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Electrical conductivity of the quark-gluon plasma and soft photon spectrum in heavy-ion collisions
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I extract the electrical conductivity oy of the quark gluon plasma (QGP) and study the effects of magnetic
field and chiral anomaly on soft photon azimuthal anisotropy, v,, based on the thermal photon spectrum at
0.4GeV < p, < 0.6GeV at the Brookhaven Relativistic Heavy Ion Collider energy. As a basis for my analysis, I
derive the behavior of retarded photon self-energy of a strongly interacting neutral plasma in hydrodynamic regime
in the presence of magnetic field and chiral anomaly. By evolving the resulting soft thermal photon production
rate over the realistic hydrodynamic background and comparing the results with the data from the PHENIX
Collaboration, I found that the electrical conductivity at QGP temperature is in the range: 0.4 < oy/ *T) < 1.1,
which is comparable with recent studies on lattice. I also compare the contribution from the magnetic field and
chiral anomaly to soft thermal photon v, with the data. I argue that at the CERN Large Hadron Collider, the
chiral magnetic wave would give negative contribution to photon v,.
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I. INTRODUCTION

Photons produced in heavy-ion collisions contain rich
information on the properties of quark-gluon plasma (QGP).
The number of photons emitted per unit time per unit volume,
from a plasma in thermal equilibrium, to leading order in agy,
is given by [1]

dr, 1 Im[P/ GE™Mw,p)]
d’p 2m)3 e?/T — 1 w=Ip|

where P)/ =68 — p'p/ is the projection operator. Here
G%‘EM(a), p) (i.e., retarded photon self-energy) denotes the
retarded Green’s function of the charge current operator
JM =3 qr ¥/ v,/ On the other hand, the low energy

and low momentum behavior of G} gy (., p) for any inter-
acting system in the thermal equilibrium is completely fixed
by hydrodynamics. Indeed, if the conductivity tensor of the
system is isotropic, i.e., '/ = 0y8/, the thermal emission rate
of soft photons is fully parametrized by oy:

wd[’y i OEM opw
3 = 2,2 Lwo/T _1°
dp oy T € 1

@

Recently, results of low p, direct thermal photon spectrum
at the Brookhaven Relativistic Heavy Ion Collider (RHIC)
have been reported by PHENIX Collaboration [2,3]. The
lowest p, bin in those results is 0.4 GeV < p; < 0.6 GeV.
It is now well accepted that a near perfect fluid is created
in heavy-ion collisions. The smallness of /s as inferred
from relativistic hydrodynamic simulations implies that SQGP
enjoys a wider hydrodynamic regime, to the order of 7 T.
Therefore, for photon produced at energy 0.4GeV < p; <
0.6 GeV, the hydrodynamic expression, e.g., Eq. (2), does
apply. I then could use Eq. (2) to extract oy. By evolving
Eq. (2) with the temperature-flow background as generated by
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solutions of relativistic hydrodynamic equations (cf. Sec. III),
I found at typical QGP temperature (cf. Fig. 1)

o

To the extent of my knowledge, this is the first direct estimation
of the electrical conductivity of QGP based on soft photon
production with realistic hydrodynamics simulation.'

On the other hand, Eq. (2) indicates that photon azimuthal
anisotropy, v, should be small in low p, regime as the effects
due to the background elliptic flow are highly suppressed.
However, the PHENIX results on soft photon v, [3] suggest
that direct photon v, does not tend to vanish at low p;
limit but saturates at some positive value (cf. Fig. 2). The
nonzero soft photon v, implies that Eq. (2) does receive sizable
modifications in QGP.?

One possible source of such modifications is the magnetic
field created by the spectator charges of ultrarelativistic heavy
ions which can be as large as eB ~ m?, and it points to the
perpendicular direction of the reaction plane [7]. In Ref. [8], the
effects of magnetic field were considered to explain photon v,
at p; > 1GeV as measured by the PHENIX Collaboration [9].
In the present paper, I will study the effects of magnetic field
and chiral anomaly on soft photon v,. As a basis for my
analysis, I will derive the behavior of retarded Green’s function

'The conductivity can be related to the diffusive constant via
Einstein relation. The heavy quark diffusive constant in QGP was
studied in Ref. [4] based on charm spectrum R4, and charm elliptic
flow. Recently, there is encouraging progress on constraining light
quark diffusive constant of QGP at crossover regime by applying
fluctuating hydrodynamics in Bjorken expansion to the study of
charge density fluctuations in QCD matter [5]. However, I am unaware
of any work on directly extracting the conductivity and light quark
diffusive constant with the realistic hydrodynamic simulation.

The corrections due to nonequilibrium would also contribute to
soft photon v,. However, according to the simulation of Ref. [6], the
resulting soft photon v, is of the order 0.01 ~ 0.02.
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FIG. 1. (Color online) (a/eTz)QG p (red dots), the average of
o/e*T in QGP as computed from Eq. (26) using photon production
at p; bin0.4GeV < p; < 0.6 GeV for three different centrality bins
(0-20 %, 20—40 %, 40-60 %) [2]. Blue dotted lines are corresponding
to the upper and lower bound for o/e*T as quoted in the abstract
and in Eq. (3). Dashed horizontal lines are corresponding to the
range of o /(¢*T) as estimated by lattice simulation in Ref. [18] with
CEM = (2/3)62

