagnetic spectral function which is propor-
tional to the imaginary part of the photon self-energy in the
medium constitute the most important component in the
definition of the emission rates of photons and dileptons. In
this work, for the first time, we have derived the propagator
of a massive fermion in presence of CCP. This propagator
has been used to evaluate the photon self energy in chirally
imbalanced matter using the real time formalism (RTF) of
thermal field theory [49,61,62]. The analytic structure of
this quantity is explored in detail exposing the cut structure
which corresponds to a variety of physical scattering and
decay processes in the medium and their thresholds. The
“strong” interaction of quarks has been modeled using the
2-flavor Nambu—Jona-Lasionio (NJL) model [63,64] in the
mean field approximation. This model has been extensively
used to examine some of the nonperturbative properties of
the QCD at arbitrary values of temperature and baryon
chemical potential (BCP) (see Refs. [65—67] for reviews),
as well as in presence of a CCP [68-74]. The constituent
quark mass at different external parameters, such as
temperature, BCP and CCP, has been obtained by solving

the corresponding gap equation. We find that in the
presence of a CCP, the chiral condensate tends to get
stronger at low temperature while it weakens at high values
of temperature. These could be termed as ‘chiral catalysis’
and ‘inverse chiral catalysis’ respectively.

The article is organized as follows. In Sec. II, we have
shown the derivation of the real time fermion propagator at
finite CCP. The propagator has then been used to evaluate
the chiral condensate followed by the gap equation from the
2-flavor NJL model in Sec. III. Section IV is devoted for
the calculation of the one-loop photon self-energy in the
medium with nonzero CCP. After that, the analytic struc-
ture of the thermal self-energy function is analyzed in
Sec. V. Next in Sec. VI, we have shown the Lorentz
decomposition of the electromagnetic spectral function
leading to various modes of photon propagation in the
medium. In Sec. VII, we have shown and discussed the
numerical results, and have finally summarized and con-
cluded in Sec. VIII. Some calculational aspects are pro-
vided in the appendices.

II. THE FERMION PROPAGATOR AT
NONZERO CCP

Let us consider the propagation of a spin—% fermion of
mass M in a medium at zero temperature (7 = 0) with
nonzero chemical potential # and nonzero CCP y5 > 0. The
system is described by the Lagrangian

L =V(iy'd, + wy’ + usy’y’ — M)¥, (1)
where W denotes the fermion field. The corresponding

coordinate space Dirac propagator S(x,x') = S(x—x')
satisfies [23]

(i7" 0, + uy® + usy’y’ = M)S(x —x') = =5*(x - x'). (2)

To solve Eq. (2), let us introduce the Fourier transform of
S(x—x') as

4
S(x—x') = / (6217:)74 e_iﬂx_x,)S(p;M)’ (3)

where S(p; M) is the momentum space Dirac propagator.
Substituting (3) into Eq. (2), we obtain

-1
A usy - M

S(p:M) (4)

Inverting the right-hand side of Eq. (4) is a bit involved; a
long but straightforward calculation yields

-2(p° +p.p; M)
S(p;M):~2 52 _2M2H. - b ME
pypP- Dy D-+

(5)
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where P, = (p° + p £ us,p) and 2 (p; M) contains com-
plicated Dirac structure as follows:

2(p°.p:M) = Z t@j[l?zjﬂj -M*y_;

je{+}

+M(p; - p_j—M?) +iMa,,pip*)]  (6)

in which &, =1(1+ jy°) and p\ = (p° £ ps.p). The
propagator in Eq. (5) can alternatively be expressed in the
following form (which is easier to work with)

1
S(p:M) = 2(p° +pu.p:M) Y
re{i—}4|p|rﬂ5

g {(Po +p)? :l(w;)z n ie} (7)

where, wy = /(|| + rus)? + M? > 0 and we have put an
explicit ie in the denominator following Feynman boundary
condition. We note that, r corresponds to the helicity of the
propagating fermion [23].

We now specify the fermion propagator at finite temper-
ature (7 # 0) along with finite density (u # 0) and finite
CCP (us5 #0). For this, we will use the RTF of finite
temperature field theory [49,61,62] where the thermal
propagator assumes 2 x 2 matrix form. However, the
knowledge of only 11-component of this matrix is suffi-
cient for our purpose, which is given by [49]

S11(psM) = S(p;M) —n(po+p)[S(p; M) —1°S* (p:M)y°].
(8)

where  7(x) = O(x)f,(x) + O(—x)f_(—x) in which
fo(x) = [e" /T 1 1]7! is the Fermi-Dirac distribution
function. Substituting Eq. (7) into Eq. (8) and simplifying,
we get

|
Siu(psM) = 2(p° +up; M) ———
re{i}4lp|rﬂ5

-1
=gt

« 21i6((po + 4 <w,:>2>] . (9)

It is to be noted that the fermion chemical potential 4 has
been put explicitly in the Lagrangian in Eq. (1) for the
calculation of thermodense propagator. In general, there
exists two ways of incorporating fermion chemical poten-
tial in the real-time formulation of thermal field theory:
(i) explicitly through the Lagrangian or the equation of
motion as done in this work in Eq. (1), or, (ii) through the
density operator in the grand canonical (GC) ensemble

[61,75]. Accordingly, there exists two different forms of
the real time fermion propagator. However, in standard
perturbative calculations the use of the two different
forms of the propagator does not make any difference in
the final result [75]. A note on the introduction of fermion
chemical potential in the RTF has been provided in
Appendix A.

III. GAP EQUATION AND THE CONSTITUENT
QUARK MASS FROM THE NJL MODEL

The Lagrangian (density) for the 2-flavor NJL model in
presence of CCP reads,

Ly = w(iy"0, = m+ uy® + usy’y’ )y
+ Gl(py)* + (pir'zy)?], (10)

where y = (Zj“) is the quark isospin doublet, m is the
d

current quark mass, and G is the scalar channel coupling.
Using the mean field approximation (MFA), the constituent
quark mass M can be calculated by solving the following
gap equation:

M = m = 2G(jw) (11)

where, the chiral condensate (yy) in MFA is given by

4
) =N Y Rei [ %msmm (12)

fefudy

Substituting Eq. (9) into Eq. (12) and performing the dk°
integral, we get after bit simplifications

3
) =-Nm 3 Y /%wik

fe{ud} re{+}

X (1= filag) = f-(ap)]. (13)

It is to be noted that, the temperature independent part
of Eq. (13) is ultraviolet (UV) divergent, which needs to
be regularized. The NJL model, being nonrenormalizable
requires specific regularization scheme. In this work, we
use the smooth three momentum cutoff prescription [70] so
that the gap equation becomes

M=m+2GNM > Y

fe{ud) re{+)

Pk 1
(27)* o

A20

X -

— [ (o) —f-(w/’c)l - (14)
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IV. PHOTON SELF ENERGY IN THE
MEDIUM

The Lagrangian for photon-quark-antiquark electromag-

netic interaction is .25y = J5™(x)A¥(x) where

Jm(x) = Y eppp(x)ypp(x) (15)

fefud

is the conserved electromagnetic vector current that couples
to the photon field A#(x). In Eq. (15), e, is the electronic
charge of the quark flavor f. Using .£¢™, 11-component of

int
J

ImIT{{ (g0, q)

the one-loop real time photon self energy can be written as
(applying Feynman rules to Fig. 1)