Gf}(a), p) in the hydrodynamic regime in a neutral strongly
coupled plasma in the presence of homogeneous magnetic field
and chiral anomaly. As triangle anomaly leads to additional
terms in the constitute relation of hydrodynamics [10], the
resulting Gf}(w, p) has a much richer structure. This opens
the possibility to distinguish the effects of chiral anomaly
to photon v,. Furthermore, as it is not unexpected that the
magnetic field will give positive contribution to photon v,
the phenomenologically important question is how sizable the
effects of magnetic field are at heavy-ion collisions. To answer
this question, a realistic hydrodynamic simulation of photon
production is needed. By evolving the modified soft photon
rate in realistic hydrodynamic background, I found that if the
life time of magnetic field tz > 2 ~ 3 fm, the contribution
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This paper is organized as follows. Section II presents
the derivation of the behavior of retarded Green’s function
G (w,p) in the hydrodynamic region in the presence of
homogeneous magnetic field and chiral anomaly. Results
are summarized in Egs. (14) and (15). Though they are the
direct consequences of the constitute relation of anomalous
hydrodynamics and the linear response theory, to the best of
my knowledge, Eq. (15) is new in literature. In Sec. I1I, I extract
the electrical conductivity with the realistic hydrodynamic
evolution. The results are comparable with recent lattice
measurement. In Sec. IV, I investigate the relation between
magnetic field and photon v,. I summarize and conclude in
Sec. V.

II. RETARDED GREEN’S FUNCTION
IN THE HYDRODYNAMIC REGIME AND
SOFT PHOTON PRODUCTION

In this section, I will work out explicitly the behavior
of the retarded Green’s function Gﬁ(a), p) of a neutral
(nv.4 = 0) strongly coupled plasma in the presence of a
homogeneous magnetic field By and chiral anomaly in the
hydrodynamic region. For that purpose, it is sufficient to
consider a plasma with only one flavor with EM charge ¢/ .
I start with the constitute relation for the spatial part of the
vector current Ji, = qj?l Jiy and axial current JY) in a static
and homogeneous flow background [10]:

‘,\Z/' = Canom/'LABl + q‘glalmEm - Dlmvmnv’ (43)

J4 = Canomptv B' = D" V,yny, (4b)
where [,m = 1,2,3 run over spatial components and iy,
denote the chemical potentials of vector charge and axial
charge, respectively. In Eq. (4), the anomaly coefficient

due to magnetic field to the soft photon v, is comparable to qsN,
the experiment results. Canom = 272 ®)
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FIG

. 2. (Color online) PHENIX results of direct photon v, [3]. (Figure is reproduced from Ref. [26].)
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is defined through the divergence of the axial current
34 = CanomqrE - B. (6)

Canomita v B terms in Eq. (4) are completely induced by
the chiral anomaly [10] and are directly related to chiral
magnetic effects and charge separation effects [7,11] (see
Ref. [12] for a recent review). o'/, DY in Eq. (4) are the
conductivity and diffusive tensors in the presence of magnetic
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q7xDY =o'/, where x is the susceptibility. Due to exter-
nal magnetic field By, o”/,D", in general, is anisotropic
[cf. Eq. (12)].

To determine the behavior of G 5. (w, p) in the hydrodynamic
region through the linear response theory, I now perturb the
system by imposing a space-time dependent vector potential
SA o e”i@*iP* Duye to Eq. (4) and E = —3, A, for a neutral
plasma, the change of current §jv 4 in response to §A now

field By, respectively, and are related by the Einstein relation reads

J
Sjp@.p)\ _ . (D™, DI (énv(@.p)) . (o) _i
(wz(w,p) =P ppr prt ) \snat.py) T2 o ) 4 0An(@-2)- @
Here I relate Sy 4,0ny 4 by xSy a4 = dny 4, where x is the susceptibility. I expect that in the chirally symmetric phase,

the susceptibility for the axial charge and the vector charge are approximately identical. For future convenience, I have also
introduced

p'By. of =qjxD{ = —""=p'B], (8)

where the speed of chiral magnetic wave [13] reads

Canom B
v, = anom D0 ) (9)
X
From the anomaly equation (6) and conservation of vector charge d,,ji, = 0, I also have
o+ipipn D™, ipipn DY snv(w,p)\ . (o™\ _,
( ippn DY, o+ ippaD ) \Snatw.p)) =P gt ) 45 04 {10

Now solving for ny 4 in terms of § A in Eq. (10) and put them back in the expression of jy in Eq. (7), one arrives at

. DY\ ! gm
_~PipiDs ) <”"",,m) + olm:|qj718Am. (11)
iw— pip;DY Pq0s

The tensor o/ in the presence of By may be decomposed as [14]

) iw— p:p; DY
8j, =iw[ p D" p, DY <"" PiPjs
14 ( 5) _Piij;],

o'l = 008" — op.7(87 — ByB]) + 05, BB = q}x[Do8" — Dp.1 (8 — ByBY) + Dy ByB]]. (12)

where By is the directional vector of By. Here oy denotes the conductivity in the absence of magnetic field, o5 1,057 denote the
change of conductivity in the longitudinal and transverse direction of magnetic field By.?> According to linear response theory,

(/) (@,p), = —GRem(@.p) (47 AV), (13)
I then obtain
G n(@.p) = Fr(w,p) p' b’ + Fr (0,p)P + Fy5 (w0, p)(p' B) + b7 BY) + Fyp (w.p) BBy, (14)

where form factors in Eq. (14) are given by

Fr = —iw(og — op,1), (15a)
—i - — p-B ip2(D D p-By)? . .
F, = iw(og UB,T){CU v, p(P - Bo) +ip~( BT + Dp )P - Bo) By —Bo)}, (15b)
2 Q(w, p, By)
—iwoy — —ipX(D Dp)p-Bo? 4 .
Fop = iwoy GB,T{ v,p—ip“(Dpr + L B.L)(D - Bo) 4 (By — —Bo)}7 (15¢)
2 Q(w, p,Bo)
P PO . 9
iow [ivyx + (o1 + 0o L)lw+ vy p(p - Bo) +ip°(Dy — Dp,1)] R R
Fpp = __{ X x +(By > —BO)}, (15d)
2 Q(w,p,By)

3If the Hall conductivity o is nonzero, one could add an additional term ioy€;j; B to 0.
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where

Q(w,p,Bo) = w — v, p(p - Bo) +ip*[(Dy— Dy 1)
+(Dp.r + Dp.1)(p-Bo)*. (16)

In Eq. (15), the contributions due to right-handed chiral
fermions have been written down explicitly in the brackets
{...} while those due to left-handed chiral fermions are easily
obtained by replacing By with — By as denoted by (By — — By)
in Eq. (15).

As one can check, in the absence of By that op 7,05,
v, =0, Fpp, F),p vanish and I recover the well-known results

Blimo Fr(w,p) = —iwoy,

’ (17)
li F ( ) —iw200

im w,p) = —"——.
Boo HOP) = +iDyp?

Returning to Eqs. (14) and (lS),AI see immediately that
G}j(a),p) has poles when Q(w, p, = By) = 0. The correspond-
ing dispersion relation is
+v, p(By - p) —

x [(Do— D7)+ (Dp... + Dp1)(Bo - p’l.  (18)

w(p) =

For By - p = 0, Eq. (18) describes the conventional diffusive
modes while for By - p # 0, Eq. (18) describes a propagating
hydrodynamical mode, namely, chiral magnetic wave [13].
I point out here that due to chiral magnetic wave poles, zero
frequency limit and zero momentum limit of G'; z.Em(@, p) may
not commute with each other. Special care may be needed
when apply Kubo formula to a plasma in the presence of
magnetic field and chiral anomaly.

To determine photon production rate in the hydrody-
namic region, I only need to know the imaginary part of
Fr(w,p), Fgp(w, p) along the light-cone w = |p|:

(PleR(w p))‘wzlpl
= 2Im[Fr(o = |p))] + Im[Fpp(w = |pDI[1 — (p - Bo)*].
(19)

Keeping terms of the lowest order in w in Eq. (19), I then have,
in the presence of magnetic field and chiral anomaly, that

(P”GR(“) p))|w=\p|
N OEM W
T 222

{(200 —opr)+ (1 —(p- By

- UB,T)]

L+ v3(p - Bo)
x [(o8,1 +05.L) + v} (00 x }

(1= v2(p - Bo)?)
(20
and in the absence of B, we recover Eq. (2).

In the following sections, I will use Egs. (2) and (20) to
study soft photon production in heavy-ion collisions.
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III. ELECTRICAL CONDUCTIVITY OF QGP

The thermal photon momentum spectrum produced during
the evolution of the radiating fireball can be written as

4Ny / . dr,
= dxa)h-f—
d3 Sltd3p/

, 21

wshife=|p’|

where the photon energy, which is w in the laboratory frame,
is red-shifted to wgpif in the frame that fluid is at rest:

Wghift = P“uu

= owu'[cosh(§ —Y) — v, cos¢, —vysing,]. (22)

Here, assuming the boost-invariance, the four-velocity of the
flow field is u* = (u',u®,u*,u”) = u*(cosh &, sinh&,v,,v,). 1
use Bjorken’s coordinates 1,£,x,y, with T = /12 — 72 the
longitudinal proper time and £ = tanh~!(z/f) the space-
time rapidity that d*x = tdtdédxdy. The photon momen-
tum is parametrized by its rapidity Y, transverse momen-
tum p,, and azimuthal emission angle ¢,, ie., p* =
pi(coshY,sinhY, cose,, sing,).

In the present section, I will estimate the value of the
electrical conductivity by neglecting possible modifications
due to the magnetic field. I will return to the effects of magnetic
field in the next section. For the soft photon production at
heavy-ion collisions, I have from Eq. (2) that

dN, _ oem s 2 Wshife T ‘ 23)
dzpldY 2 2T exp(wsh.ﬂ) -1
I will concentrate on the photoproductions at midrapidity ¥ =
0 and expand the photon production in Fourier Harmonics:

dN, dN,
dzpldY

142 2
27TpldpldY[ +2v2(p1) cos(2¢,) + -+ - 1.

(24)

I therefore have

dN — OlEM / d¢P / Wshite T
ZJTpldpLdY €2T exp(wsmﬂ) 1'

(25)
Now introducing the dimensionless quantity:
27[ d¢, 4 e T
OEM app Wshift
< o > 2 f d’x ( 2 ) exp(BI) 1
2 = 27'[ d¢>,
e’T O‘EM e [ g4 _owmin T
QGP 7-[ f X €Xp( slufl) 1
( dN, )
_ 2np dp,dY /data (26)
QEM 2” d¢ﬂ f d*x Wshif T ’
7.[2 exp( “’s?in )_1

As the conductivity in hadronic phase is much smaller than
that in QGP state due to the reduction of the charge carriers in
the medium, (o/e*T)qgp provides us an estimation of o /e>T
at typical QGP temperature.