4
> dne [
fefud) (27)
X Tr[y*S1(p = g+ ks M)y* Sy (k; M),

I (q0.9) = —
(16)
where N, is the number of color. Substituting Eq. (9) into
Eq. (16), followed by performing the dk° integral, we get

the imaginary part of the 1l-component of in-medium
photon self energy as

1

N Y g [y

16rs,uS|p||k| dayw,

J€{ud} re{+} se{+}
X N0 = ~p) {1~ f_(f) = 1 (@p) + 2f ~(@})f - (@})}5(q0 — 0 — w})
TN = o) {1~ £ (@f) — f—(@}) + 2f - (@) f—(@§)}5(q0 + w} + @)
TN = o) (~f 1 (@) = f+ (@) + 2 (@f)f +(@3)}5(q0 + f — )
+ N = —p){~f_(w0f) = f-(@}) + 2F (@) (@})}8(g0 — ] + w})]. (17)
where
N (k. q) = Te[y* 2 (p°.p; M)y" 2 (k" k; M)). (18)

On substituting Eq. (6) into (18) and evaluating the Dirac trace, we will get the following expression of N**(k, q)

N (k,q) = 2" [2M° = M*{2(p, - p
+ (p- k) (pi +k2) =2(p, -

= PR (p- ko) = p2RE(py k)] +2[p!
—2M*(py ki) + prK3} —2MP[phkY + ph Rt (po — k)?
—2ien[2p, p
)} +Pia +ﬁ(M4 - P%kg)
- k7)) - m? P—ak+ﬁ(P+ - k2)l.

+2[phRY 4 Ukt {M?
— 2MP[pt kY + Uk (py —ko)?
— 2k k_gMP{M? — (p,
+ M? P+ak—/}(

in which we have used the convention £°!?* =1 for the
four-dimensional Levi-Civita symbol. It is worth mention-
ing that, one of the integrations d(cos@) of Eq. (17) can

quark

quark

FIG. 1. Feynman diagram for one-loop photon self-energy.

)2k ko) 4+ (py k) +
k) (p--ky)+2(py - ky)(p-- k) +2(py - p-

K+ pYKE

(p-k)} +M{(py - ko)(p2 +K2)
)(ky - k_)}
HM* —2M?(p_ - k_) + p*k2}
pMP{M? = (ky - k)}
— poak_p(M* = pii3)

(19)

analytically be performed using the Dirac delta functions
present in the integrand.

V. ANALYTIC STRUCTURE OF THE
SELF-ENERGY

The imaginary part of the photon self-energy at nonzero
CCP in Eq. (17) contains sixteen Dirac delta functions.
They give rise to branch cuts of the thermal self-energy
function in the complex g, plane. The terms with §(q, —
wy, — wy) and &(qp + wy + w;,) are called Unitary-I and
Unitary-II cuts, respectively. On the other hand, the

terms with 6(qy + o — @) and 6(qy — o} + w,) are
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respectively called Landau-I and Landau-II cuts. Each of
the Unitary and Landau cut again consists of four sub-cuts
corresponding to different helicities (r, s). These different
cuts correspond to different physical processes like decay
and scattering (absorption/emission). For example, the
Unitary-I cuts correspond to the decay of a virtual photon
having positive energy to real quark-antiquark pair (and the
time revered process). The Landau cuts correspond to the
absorption (emission) processes in which a real quark/
antiquark in the thermal medium absorbs (emits) a virtual
photon.

Each of the sixteen Dirac delta functions in Eq. (17) are
nonvanishing at different respective kinematic regions.
To see this, we write 6(qy F @} F @) = 6(qp F U") and
8(qo + wp F wpy) = 6(qy F L™) where

U™ = U"(k|,x = cos0; M,

ql.us) = o + ap. (20)

L™ = L"(|k|.x = cos ;M. |G|.us) = -0 + w5, (21)

in which @ is the angle between ¢ and k. Both the functions
U™ (|k|,x) and L™ (|k|, x) are defined in the domain |k| €
[0, 00) and x € [—1, 1]. Therefore, the Unitary cuts, 5(gy F
w}, F w,) will be nonvanishing if and only if

+qy € ran(U™), (22)
where, ran(f) denotes the range (or codomain) of the
function f. Equation (22) ensures that the spike of the Dirac
delta function lies in the domain of integration in Eq. (17).
In a similar fashion, for the Landau cuts, 6(q, + o} F w})
will be nonvanishing if and only if

+qy € ran(L"). (23)

For different values of (r,s), the ranges ran(U") and
ran(U™) are provided in Appendix B [see Egs. (B1) and
(B2)]. Using Egs. (22) and (23), we can now find the
kinematic regions for the sixteen Dirac delta functions,
which are listed below in Egs. (24) and (25),

Dirac Delta Function

Kinematic Regions

8(qo F wy F wp)

V(lgl +2ps)* + 4M? < +qp < 0

8(q0 F W F wp)

\/W+ (Igl = us)* + M? < £qo < oo for |q| < 2us,
Vg% +4M? < +qg < oo for |q| = 2us ,

(24)

3V(gl = 205> +4M2 + 34/(1g| + 2p5)* + 4M? < g9 < oo for |q] < pis,

5(qo F w, F a);)

NG +4M? + I\(llq] - 2ps| + 2us5)? + 4M? < g < oo for |q| > us

2M < +gg < oo for |q| < 2us,

0(q0 F wy, F wp)

Vgl —2us)* + 4M? < xq < oo for |q| > 2us

Im(q,)

—-2M —lal=2u

ql+2 445 2M

. 1 N > Re(qo)
Unitary-I1 <+— Landau —» Unitary-1
Im(q,)
q|>2 s
—V(lql—-2u;)+4 M ~lal=2u; lql+2 45 Vllgl-2u)+4 M’
. 1 N > Re(qo)
Unitary-II <+— Landau —» Unitary-I

FIG. 2. The branch cuts of the self-energy in the complex g, plane for a given |g| when (upper panel) |g| < 2us5 (lower panel)

lg| > 2us.
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Dirac Delta Function

Kinematic Regions

6(qo + w F wp)

~lgl < g0 < |q|

6(qo £ wy F wp)

=1l = 2p5 < £q0 < —\Ju3 + M? +/(Iq| - ps)* + M? for |q| < 2ps,
=1g| = 2us < +qo < |q| —2pus for |q| = 2us

(25)

—IN(gl = 2ps)? +4M2 + 1\(lq] + 2us)? + 4M? < xqo < |G| + 2us for |q| < us,

6(qo £ w F wp)

—5Vg? +4AM? + 5(lq] = 4ps)? + 4M2 < =qo < |G| + 25 for s < |q| < 2pss.
=1q| +2us < +qo < |g| +2us for |q| = 2us

6(qo0 = W F wp)

~lgl < g0 < |q|

In Eq. (17), when summed over the indices r and s, the obtained resultant kinematic regions for the Unitary and Landau

cuts come out to be

Cuts Kinematic Regions
Unitarv- 2M < qo < oo for |q| < 2us
Y Vgl = 24157+ AMZ < go < oo for || 2 2p
—00 < go < —2M for |q| < 2
Unitary-II o= o 4] K

—00 < qo < —\/(lq| — 2us)* + 4M? for |q| > 2ps

Landau-I & Landau-II

~lgl = 2us < g0 < |q| +2us

The analytic structure of ImIT{|(gy,q) has been
depicted in Fig. 2. If we restrict ourselves to the
physical timelike kinematic domains defined in terms
of gy > 0 and ¢, > |q|, then from Fig. 2, we see that
along with the Unitary-I cut, some portion of the
Landau cuts |g| < gy < 2us also contribute which is
purely a finite CCP effect. Physically it means, a real
quark/antiquark with helicity r in the medium can
absorbs/emits a timelike virtual photon having positive
energy to become a quark/antiquark with helicity —r.
Additionally, the threshold of the Unitary cuts strongly
depend on us and M. As a consequence, for high
enough us > |q|/2, a positive energetic photon having

squared invariant mass g* > 4(M?* — u2) can decay into
a real quark-antiquark pair, which is is less than the
usual threshold of pair production g > 4M?; the photon
may even be spacelike. Also, for sufficiently high us,
the forbidden gap between the Landau and Unitary cuts
will become zero irrespective of the value of M which
is also a purely finite CCP effect.

VI. ELECTROMAGNETIC SPECTRAL FUNCTION
AND ITS LORENTZ STRUCTURE

The electromagnetic spectral function p** due to the
quark loop is defined as [49,76]
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o
)
[

(=]
—
(9]

\ ‘\“

ug=0,pu5=0 —
HB = 07 HS =150 MeV ------- ‘\‘. !
ug =0, s =250 MeV

up =200 MeV, us =250 MeV ——-—-

e
=

Constituent Quark Mass (M) (GeV)
=
o (=]
o3 o

(=]

0 0.05 0.1 0.15 0.2
Temperature (GeV)

0.25

FIG. 3. Constituent quark as a function of temperature for
different values of pp and ys.

y L q v
P 1000) = sien(ao) ant (22 ) (g0 0), (27)

where a = ﬁ is the fine-structure constant. Note that, the

spectral function satisfies the transversality condition

9,/ (q) = q,p"(q) = 0 which follows from the conser-
vation of the vector current in Eq. (15): 9*J5™(x) = 0. Itis
useful to decompose the spectral function in suitable tensor
basis constructed from the available vectors and tensors.
The choice of the tensor basis is not unique, and in this
work, we use the following tensor basis from Ref. [77] to
decompose the spectral function

P(q0.9) = pLPL +p Pr™ +prPT™, (28)
where the projection tensors are
iy
=" (29)
7
1 q"q" W' 1
P =g - ———+ uvaf . (30
T 2 <gﬂ qg 17t2 qzﬁzg u Qﬁ> ( )
in which #* = u* — (‘;;? g" is a vector orthogonal to g* and

u* is the medium four-velocity vector. In the local rest
frame (LRF) of the medium ] g = (1,0). The projection
tensors in Eq. (29) and (30) form orthonormal basis which
can be realized from the following multiplication tables,

[T =120 MeV, ug = 0] L T, ----- T oooeees UT LT
0 09 B T T T B T T [ T T
| 1q1 =200 Mev lql = 200 MeV lq] = 200 MeV
T 006 us=0 1+ pg=150 MeV + ps=250Mev A
S | ’
= 003 . : ]
0 | | | (a) l | | | (b) | \- - | | (C) l
0 09 B I I I B I I I [ I I I /
| 1ql =400 Mev lq| = 400 MeV A 14l =400 MeV ya
T 006  us=0 + us=150MeV 7 | pg=250MeV 7 -
=~ 003 . - :
0 | | | (d) l | | | (e) | | | | (f) l
0 09 B I I I B I I I [ I I I /)
| 1ql =600 MeV lq| = 600 MeV Z 1 lal =600 MeV 4
T 006 us=0 + Ms=150MeV 7 4+ pg=250 MeV 2
=~ 003 . T :
0 | | | (g) ] | | | (h) | | | | (i) ]
04 08 12 04 08 12 04 08 12

Invariant Mass \/q2 (GeV)

Invariant Mass \/q2 (GeV)

Invariant Mass q2 (GeV)

FIG. 4. Electromagnetic spectral function p in longitudinal (L) and transverse (T,.) modes as a function of invariant mass +/¢g> for
different values of us and |g| at T = 120 MeV and pp = 0. “UT” and “LT” respectively corresponds to the Unitary and Landau cut
thresholds situated in the physical time-like region (¢° > 0 and ¢*> > 0).
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P{-‘l(l P:EIJ(Y P’;H(l gﬂv P{-‘l(l gyv P:Eﬂﬂ/ gpvP';ﬂ(Y
8ap P P 0 0 8apPY” 1 0 0
, (31)
SapPy” 0 P 0 SapPT” 0 1 0
gapP” 0 0 P gapP” 0 0 1
|
Usiilg Eq. (31), it is easy to extract the form factors pp. P00 _ _q: PO _ pi0 _ _ g’ Pl _qjqiqj
and p; from Eq. (28) as L P L L P L PR
u, u, p' (34)
L = PLu/lp/w =t 17:2 s (32)
+ Pi Uy 1( Mo + 1 e u® p ;u/) (33) . .
Pt = Tbﬂp - B Pu — PL \/ﬁ wvapU g P ). P%OO =0, P%Ol — P%ZIO =0,
o1 o qiq .
+i 949 - ijk 9k
In Eq. (28), “L ” corresponds to the longitudinal mode, Py = 3 (‘5’] + ra T ietk m) (35)

and, “T* ” refers to the transverse modes of photon

propagation [77]. To see this, we first note that, in LRF

of the medium, the various components of the projection ~ Thus in LRF, the spatial components of P;* satisfy the
tensors in Eq. (29) and (30) reduces to relation

|T= 150 MeV, ug =0| L T, ----- 4 UT LT

T T T T T T T T T
0.09} E N
lql = 200 MeV lql = 200 MeV lql = 200 MeV
T 006 us=0 + pg=150 MeV + Hs=250MeV A
[15/ / %
< 003 . . .
0 | | | (a) T | | | (b) 1 - | | (C) i
0 09 B T T T B T T T B T T T
lql = 400 MeV lql = 400 MeV lql = 400 MeV
006 s =0 + Us=150 MeV + MU5=250 MeV 72
S g
2 003 . , . .
0 | | | (d) T 4‘I i | | (e) i | | | (f) i
O 09 B T T T B T T T B T T T P
lql = 600 MeV lql = 600 MeV lql = 600 MeV %
T 006 Us=0 + s =150 MeV + U5 =250 MeV S
Z_ 0.03 - — .
0 , | @ () il | ) 1
04 08 12 04 08 12 04 08 12

Invariant Mass \/q2 (GeV) Invariant Mass \/q2 (GeV) Invariant Mass \/q2 (GeV)

FIG. 5. Electromagnetic spectral function p in longitudinal (L) and transverse (T..) modes as a function of invariant mass \/g> for
different values of us and |g| at T = 150 MeV and uz = 0. “UT” and “LT” respectively corresponds to the Unitary and Landau cut
thresholds situated in the physical timelike region (¢° > 0 and ¢*> > 0).