In Fig. 1, I show (o/e*T)qcp, the average o/(e*T) in
QGP as defined by Eq. (26). The direct photon production
data (after subtraction of hard-scattering component) are
taken from results by the PHENIX Collaboration [2] at p,
bin 0.4GeV < p; < 0.6GeV in \/syy = 200 GeV Au + Au
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collisions. The denominator of the last term of Eq. (26)
is evaluated at p; = 0.5 GeV using realistic hydrodynamic
background. To model such background, I employ results
computed with “VISH2+-1", a viscous hydrocode, developed
by Song and Heinz [15], in 2 4 1 dimensions assuming longi-
tudinal boost invariance. Those simulations, which reproduce
hadron spectrum in the experiment well, were performed
by Shen [16] and the results are accessible to the public
via the website https://wiki.bnl.gov/TECHQM/index.php. The
hydrodynamic evolution starts at 7; = 0.4 fm and ends on an
isothermal surface at Tg. = 130 MeV with n/s = 0.20 and
the lattice-based equation of state “s95p-PCE” [16,17].

I have performed my analysis for three different centrality
bins: 0-20%, 20-40%, 40-60%.* As the conductivity oy
reflects the transport properties of QGP and the effective
temperature as extracted from thermal photon spectrum for
those three centrality bins are similar [2], we expect that
(o/ (€2T))QGP would have a weak dependence on centrality.
This is indeed the case as one can see in Fig. 1: while both
soft photon production and hydrodynamic backgrounds are
different for those centrality bins, the resulting (o/ (€2T)>QGP
shows little dependence on the centralities.

The error bars shown in Fig. 1 are determined from the ex-
perimental (systematic) uncertainties in the photon production
as (o/ (EZT»QGP given in Eq. (26) linearly depends on photon
production measured in experiment. On the theory side, the
major source of uncertainty is from the correction to Eq. (2)
at p; = 0.5 GeV. One may get an idea on the magnitude of
such corrections from strongly coupled QCD-like theories. For
example, for A = 4 super Yang-Mills theory in the strongly
coupling limit, the corrections to Eq. (2) is at most 20% for
pL fromOtonT (see Fig. 1 of Ref. [19]). In my calculations,
1 did not include the contributions at pre-equilibrium stage. To
estimate the resulting uncertainty, I have extrapolated from the
initial time t; = 0.4 fm to a 3 times smaller value assuming
1-dimensional boost-invariant expansion between these times
and computed the photon production during that interval. The
corrections is a few percent at most.

I now compare my results with the electrical conductivity
as measured on lattice. A recent quenched study using
Wilson-Clover fermions [18] in the continuum limit found
that 0.33Cgm < 0/T < 1Cgy at T = 1.45T,. This result is
consistent with other lattice measurements [20]. Here Cgy =
> P q% counts number of charge carriers. For example, for
f =u,d, Cpm = (5/9)e? and for f = u,d,s, Cey = (2/3)e.
For comparison, I plot the range of o/(¢*T) at T = 1.45T,
as indicated in Ref. [18] in Fig. 1 in dashes horizontal
lines with Cgy = (2/3)e2 by assuming in QGP, u.d,s all
contribute to the conductivity. It is seen there that my results

4Other parameters to generate background hydrodynamic flow
include the initial entropy density s, = 86.7fm™> for all impact
parameters. Results shown in the current paper are using Glauber
initial conditions. I have performed the calculation for both CGC
initial conditions and Glauber initial conditions at b = 3.16 fm and
found a minor difference. I take impact parameters b = 3.16,5.78,
7.49,8.87,10.1,11.1 fm which correspond to centrality ranges
0-10%,10-20%,20-30%,30-40%,40-50%, 50-60%, respectively.
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are completely comparable with lattice measurement. My
results are also consistent with Ref. [21] using the off-shell
parton-hadron-string dynamics transport approach.

IV. SOFT PHOTON v,, CHIRAL ANOMALY
AND MAGNETIC FIELD

In this section, I will study the effects of magnetic field
and chiral anomaly on soft photon v,. I will evolve soft
photon production rate in the presence of magnetic field and
chiral anomaly Eq. (20) as derived in Sec. II in the realistic
hydrodynamic background. As at RHIC energy, the typical
speed of chiral magnetic wave v, is around 0.1 ~ 0.4 [22]
using the susceptibility measured on lattice [23], I then neglect

2

v, terms in Eq. (20) and approximate the photon rate at

midrapidity ¥ = 0 as

w - dFyB
e/T — 1 d3

" [2(00 — op.1)+ (0pr +0p.1)cos’ ] + O(vi)

og
~ or2e?
OEMO0 3 1 1
= W[O T + ZVL> + Z(rT +FL)COS(2¢p)]~
(27)
Here, I have introduced dimensionless ratio rz,ry:

rr =0,1/00, TL =08L/00 (28)

to characterize the relative change of conductivity in the
presence of magnetic field.