096005-8



ELECTROMAGNETIC SPECTRAL FUNCTIONS IN HOT AND ...

PHYS. REV. D 105, 096005 (2022)

qiq; i
(%— q;)P’f o, (36)

which implies that the mode “L ” correspond to the
longitudinal mode of the photon propagation. On the other
hand, in LRF, the spatial components of P%E” ¥ satisfy the
orthogonality relation

quchij =0, (37)

implying that the modes “T* ” refer to the transverse modes
of the propagating photon. Moreover, if we consider the
photon three-momentum ¢ = |g|Z along Z direction, then
we have from Eq. (35) that

denote the right- and left-circular polarization vectors.
Therefore, the real poles of the propagators corresponding
to “T"(h = +, —)  describe the existence of two different
transverse modes identified by their circular polarization 4.
Note that at finite 7 and p with 5 = 0, one usually has one
longitudinal mode (L), and, two degenerate transverse
modes (T). In presence of CCP, the longitudinal mode is
unaffected, where as degeneracy of the transverse mode is
lifted and we get three distinct modes of photon propagation.

VII. NUMERICAL RESULTS AND DISCUSSIONS

Let us first specify the values of the parameters of
the NJL model that are used for the numerical results. We
use current quark mass m = 5.6 MeV, smooth three-
momentum cutoff A = 568.69 MeV and NJL coupling

G = 5.742 GeV~ which reproduce the experimental/

P = —ehelr, P = - e, (38)  phenomenological vacuum values of quark-condensate,
pion decay constant and pion mass. We now show the
where variation of the constituent quark mass M as a function of
temperature for different values of BCP and CCP in Fig. 3
| as obtained by solving the gap equation (14). We notice
ey =—=(0,1,i,0) and, € = 1 (0,1,—i,0), (39) that, Mislarge (~300 MeV) in the low temperature region
2 V2 owing to the spontaneous breaking of the chiral symmetry
[T =200 MeV, ug = 0| L T, ----- T oo UT LT
O 09 B T T T [ T T [ T T ]
. |ql =200 MeV |ql =200 MeV |ql =200 MeV '
T 006 Us=0 s = 150 MeV L5 = 250 MeV
S
< 003 1 . .
O | | | (a) l | | | (b) l | | | (C) l
0 09 B I I I B I I I B I I I
‘ lq| = 400 MeV lq| = 400 MeV lq| = 400 MeV '
T 006 us=0 1+ g =150 MeV s = 250 MeV
S
< 003 - i i
0 | | | (d) l | | | (e) l | | | (f) l
O 09 B I I I B I I I B I I I
' |ql = 600 MeV |q| = 600 MeV |q| = 600 MeV
T 006  ms=0 1+ s =150 MeV - 15 =250 MeV
S
o 003 . 7 i
0 | | | (g) ] | | | (h) ] | | | (1) ]
04 0.8 12 04 0.8 12 04 0.8 12

Invariant Mass \/q2 (GeV)

Invariant Mass \/q2 (GeV)

Invariant Mass \/q2 (GeV)

FIG. 6. Electromagnetic spectral function p in longitudinal (L) and transverse (T, ) modes as a function of invariant mass +/g* for
different values of ps and |g| at T =200 MeV and pup = 0. “UT” and “LT” respectively corresponds to the Unitary and Landau cut
thresholds situated in the physical timelike region (¢° > 0 and ¢*> > 0).
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yielding large values of the quark condensate. With the
increase in temperature, M first remain constant up to a
certain value of temperature after which M suddenly
decreases corresponding to the pseudochiral phase tran-
sition. In the high temperature limit, M approaches to the
current quark mass m irrespective of the values of other
parameters like BCP and CCP. With the increase in BCP,
the transition temperature is found to decrease thus mim-
icking a typical QCD phase diagram.

By comparing the red, blue, and green curves of Fig. 3, we
observe that with the increase in CCP, the constituent quark
mass M increases in the low temperature region; however,
the sudden change of M occurs at a relatively smaller
temperature value indicating a decrease in the transition
temperature with the increase in CCP. Hence, CCP has the
tendency to make the chiral condensate stronger at low
temperature 7 ~ 0 (which is similar to the magnetic cataly-
sis) and may be called “chiral catalysis” where the chiral
imbalance catalyzes the dynamical symmetry breaking. On
the other hand, at large temperature, an opposite effect is
noticed where the presence of nonzero CCP weakens the
chiral condensate and chiral symmetry is restored at a lower
temperature as compared to the vanishing CCP case. This
may be termed as “inverse chiral catalysis” (similar to the

inverse magnetic catalysis) where an chiral imbalance
opposes the dynamical symmetry breaking.

Let us now switch to the numerical results of the
electromagnetic spectral functions for which we restrict
ourselves to physical time-like kinematic region defined in
terms of ¢° > 0 and ¢> > 0. In Fig. 4, we have depicted the
variation of the electromagnetic spectral function p in
longitudinal (L) and transverse (T.) modes as a function

of invariant mass /g2 for different values of x5 and |g| at
T =120 MeV and pup = 0. In Fig. 4, we have also shown
the positions of the Unitary and Landau cut thresholds
which appeared in the physical kinematic region by
gray and orange horizontal lines respectively. Noticing
Figs. 4(a), 4(d), and 4(g), we find that for vanishing CCP,
the longitudinal and the degenerate transverse spectral
functions have similar magnitudes and their difference is
not visible with the range of the plot. Moreover, at y5 = 0,

we have only the Unitary-I cut threshold \/q—i > 2M in the
physical region which does not depend on |gq|.
Observing the nonzero CCP graphs in Fig. 4, we find
more than one Unitary-I cut thresholds (corresponding to
subcuts {r, s} = {4+, +}. {+.=}.{—. +},and {—, —}) and
one Landau cut threshold (corresponding to subcuts

|T =150 MeV, Ug = 200 MCV| L — T+ mee T e UT LT
009k T T T [ T T T [ T T T
lql = 200 MeV lq| = 200 MeV lq| = 200 MeV
L 006 s =0 + Ms=150MeV . 4 us5=250 MeV A
o 003 . . -
’ -, @ O IOk
0.091 B -
lq| = 400 MeV lql = 400 MeV lq| = 400 MeV
T oosF  Ms=0 + s = 150 MeV T us=250MeV 7 -
o 003 . . .
0 | | | (d)_ --------- | | | (e)_ T | | (f) i
T T T T T T T 1 T ,
0.091 - - /
lql = 600 MeV lql = 600 MeV /| lql =600 MeV
L 006 ts=0 + us=150MevV 7 + U5=250MeV 7
o 003 . i ]
0 | | | (g)_ | | | (h) 1 | | | (1) 1
04 0.8 1.2 04 0.8 1.2 04 0.8 1.2

Invariant Mass V q2 (GeV) Invariant Mass V q2 (GeV) Invariant Mass V q2 (GeV)

FIG. 7. Electromagnetic spectral function p in longitudinal (L) and transverse (T_.) modes as a function of invariant mass /> for
different values of us and |g| at T = 150 MeV and pz = 200 MeV. “UT” and “LT” respectively corresponds to the Unitary and Landau
cut thresholds situated in the physical timelike region (¢° > 0 and ¢> > 0).
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{r,s} = {+,—} or {—, +}) in the physical region as can be
understood from Egs. (24) and (25). In Figs. 4(e), 4(h),
and 4(i), we see three Unitary cut thresholds instead of
four since the sub-cuts {r,s} = {+, -} and {—, +} have
identical thresholds as per Eq. (24). In Fig. 4(b), it is found
that, there exists a kinematic gap between the Landau cut
and the Unitary cut where the spectral function is zero. In
the rest of the nonzero CCP graphs, the Landau cut
threshold appears within the Unitary owing to the overlap
of the cuts, yielding a continuous spectrum of electromag-
netic spectral function over the whole range of invariant
mass. We emphasize that, the generation of the continuous
spectrum of spectral function is purely a finite CCP effect.

The finite CCP graphs in Fig. 4 is seen to have
nonmonotonic dependence on the invariant mass. Since
the contribution of the different subcuts to the spectral
function are not at par in magnitude, we see sharp changes
of the spectral function values at each subcut thresholds.
From Fig. 4, it is also interesting to note that, at finite value
of CCP, the degeneracy of the transverse modes are lifted
and we get three distinct modes of the spectral function.
Moreover, unlike the zero-CCP case, the distinction among
the modes are clearly visible in the finite CCP plots.
The differences among the longitudinal (L) and two

nondegenerate transverse (T,) modes increase as we
increase |g| and ys.

Next in Fig. 5 we have shown the variation of the spectral
function p in different modes as a function of invariant mass
for different values of us and |q| at T = 150 MeV and
up = 0. As compared to the T = 120 MeV case (in Fig. 4),
the constituent quark mass has substantially decreased at
T = 150 MeV. Thus, the Unitary cut thresholds have
moved towards lower values of the invariant mass in
Fig. 5 compared to that of Fig. 4. On the other hand,
the Landau cut threshold has weaker dependence on M
[due to the relative signs of the terms in middle rows of
Eq. (25) as compared to Eq. (24)] and has strong depend-
ence on the other parameters (like |¢| and us). Hence,
comparing Figs. 5 and 4, we notice that unlike the Unitary-
cut thresholds, the Landau cut threshold does not move
significantly over the invariant mass axes.

As before, in Figs. 5(e), 5(h), and 5(i), we found that, the
Unitary subcuts {r, s} = {+, —} and {—, +} have identical
thresholds. More interestingly, in Figs. 5(h) and 5(i), the
Unitary subcut {r, s} = {—, —} is absent as it has started
from the spacelike kinematic region (¢> < 0) as can be
understood from last row of Eq. (24). The qualitative nature
of the graphs of Fig. 5 is found to be similar to Fig. 4.

IT =150 MeV,ug =600 MeV| | —— T, ----- g UT LT
009 B T T T [ T T T [ T T T
lq] =200 MeV lq] =200 MeV |ql =200 MeV
L 006 Us=0 1 s =150 MeV A+ pg=250 MeV
<
o 0.03 - - -
0 L L L (a) ] L L L (b) ] L L L (c) ]
I I I I I I I I I
0.09 B B
6] = 400 MeV lql = 400 MeV A lql =400 MeV
S ;
= 0.03 . . .
0 | | | (d) 1 | | | (e) _ | | | (f) _
T T T T T T T 1 T
0.09 B B
lq] = 600 MeV lq] = 600 MeV |q] = 600 MeV
% 006 ls=0 T Hs=150MeV 0 4 p=250MeV
o 0.03 - . -

(@

() - ()

04 0.8 1.2 04

Invariant Mass q2 (GeV)

Invariant Mass q2 (GeV)

0.8 12 04 0.8 1.2
Invariant Mass V q2 (GeV)

FIG. 8. Electromagnetic spectral function p in longitudinal (L) and transverse (T, ) modes as a function of invariant mass +/¢g> for
different values of us and |g| at T = 150 MeV and puz = 600 MeV. “UT” and “LT” respectively corresponds to the Unitary and Landau
cut thresholds situated in the physical timelike region (¢° > 0 and ¢> > 0).
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Next in Fig. 6, we have depicted the variation of the
spectral function p in longitudinal (L) and transverse (T..)
modes as a function of invariant mass for different values
of us and |gq| at T =200 MeV and pp = 0 which is the
region in NJL phase diagram with the partially restored
chiral symmetry. In this case, the constituent quark mass
M ~ m, so that, the Unitary cut thresholds have further
moved towards lower values of the invariant mass as
compared to that of Figs. 4 and 5. As expected from
Eq. (25), the Landau cut threshold does not move
appreciably along the invariant mass axes. In Figs. 6(e),
6(h), and 6(i), we again found that, the Unitary subcuts
{r,s} ={+,-} and {—,+} have identical thresholds.
Additionally, in Figs. 5(b), 5(c), 5(e), 5(f), 5(h), and 5(i),
the Unitary subcut {r, s} = {—, —} is found to be absent
as it has started from the spacelike kinematic region
(g*> < 0) due to the small value of M ~m.

Until now, we have considered the BCP to be zero. Let us
now show the numerical results of the spectral functions for
finite up in Figs. 7 and 8. In Fig. 7, we have shown the
variation of the spectral function p in different modes as a
function of invariant mass for different values of y5 and |gq|
at 7 = 150 MeV and up = 200 MeV. Comparing nonzero
BCP graphs of Fig. 7 with the corresponding yp = 0 graphs
of Fig. 5, we find that the Unitary-cut thresholds have
moved towards the lower invariant mass due to the decrease
in M. Both the qualitative and quantitative nature of the
curves of Fig. 7 is seen to be similar to the Fig. 5.

Finally, in Fig. 8, we have plotted the variation of the
spectral function p in longitudinal (L) and transverse (T,.)
modes as a function of invariant mass for different values of
us and |q| at T = 150 MeV and up = 600 MeV which is
again the region in NJL phase diagram with the partially
restored chiral symmetry. In this case, the constituent quark
mass M ~m, so that, the nature of the all the graphs
become similar (both qualitatively and quantitatively) to the
corresponding 7' = 200 MeV graphs of Fig. 6.

VIII. SUMMARY AND CONCLUSION

In summary, we have studied the electromagnetic spec-
tral function of hot and dense quark matter with chiral
imbalance. This is done by evaluating the imaginary part
of the one-loop photon self-energy at finite temperature,
BCP and CCP employing the real time formalism of
finite temperature field theory. The effect of “‘strong”
interaction have been incorporated by means of a temper-
ature, BCP and CCP dependent constituent quark mass
M = M(T, u, us) obtained from a two-flavor NJL model.
Incorporation of a CCP in the NJL. model was found to
have interesting consequences on the constituent mass of
quarks obtained from the gap equation. It was found that
the chiral condensate tends to get stronger at low temper-
ature while the opposite is observed at high values of
temperature. These could be termed as “chiral catalysis”
and “inverse chiral catalysis” respectively.