I now estimate the contribution from the magnetic field to
photon v; as

35 2 d¢, 4 WDshif
2 [ B [dix W(”T +rL)

271 d¢
OlEM aPp 4 Oshift T _
2 f X exp( Dshift )—1 ( 1

v2(B) ~

i)
(29)

To compute vy(B), I need to determine r and r. Let us
first consider ry = op /0o under the Drude approximation
(relaxation time approximate). Recall the equation of motion
for a massive particle in the presence of EM field and a drag
force:

W_ g+ P - L, (30)
dt M Trel
where 7, denotes the relaxation time. By imposing the steady-
state condition 22 = 0 and computing the current in response

dt
to E, one finds

BT/ M)?
ry— 0BT _ (qr Bt/ M) R OBT _ ¢ G1)
0o 1+(QfBTrel/M)2 0o

As charge carriers moving along the direction of magnetic
field B do not feel the Lorentz force, the magnetic field
would not affect the longitudinal components of conductivity
tensor, i.e., 7, = 0 under the drude estimation. Chiral anomaly
may introduce a nontrivial contribution to the longitudinal
conductivity. However, as the purpose of this section is to
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estimate the effects of magnetic field to soft photo vy, I will
defer the effects due to r, to future studies.

I now ready to evaluate v(B) as defined by Eq. (29) in
the realistic hydrodynamic background as I did in the previous
section. To estimate r7 using Eq. (31), I need to estimate 7./ M
in QGP. In N = 4 supersymmetric Yang-Mills (sYM) theory
in strong coupling limit, this is known for heavy quarks [24],

(Trfﬂ) _ 2
M sYM vV gZNCT[T2 .

Following Ref. [25], I will use Eq. (32) with g>N. = 6. Twill
parametrize my ignorance of t.;/M in QGP by introducing a
dimensionless parameter A:

5), ), o
M oGP M ) yy

I will treat A as a free parameter and study the effects of
the magnetic field with various As. As ry depends on the g.
Strictly speaking, in Eq. (29), one should sum the contributions
from different flavors. However, as the photon rate is propor-
tional to g2, the number of photon produced by u quarks is
roughly four times that produced by d quarks. I therefore, in
my actual evaluation of Eq. (29), set gy = g, = (2/3)e.

I finally specify the profile eB during the hydrodynamic
evolution. I neglect the spatial gradients of magnetic field
and take it in the laboratory frame along the y direction.
I use the time-varying profile of the magnetic field with a
parametrization

(32)

(eB)mﬂX
1+ (t/15)%

where I call g the lifetime of the magnetic field. This
form has been widely used in previous literature (see, for
example, Refs. [8,22]). I take (e B)max = 3,5,7,8,9,10m72, for
b =3.16,5.78,7.49,8.87,10.1,11.1fm as guided by Ref. [27].
Due to current controversy over the medium effects on
75[28,29], I will leave tp as a free parameter in the following
calculations.’

I have computed photon v,(B), the contribution from
magnetic field to photon v, as a function of the life time
of magnetic field tp, by evolving the soft photon production
rate in the presence of magnetic field based on hydrody-
namics, i.e., Eqs. (20) and (27). rr appearing in Eq. (27)
is taken from Eq. (31) and wpt is given by Eq. (33). 1
have presented my results for three different centrality bins
(0-20%,20-40%,40-60%) with four different A = 2,4,6,8.
The dependence of v,(B) on 75 and A are similar for the
centrality bins under study. Perhaps not surprisingly, the
contribution of magnetic field to photon v, increases with
growing A.° Dashed curves in Fig. 3 correspond to the upper
and lower bound of the direct photon v, at p; = 0.5 GeV inthe

eB(t) = (34)

31t should also be pointed out that if 73 < T, the hydrodynamic
expression Eq. (27) does not apply.

6As A here is the ratio of the actual ¢ in plasma to the characteristic
¢% [cf. Eq. (33)], one does not expect A to be O(10) and choose A = 8
to be the largest value of A used in the current computations.
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FIG. 3. (Color online) The contribution of magnetic field to
photon v,,v,(B) [cf. Eq. (29)], at p; = 0.5 GeV vs the lifetime of
magnetic field 5. Photon production is computed based on Eqs. (20)
and (27) for four different A = 2,4,6,8 (red solid, blue dashed, green
dot-dashed, orange dotted curves, respectively). Here A is a parameter
appearing in Eq. (33) which parametrizes the wpt, in the plasma.
Two dashed horizontal lines correspond to the upper and lower bound
of direct photon v, at p; = 0.5 GeV from the data (c.f. Fig. 2). Panels
(a), (b), (c) correspond to centrality bins 0-20%,20—-40%,40-60%,
respectively.

data [3] (cf. Fig. 2). As one can see in Fig. 3, depending on the
value of wpTt, the magnetic field would give contribution,
which is comparable to the data, to the soft photon v, for
g > 2 ~ 3 fm. I have also checked that for those tz,A which
reproduce the photon v, in the experiment, my estimation on oy
based the photon production rate in the absence of magnetic
field will only be affected by 10-20%, within the error bar
shown in the Fig. 1.

V. SUMMARY AND DISCUSSION

In this paper, I have estimated the electrical conductivity
o in the quark gluon plasma (QGP) based on the soft photon
production from the data and realistic hydrodynamic evolution.
Ifind that o/(¢?T) is in the range 0.4 < o/(e*T) < 1.1. Previ-
ously, the electrical conductivity of QGP was mostly extracted
from Euclidean correlator measured on lattice [18,20]. Those
analyses always involve a nontrivial analytical continuation.
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The present work offered an alternative estimation of the
electrical conductivity.

Photon production in heavy-ion collisions have been
studied extensively (see for example Ref. [30]) based on
the thermal photon emission rate computed from perturbative
QCD(pQCD) [31]. While one may apply pQCD at high photon
energy, its applicability for photon energy below a few GeV
is not warranted. Indeed, experiment results [32] indicate
that the hydrodynamic simulations with pQCD rate typically
underestimate the thermal photon production. In this work,
instead of taking the soft photon production rate of QGP as an
input from certain microscopic calculations, I have extracted
such rate based on hydrodynamics and the data. It would be
interesting to extend the method used in this paper to obtain
information on photon production rate at other p; window.

The effects of magnetic field on the photon production
and photon azimuthal anisotropy, v,, have attracted much
attention recently [8,33-35]. I hope the present study based
on hydrodynamics would shed light on how sizable the effects
of magnetic field would be. In particular, by computing the
contributions from magnetic field to photon v, for various,tg,
the life time of magnetic field in realistic hydrodynamic
background, I found that if the life-time of 73 > 2 ~ 3 fm,
the resulting soft photon v, is comparable to that measured
in experiment. On the other hand, if the lifetime of magnetic
field is as short as estimated in Ref. [28], the contribution from
magnetic field to photon v, in low momentum region might be
negligible.

It should be noticed that magnetic field even in the absence
of anomaly would contribute to the photon v, via conventional
synchrotron radiation [34]. Distinguishing the effects of chiral
anomaly is not that straightforward. In hydrodynamic regime,
however, a model-independent conclusion can be drawn in
the light of the Eq. (20). According to Eq. (20) and the
discussion in Sec. IV, the contributions due to chiral anomaly
are fully parametrized by the speed of chiral magnetic wave
v, while the effects due to the conventional cyclotron motion
are parametrized by wpt,. Moreover, the azimuthal angle
dependence of the photon production is drastically affected
by the additional pole structure of retarded Green’s function
due to the chiral magnetic wave. For example, by Fourier
transforming Eq. (20), one can see explicitly that the Fourier

"I thank D. Kharzeev for pointing this out to me.
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component of cos(4¢,) is proportional to vi, suggesting that
photon v might be used to study the effects of chiral magnetic
wave [35].

I will conclude this paper by pointing out that chiral
anomaly may play different roles in soft photon production
at RHIC and LHC. At RHIC energy where v, is not very close
to 1, one may apply the approximate expression Eq. (27). At
RHIC, I found that suppression of the transverse conductivity
due to Lorentz force may play a dominant role to contribute to
the photon v,. However, at LHC energy where v, approaches

1 due to much larger magnetic field, the pole of G (w,p)
[cf. Eq. (15)] corresponding to chiral magnetic wave will be
very close to the light cone. The photon production is largely
enhanced along the direction By. Physically, this is due to the
decay of the chiral magnetic wave into photon when v, is close
to 1.7 This implies that chiral magnetic wave will give negative
contribution to soft photon v, (see Ref. [35] for a holographic
example). It is interesting to see if this will happen for soft
photon production at LHC.

ACKNOWLEDGMENTS

I am indebted to Misha Stephanov for various discussion
and suggestions during this project and Gocke Basar, Dimitri
Kharzeev, Ho-Ung Yee for stimulating discussion on photon
production in the presence of magnetic field and chiral
anomaly. Special thanks are devoted to Karl Landsteiner who
pointed out a mistake on the estimation of the longitudinal
conductivity in the previous version of this paper. I would like
to thank Chun Shen for email correspondence on hydrody-
namic simulations and Benjamin Bannier and Richard Petti for
conversations on photon production measured in experiment.
I would like to express my gratitude to Jinfeng Liao, Lin Shu,
Derek Teaney for helpful comments. I am in gratitude to the
nuclear theory group of Stony Brook university for hospitality
where this work was initiated and the funds from the Provost
award of UIC to support my visit to Stony Brook University.
I would also like to acknowledge the stimulating environment
of the “Quantum anomalies and hydrodynamics™ at Simons
Center for Geometry and Physics and of the “Thermal photons
and dileptons in heavy-ion collisions” workshop at RIKEN-
BNL Research Center. This work is supported by the DOE
Grant Nos. DE-FG0201ER41195 and DE-AC02-98CH10886.

[1] J. Kapusta, Finite-temperature Field Theory, Cambridge Mono-
graphs on Mathematical Physics (Cambridge University Press,
Cambridge, 1993).

[2] A. Adare et al. (PHENIX Collaboration), arXiv:1405.3940
[nucl-ex] (2014).

[3] B. Bannier, arXiv:1408.0466 [nucl-ex] (2014).

[4] G. D. Moore and D. Teaney, Phys. Rev. C 71, 064904
(2005).

[5] B.Ling, T. Springer, and M. Stephanov, Phys. Rev. C 89, 064901
(2014).

[6] C. Shen, U. W. Heinz, J.-F. Paquet, I. Kozlov, and C. Gale,
arXiv:1308.2111 [nucl-th] (2013).

[7] D.E. Kharzeev, L. D. McLerran, and H. J. Warringa, Nucl. Phys.
A 803, 227 (2008).

[8] G. Basar, D. Kharzeev, D. Kharzeev, and V. Skokov, Phys. Rev.
Lett. 109, 202303 (2012).

[9] A. Adare et al. (PHENIX Collaboration), Phys. Rev. Lett. 109,
122302 (2012).

[10] D. T. Son and P. Surowka, Phys. Rev. Lett. 103, 191601

(2009).