A study of the analytic structure of the electromagnetic
spectral function in the complex energy plane revealed a
rich structure with multiple Landau and Unitary type
discontinuities. Again, three distinct modes of the spectral
function could be observed on account of the lifting of
degeneracy of the transverse modes in the presence of CCP.
Most interestingly, a continuous spectrum is obtained for
the electromagnetic spectral function and this can be
attributed purely to the presence of a CCP. This, in turn,
could have interesting consequences on the spectra of
electromagnetic probes from chiral imbalanced matter.
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APPENDIX A: A NOTE ON INTRODUCING
FERMION CHEMICAL POTENTIAL IN RTF

Let us start with the simple Dirac Lagrangian density

£ =Y(iy'd, - M)¥ (A1)
yielding the following equation of motion
(iy*9, — M)¥(x) = 0, (A2)

where W denotes the fermion field. Now, in finite temper-
ature field theory, the temperature 7 =1/# and the
chemical potential p corresponding to the conserved
charge Q = [*xJ°(x) can enter through the density
operator [61,62]

pOC = e PlH-1Q) (A3)
of the grand canonical (GC) ensemble where, H is the
Hamiltonian and J# (x) is the conserved current correspond-
ing to Q. Using Eq. (A3), the coordinate space thermo-
dense fermion propagator in RTF is defined as the

thermal average of two-point correlation function in GC
ensemble as

SGC(X, x/) _ i<Tc\P(T,X)lij(T/,xl)>Gc
Tr[pOCT P (r.x) (7 X))
- TI'MGC]

(A4)

where, 7~ denotes the time ordering with respect to a
contour C in the complex time (z) plane (in RTF, the choice
of C is not unique). We also note that, S5 (x,x’) is the
Green’s function of Eq. (A2) as [49]
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(iy*0, — M)SSC(x,x') = =6c(r = 7)& (x —x').  (A5)

On the other hand, an alternative way to incorporate
u # 0, is to replace the Hamiltonian [61,62]

H— H=(H-uQ) :H—/,t/d3x.]0(x) (A6)

so that the Lagrangian density modifies to
L > L= (L +ul), (A7)

and then use the canonical density operator p¢ = e™H for
ensemble average. In this case, Eq. (A4) modifies to

SC(x.¥) = i(T W(z,x)B(e¥'))C
iTr[pCTC‘f(T,x)‘?(r’,x’)]
B Trl<]
where ‘E’ satisfies the modified equation of motion that

follows from . in Eq. (A7).

Now, as an example, the Lagrangian in Eq. (1) is invariant
under the global phase transformation ¥ — ¥ owing to
Uy(1) global gauge invariance. From the corresponding
Noether’s current J# = ‘i‘y’“{’, we have the conserved charge
0 = [dx¥P(x)y"¥(x) = [ dx¥'(x)¥(x). Thus the modi-
fied Lagrangian of Eq. (A7) becomes

(A8)

which yields the modified equation of motion as
(ir'd, +uy® = M)¥ = 0. (A10)
Therefore, the Green’s function S€(x, x’) will satisfy

(iy"0, + uy® = M)SC(x,x') = =8¢c(r — 7)5° (x —x').
(A1)
It has been shown in Refs. [61,75] that, the two different

forms of the propagator namely S (x, x') and S€(x, x’) are
related via the relation

SC(x, x') = e §GC(x, x'), (A12)
or in momentum space (for example the 11-component) via
ST (P°.p) = STC(P° + p.p). (A13)
In standard perturbative calculations such as the one-loop
calculations performed in this work, using any of the two

different forms of the propagator will lead to the same final
result [75].

APPENDIX B

We tabulate respectively the range (or codomain) of the

5o s functions U"*(|k|,x; M, |q|, us) and L™(|k|,x; M, |q|, us)
P = W(iyhd 0 _ M)W A9 5 5
PO+ ur” = M)¥ (A9 | defined in Egs. (20) and (21)] in Eqs (B1) and (B2) below,
|
(r,s) ran(U"*)
(+4) |Vl + 207 + 412 )

|12 + M2+ gl = s+ M2, ) for [q] < 25,

(+’_)
[\/qz + 4M2,oo) for |q| > 2us
| 3V 207 0007 1 4al 4 20 + 02, ) for ] < s
T [$aT A + L\l 241+ 20 + AME, o) for g > s
[ZM,oo) for |q| < 2us,
(_’_)

[\/(|¢I| —2pus)? +4M?, 00) for |q| > 2us
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|- 11 - 2us

(r.s) ran(L"*)
(h+) | - lallal]
(+,-) [_ 141 = 2”5’_\//‘§ + M2 ++/(lq] - ps)* + MZ] for |q| < 2us,

131 - 2us| for Iq] = 2u5
(B2)

| - $3aT= 2057 + 4017 + § gl + 21057 + AMZ, 1] + 25| for Ig] < s,

| - 131+ 2,

(= +) [— NG +4am? + 3\(lq] — 4ps)* + 4M2, |G| + 2#5] for s < |q| < 2ps,

1G] + 25| for lq] = 2

(_’ _)

| - lablal]

[1] K. Yagi, T. Hatsuda, and Y. Miake, Quark-Gluon Plasma:
From Big Bang to Little Bang, Cambridge Monographs on
Particle Physics, Nuclear Physics and Cosmology Vol. 23
(Cambridge University Press, Cambridge, England, 2005),
http://www.cambridge.org/9780521561082.

[2] W. Florkowski, Phenomenology of Ultra-Relativistic
Heavy-Ion Collisions (World Scientific, Singapore, 2010),
10.1142/7396.

[3] U. Heinz and R. Snellings, Annu. Rev. Nucl. Part. Sci. 63,
123 (2013).

[4] W. Busza, K. Rajagopal, and W. van der Schee, Annu. Rev.
Nucl. Part. Sci. 68, 339 (2018).

[5] M. A. Shifman, Sov. Phys. Usp. 32, 289 (1989).

[6] A. A. Belavin, A. M. Polyakov, A.S. Schwartz, and Y. S.
Tyupkin, Phys. Lett. 59B, 85 (1975).

[7]1 G. ’t Hooft, Phys. Rev. Lett. 37, 8 (1976).

[8] G. ’t Hooft, Phys. Rev. D 14, 3432 (1976); 18, 2199(E)
(1978).

[9] T. Schifer and E. V. Shuryak, Rev. Mod. Phys. 70, 323
(1998).

[10] N.S. Manton, Phys. Rev. D 28, 2019 (1983).

[11] E. R. Klinkhamer and N. S. Manton, Phys. Rev. D 30, 2212
(1984).

[12] V. A. Kuzmin, V. A. Rubakov, and M. E. Shaposhnikov,
Phys. Lett. 155B, 36 (1985).

[13] P.B. Arnold and L.D. McLerran, Phys. Rev. D 36, 581
(1987).

[14] S.Y. Khlebnikov and M. E. Shaposhnikov, Nucl. Phys.
B308, 885 (1988).

[15] P.B. Arnold and L. D. McLerran, Phys. Rev. D 37, 1020
(1988).

[16] S.L. Adler, Phys. Rev. 177, 2426 (1969).

[17] J.S. Bell and R. Jackiw, Nuovo Cimento A 60, 47
(1969).

[18] L. D. McLerran, E. Mottola, and M. E. Shaposhnikov, Phys.
Rev. D 43, 2027 (1991).

[19] G.D. Moore and M. Tassler, J. High Energy Phys. 02 (2011)
105.