044903-7


http://arxiv.org/abs/arXiv:1405.3940
http://arxiv.org/abs/arXiv:1408.0466
http://dx.doi.org/10.1103/PhysRevC.71.064904
http://dx.doi.org/10.1103/PhysRevC.71.064904
http://dx.doi.org/10.1103/PhysRevC.71.064904
http://dx.doi.org/10.1103/PhysRevC.71.064904
http://dx.doi.org/10.1103/PhysRevC.89.064901
http://dx.doi.org/10.1103/PhysRevC.89.064901
http://dx.doi.org/10.1103/PhysRevC.89.064901
http://dx.doi.org/10.1103/PhysRevC.89.064901
http://arxiv.org/abs/arXiv:1308.2111
http://dx.doi.org/10.1016/j.nuclphysa.2008.02.298
http://dx.doi.org/10.1016/j.nuclphysa.2008.02.298
http://dx.doi.org/10.1016/j.nuclphysa.2008.02.298
http://dx.doi.org/10.1016/j.nuclphysa.2008.02.298
http://dx.doi.org/10.1103/PhysRevLett.109.202303
http://dx.doi.org/10.1103/PhysRevLett.109.202303
http://dx.doi.org/10.1103/PhysRevLett.109.202303
http://dx.doi.org/10.1103/PhysRevLett.109.202303
http://dx.doi.org/10.1103/PhysRevLett.109.122302
http://dx.doi.org/10.1103/PhysRevLett.109.122302
http://dx.doi.org/10.1103/PhysRevLett.109.122302
http://dx.doi.org/10.1103/PhysRevLett.109.122302
http://dx.doi.org/10.1103/PhysRevLett.103.191601
http://dx.doi.org/10.1103/PhysRevLett.103.191601
http://dx.doi.org/10.1103/PhysRevLett.103.191601
http://dx.doi.org/10.1103/PhysRevLett.103.191601

YI YIN

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

[12] D. E. Kharzeev, arXiv:1312.3348 [hep-ph] (2013).

[13] D. E. Kharzeev and H.-U. Yee, Phys. Rev. D 83, 085007
(2011).

[14] E. Lifshitz, L. Pitaevskii, and L. Landau, Physical Kinetics
(Pergamon Press, Oxford, 1981), Vol. 60.

[15] H. Song and U. W. Heinz, Phys. Lett. B 658, 279 (2008);
Phys. Rev. C 77, 064901 (2008); 78, 024902 (2008).

[16] C. Shen, U. Heinz, P. Huovinen, and H. Song, Phys. Rev. C 82,
054904 (2010); T. Renk, H. Holopainen, U. Heinz, and C. Shen,
ibid. 83, 014910 (2011).

[17] P. Huovinen and P. Petreczky, Nucl. Phys. A 837, 26
(2010).

[18] H.-T. Ding, A. Francis, O. Kaczmarek, F. Karsch, E. Laermann,
and W. Soeldner, Phys. Rev. D 83, 034504 (2011).

[19] S. Caron-Huot, P. Kovtun, G. D. Moore, A. Starinets, and L. G.
Yaffe, J. High Energy Phys. 12 (2006) 015.

[20] B. B. Brandt, A. Francis, H. B. Meyer, and H. Wittig, J. High
Energy Phys. 03 (2013) 100; A. Amato, G. Aarts, C. Allton,
P. Giudice, S. Hands, and J.-I. Skullerud, Phys. Rev. Lett. 111,
172001 (2013); G. Aarts, C. Allton, J. Foley, S. Hands, and
S. Kim, ibid. 99, 022002 (2007).

[21] W. Cassing, O. Linnyk, T. Steinert, and V. Ozvenchuk,
Phys. Rev. Lett. 110, 182301 (2013).

[22] H.-U. Yee and Y. Yin, Phys. Rev. C 89, 044909 (2014).

PHYSICAL REVIEW C 90, 044903 (2014)

[23] S. Borsanyi, Z. Fodor, S. D. Katz, S. Krieg, C. Ratti et al.,
J. High Energy Phys. 01 (2012) 138.

[24] C. Herzog, A. Karch, P. Kovtun, C. Kozcaz, and L. Yaffe,
J. High Energy Phys. 07 (2006) 013; J. Casalderrey-Solana and
D. Teaney, Phys. Rev. D 74, 085012 (2006); S. S. Gubser, ibid.
74, 126005 (2006).

[25] U. Gursoy, D. Kharzeev, and K. Rajagopal, Phys. Rev. C 89,
054905 (2014).

[26] D. Axel (PHENIX Collaboration), talk presented at “Thermal
Photons and Dileptons in Heavy-Ion Collisions” workshop at
RIKEN/BNL, 2014.

[27] A. Bzdak and V. Skokov, Phys. Lett. B 710, 171 (2012).

[28] L. McLerran and V. Skokov, arXiv:1305.0774 [hep-ph] (2013).

[29] K. Tuchin, Phys. Rev. C 88, 024911 (2013).

[30] R. Chatterjee, E. S. Frodermann, U. W. Heinz, and D. K.
Srivastava, Phys. Rev. Lett. 96, 202302 (2006); M. Dion, J.-F.
Paquet, B. Schenke, C. Young, S. Jeon, and C. Gale, Phys. Rev.
C 84, 064901 (2011); C. Shen, U. W. Heinz, J.-F. Paquet, and
C. Gale, ibid. 89, 044910 (2014).

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

[32] A. Adare et al. (PHENIX Collaboration), Phys. Rev. Lett. 104,
132301 (2010).

[33] K. Tuchin, Phys. Rev. C 83, 017901 (2011).

[34] K. Tuchin, Phys. Rev. C 87, 024912 (2013).

[35] H.-U. Yee, Phys. Rev. D 88, 026001 (2013).