[20] D.E. Kharzeev, L. D. McLerran, and H. J. Warringa, Nucl.
Phys. A803, 227 (2008).

[21] V. Skokov, A. Yu. Illarionov, and V. Toneev, Int. J. Mod.
Phys. A 24, 5925 (2009).

[22] K. Fukushima, D. E. Kharzeev, and H.J. Warringa, Phys.
Rev. D 78, 074033 (2008).

[23] D.E. Kharzeev and H. J. Warringa, Phys. Rev. D 80, 034028
(2009).

[24] G.S. Bali, F. Bruckmann, G. Endrodi, Z. Fodor, S. D. Katz,
S. Krieg, A. Schafer, and K. K. Szabo, J. High Energy Phys.
02 (2012) 044.

[25] M. Abdallah et al. (STAR Collaboration), Phys. Rev. C 105,
014901 (2022).

[26] X. An et al., Nucl. Phys. A1017, 122343 (2022).

[27] R. Milton, G. Wang, M. Sergeeva, S. Shi, J. Liao, and H. Z.
Huang, Phys. Rev. C 104, 064906 (2021).

096005-14


http://www.cambridge.org/9780521561082
http://www.cambridge.org/9780521561082
http://www.cambridge.org/9780521561082
https://doi.org/10.1142/7396
https://doi.org/10.1146/annurev-nucl-102212-170540
https://doi.org/10.1146/annurev-nucl-102212-170540
https://doi.org/10.1146/annurev-nucl-101917-020852
https://doi.org/10.1146/annurev-nucl-101917-020852
https://doi.org/10.1070/PU1989v032n04ABEH002698
https://doi.org/10.1016/0370-2693(75)90163-X
https://doi.org/10.1103/PhysRevLett.37.8
https://doi.org/10.1103/PhysRevD.14.3432
https://doi.org/10.1103/PhysRevD.18.2199.3
https://doi.org/10.1103/PhysRevD.18.2199.3
https://doi.org/10.1103/RevModPhys.70.323
https://doi.org/10.1103/RevModPhys.70.323
https://doi.org/10.1103/PhysRevD.28.2019
https://doi.org/10.1103/PhysRevD.30.2212
https://doi.org/10.1103/PhysRevD.30.2212
https://doi.org/10.1016/0370-2693(85)91028-7
https://doi.org/10.1103/PhysRevD.36.581
https://doi.org/10.1103/PhysRevD.36.581
https://doi.org/10.1016/0550-3213(88)90133-2
https://doi.org/10.1016/0550-3213(88)90133-2
https://doi.org/10.1103/PhysRevD.37.1020
https://doi.org/10.1103/PhysRevD.37.1020
https://doi.org/10.1103/PhysRev.177.2426
https://doi.org/10.1007/BF02823296
https://doi.org/10.1007/BF02823296
https://doi.org/10.1103/PhysRevD.43.2027
https://doi.org/10.1103/PhysRevD.43.2027
https://doi.org/10.1007/JHEP02(2011)105
https://doi.org/10.1007/JHEP02(2011)105
https://doi.org/10.1016/j.nuclphysa.2008.02.298
https://doi.org/10.1016/j.nuclphysa.2008.02.298
https://doi.org/10.1142/S0217751X09047570
https://doi.org/10.1142/S0217751X09047570
https://doi.org/10.1103/PhysRevD.78.074033
https://doi.org/10.1103/PhysRevD.78.074033
https://doi.org/10.1103/PhysRevD.80.034028
https://doi.org/10.1103/PhysRevD.80.034028
https://doi.org/10.1007/JHEP02(2012)044
https://doi.org/10.1007/JHEP02(2012)044
https://doi.org/10.1103/PhysRevC.105.014901
https://doi.org/10.1103/PhysRevC.105.014901
https://doi.org/10.1016/j.nuclphysa.2021.122343
https://doi.org/10.1103/PhysRevC.104.064906

ELECTROMAGNETIC SPECTRAL FUNCTIONS IN HOT AND ...

PHYS. REV. D 105, 096005 (2022)

[28] A. Vilenkin, Phys. Rev. D 20, 1807 (1979).

[29] A. Vilenkin, Phys. Rev. D 22, 3080 (1980).

[30] D.T. Son and P. Surowka, Phys. Rev. Lett. 103, 191601
(2009).

[31] Y. Jiang, X.-G. Huang, and J. Liao, Phys. Rev. D 92, 071501
(2015).

[32] S. Carignano and C. Manuel, Phys. Rev. D 99, 096022
(2019).

[33] S. Carignano and C. Manuel, Phys. Rev. D 103, 116002
(2021).

[34] S. Carignano and M. Buballa, Phys. Rev. D 101, 014026
(2020).

[35] Y. Akamatsu and N. Yamamoto, Phys. Rev. Lett. 111,
052002 (2013).

[36] J. Matsumoto, N. Yamamoto, and D.-L. Yang, arXiv:
2202.09205.

[37] Q. Li, D. E. Kharzeev, C. Zhang, Y. Huang, I. Pletikosic,
A. V. Fedorov, R.D. Zhong, J. A. Schneeloch, G.D. Gu,
and T. Valla, Nat. Phys. 12, 550 (2016).

[38] Q. Li and D. E. Kharzeev, Nucl. Phys. A956, 107 (2016).

[39] D.E. Kharzeev, Prog. Part. Nucl. Phys. 75, 133 (2014).

[40] D.E. Kharzeev, J. Liao, S. A. Voloshin, and G. Wang, Prog.
Part. Nucl. Phys. 88, 1 (2016).

[41] X.-G. Huang, Rep. Prog. Phys. 79, 076302 (2016).

[42] K. Landsteiner, Acta Phys. Pol. B 47, 2617 (2016).

[43] E. V. Gorbar, V. A. Miransky, I. A. Shovkovy, and P.O.
Sukhachov, Low Temp. Phys. 44, 487 (2018).

[44] M. Joyce and M. E. Shaposhnikov, Phys. Rev. Lett. 79, 1193
(1997).

[45] H. Tashiro, T. Vachaspati, and A. Vilenkin, Phys. Rev. D 86,
105033 (2012).

[46] M. Ruggieri and G.X. Peng, Phys. Rev. D 93, 094021
(2016).

[47] M. Ruggieri, G. X. Peng, and M. Chernodub, Phys. Rev. D
94, 054011 (2016).

[48] M. Ruggieri, M. N. Chernodub, and Z.-Y. Lu, Phys. Rev. D
102, 014031 (2020).

[49] S. Mallik and S. Sarkar, Hadrons at Finite Temperature
(Cambridge University Press, Cambridge, England, 2016).

[50] J. Alam, S. Sarkar, P. Roy, T. Hatsuda, and B. Sinha, Ann.
Phys. (N.Y.) 286, 159 (2000).

[51] S. Sarkar and S. Ghosh, J. Phys. Conf. Ser. 374, 012010
(2012).

[52] L.D. McLerran and T. Toimela, Phys. Rev. D 31, 545
(1985).

[53] K. Kajantie, J. I. Kapusta, L. D. McLerran, and A. Mekjian,
Phys. Rev. D 34, 2746 (1986).

[54] H. A. Weldon, Phys. Rev. D 42, 2384 (1990).

[55] J. Alam, B. Sinha, and S. Raha, Phys. Rep. 273, 243
(1996).

[56] R. Rapp and J. Wambach, Adv. Nucl. Phys. 25, 1 (2000).

[57] P. Aurenche, F. Gelis, and H. Zaraket, Phys. Rev. D 62,
096012 (2000).

[58] P.B. Arnold, G. D. Moore, and L. G. Yaffe, J. High Energy
Phys. 12 (2001) 009.

[59] R. Rapp and H. van Hees, in Quark-Gluon Plasma 4 (World
Scientific, Singapore, 2010), pp. 111-206, 10.1142/
9789814293297_0003.

[60] R. Chatterjee, L. Bhattacharya, and D. K. Srivastava, Lect.
Notes Phys. 785, 219 (2010).

[61] M. L. Bellac, Thermal Field Theory, Cambridge Mono-
graphs on Mathematical Physics (Cambridge University
Press, Cambridge, England, 2011).

[62] J. Kapusta and C. Gale, Finite-Temperature Field Theory:
Principles and Applications, Cambridge Monographs
on Mathematical Physics (Cambridge University Press,
Cambridge, England, 2011).

[63] Y. Nambu and G. Jona-Lasinio, Phys. Rev. 124, 246 (1961).

[64] Y. Nambu and G. Jona-Lasinio, Phys. Rev. 122, 345 (1961).

[65] S.P. Klevansky, Rev. Mod. Phys. 64, 649 (1992).

[66] U. Vogl and W. Weise, Prog. Part. Nucl. Phys. 27, 195
(1991).

[67] M. Buballa, Phys. Rep. 407, 205 (2005).

[68] R.L.S. Farias, D. C. Duarte, G. a. Krein, and R. O. Ramos,
Phys. Rev. D 94, 074011 (2016).

[69] M. Ruggieri, Phys. Rev. D 84, 014011 (2011).

[70] K. Fukushima, M. Ruggieri, and R. Gatto, Phys. Rev. D 81,
114031 (2010).

[71] J. Chao, P. Chu, and M. Huang, Phys. Rev. D 88, 054009
(2013).

[72] L. Yu, H. Liu, and M. Huang, Phys. Rev. D 90, 074009
(2014).

[73] L. Yu, H. Liu, and M. Huang, Phys. Rev. D 94, 014026
(2016).

[74] N. Chaudhuri, A. Mukherjee, S. Ghosh, S. Sarkar, and P.
Roy, arXiv:2111.12058.

[75] A. Niegawa, Mod. Phys. Lett. A 17, 303 (2002).

[76] S. Ghosh and V. Chandra, Phys. Rev. D 98, 076006
(2018).

[77] J.F. Nieves and P. B. Pal, Phys. Rev. D 39, 652 (1989); 40,
2148(E) (1989).

096005-15


https://doi.org/10.1103/PhysRevD.20.1807
https://doi.org/10.1103/PhysRevD.22.3080
https://doi.org/10.1103/PhysRevLett.103.191601
https://doi.org/10.1103/PhysRevLett.103.191601
https://doi.org/10.1103/PhysRevD.92.071501
https://doi.org/10.1103/PhysRevD.92.071501
https://doi.org/10.1103/PhysRevD.99.096022
https://doi.org/10.1103/PhysRevD.99.096022
https://doi.org/10.1103/PhysRevD.103.116002
https://doi.org/10.1103/PhysRevD.103.116002
https://doi.org/10.1103/PhysRevD.101.014026
https://doi.org/10.1103/PhysRevD.101.014026
https://doi.org/10.1103/PhysRevLett.111.052002
https://doi.org/10.1103/PhysRevLett.111.052002
https://arXiv.org/abs/2202.09205
https://arXiv.org/abs/2202.09205
https://doi.org/10.1038/nphys3648
https://doi.org/10.1016/j.nuclphysa.2016.03.055
https://doi.org/10.1016/j.ppnp.2014.01.002
https://doi.org/10.1016/j.ppnp.2016.01.001
https://doi.org/10.1016/j.ppnp.2016.01.001
https://doi.org/10.1088/0034-4885/79/7/076302
https://doi.org/10.5506/APhysPolB.47.2617
https://doi.org/10.1063/1.5037551
https://doi.org/10.1103/PhysRevLett.79.1193
https://doi.org/10.1103/PhysRevLett.79.1193
https://doi.org/10.1103/PhysRevD.86.105033
https://doi.org/10.1103/PhysRevD.86.105033
https://doi.org/10.1103/PhysRevD.93.094021
https://doi.org/10.1103/PhysRevD.93.094021
https://doi.org/10.1103/PhysRevD.94.054011
https://doi.org/10.1103/PhysRevD.94.054011
https://doi.org/10.1103/PhysRevD.102.014031
https://doi.org/10.1103/PhysRevD.102.014031
https://doi.org/10.1006/aphy.2000.6091
https://doi.org/10.1006/aphy.2000.6091
https://doi.org/10.1088/1742-6596/374/1/012010
https://doi.org/10.1088/1742-6596/374/1/012010
https://doi.org/10.1103/PhysRevD.31.545
https://doi.org/10.1103/PhysRevD.31.545
https://doi.org/10.1103/PhysRevD.34.2746
https://doi.org/10.1103/PhysRevD.42.2384
https://doi.org/10.1016/0370-1573(95)00084-4
https://doi.org/10.1016/0370-1573(95)00084-4
https://doi.org/10.1007/0-306-47101-9_1
https://doi.org/10.1103/PhysRevD.62.096012
https://doi.org/10.1103/PhysRevD.62.096012
https://doi.org/10.1088/1126-6708/2001/12/009
https://doi.org/10.1088/1126-6708/2001/12/009
https://doi.org/10.1142/9789814293297_0003
https://doi.org/10.1142/9789814293297_0003
https://doi.org/10.1007/978-3-642-02286-9
https://doi.org/10.1007/978-3-642-02286-9
https://doi.org/10.1103/PhysRev.124.246
https://doi.org/10.1103/PhysRev.122.345
https://doi.org/10.1103/RevModPhys.64.649
https://doi.org/10.1016/0146-6410(91)90005-9
https://doi.org/10.1016/0146-6410(91)90005-9
https://doi.org/10.1016/j.physrep.2004.11.004
https://doi.org/10.1103/PhysRevD.94.074011
https://doi.org/10.1103/PhysRevD.84.014011
https://doi.org/10.1103/PhysRevD.81.114031
https://doi.org/10.1103/PhysRevD.81.114031
https://doi.org/10.1103/PhysRevD.88.054009
https://doi.org/10.1103/PhysRevD.88.054009
https://doi.org/10.1103/PhysRevD.90.074009
https://doi.org/10.1103/PhysRevD.90.074009
https://doi.org/10.1103/PhysRevD.94.014026
https://doi.org/10.1103/PhysRevD.94.014026
https://arXiv.org/abs/2111.12058
https://doi.org/10.1142/S0217732302006527
https://doi.org/10.1103/PhysRevD.98.076006
https://doi.org/10.1103/PhysRevD.98.076006
https://doi.org/10.1103/PhysRevD.39.652
https://doi.org/10.1103/PhysRevD.40.2148
https://doi.org/10.1103/PhysRevD.40.2148