044903-8


http://dx.doi.org/10.1103/PhysRevD.78.074033
http://dx.doi.org/10.1103/PhysRevD.78.074033
http://dx.doi.org/10.1103/PhysRevD.78.074033
http://dx.doi.org/10.1103/PhysRevD.78.074033
http://arxiv.org/abs/arXiv:1312.3348
http://dx.doi.org/10.1103/PhysRevD.83.085007
http://dx.doi.org/10.1103/PhysRevD.83.085007
http://dx.doi.org/10.1103/PhysRevD.83.085007
http://dx.doi.org/10.1103/PhysRevD.83.085007
http://dx.doi.org/10.1016/j.physletb.2007.11.019
http://dx.doi.org/10.1016/j.physletb.2007.11.019
http://dx.doi.org/10.1016/j.physletb.2007.11.019
http://dx.doi.org/10.1016/j.physletb.2007.11.019
http://dx.doi.org/10.1103/PhysRevC.77.064901
http://dx.doi.org/10.1103/PhysRevC.77.064901
http://dx.doi.org/10.1103/PhysRevC.77.064901
http://dx.doi.org/10.1103/PhysRevC.77.064901
http://dx.doi.org/10.1103/PhysRevC.78.024902
http://dx.doi.org/10.1103/PhysRevC.78.024902
http://dx.doi.org/10.1103/PhysRevC.78.024902
http://dx.doi.org/10.1103/PhysRevC.82.054904
http://dx.doi.org/10.1103/PhysRevC.82.054904
http://dx.doi.org/10.1103/PhysRevC.82.054904
http://dx.doi.org/10.1103/PhysRevC.82.054904
http://dx.doi.org/10.1103/PhysRevC.83.014910
http://dx.doi.org/10.1103/PhysRevC.83.014910
http://dx.doi.org/10.1103/PhysRevC.83.014910
http://dx.doi.org/10.1103/PhysRevC.83.014910
http://dx.doi.org/10.1016/j.nuclphysa.2010.02.015
http://dx.doi.org/10.1016/j.nuclphysa.2010.02.015
http://dx.doi.org/10.1016/j.nuclphysa.2010.02.015
http://dx.doi.org/10.1016/j.nuclphysa.2010.02.015
http://dx.doi.org/10.1103/PhysRevD.83.034504
http://dx.doi.org/10.1103/PhysRevD.83.034504
http://dx.doi.org/10.1103/PhysRevD.83.034504
http://dx.doi.org/10.1103/PhysRevD.83.034504
http://dx.doi.org/10.1088/1126-6708/2006/12/015
http://dx.doi.org/10.1088/1126-6708/2006/12/015
http://dx.doi.org/10.1088/1126-6708/2006/12/015
http://dx.doi.org/10.1088/1126-6708/2006/12/015
http://dx.doi.org/10.1007/JHEP03(2013)100
http://dx.doi.org/10.1007/JHEP03(2013)100
http://dx.doi.org/10.1007/JHEP03(2013)100
http://dx.doi.org/10.1007/JHEP03(2013)100
http://dx.doi.org/10.1103/PhysRevLett.111.172001
http://dx.doi.org/10.1103/PhysRevLett.111.172001
http://dx.doi.org/10.1103/PhysRevLett.111.172001
http://dx.doi.org/10.1103/PhysRevLett.111.172001
http://dx.doi.org/10.1103/PhysRevLett.99.022002
http://dx.doi.org/10.1103/PhysRevLett.99.022002
http://dx.doi.org/10.1103/PhysRevLett.99.022002
http://dx.doi.org/10.1103/PhysRevLett.99.022002
http://dx.doi.org/10.1103/PhysRevLett.110.182301
http://dx.doi.org/10.1103/PhysRevLett.110.182301
http://dx.doi.org/10.1103/PhysRevLett.110.182301
http://dx.doi.org/10.1103/PhysRevLett.110.182301
http://dx.doi.org/10.1103/PhysRevC.89.044909
http://dx.doi.org/10.1103/PhysRevC.89.044909
http://dx.doi.org/10.1103/PhysRevC.89.044909
http://dx.doi.org/10.1103/PhysRevC.89.044909
http://dx.doi.org/10.1007/JHEP01(2012)138
http://dx.doi.org/10.1007/JHEP01(2012)138
http://dx.doi.org/10.1007/JHEP01(2012)138
http://dx.doi.org/10.1007/JHEP01(2012)138
http://dx.doi.org/10.1088/1126-6708/2006/07/013
http://dx.doi.org/10.1088/1126-6708/2006/07/013
http://dx.doi.org/10.1088/1126-6708/2006/07/013
http://dx.doi.org/10.1088/1126-6708/2006/07/013
http://dx.doi.org/10.1103/PhysRevD.74.085012
http://dx.doi.org/10.1103/PhysRevD.74.085012
http://dx.doi.org/10.1103/PhysRevD.74.085012
http://dx.doi.org/10.1103/PhysRevD.74.085012
http://dx.doi.org/10.1103/PhysRevD.74.126005
http://dx.doi.org/10.1103/PhysRevD.74.126005
http://dx.doi.org/10.1103/PhysRevD.74.126005
http://dx.doi.org/10.1103/PhysRevD.74.126005
http://dx.doi.org/10.1103/PhysRevC.89.054905
http://dx.doi.org/10.1103/PhysRevC.89.054905
http://dx.doi.org/10.1103/PhysRevC.89.054905
http://dx.doi.org/10.1103/PhysRevC.89.054905
http://dx.doi.org/10.1016/j.physletb.2012.02.065
http://dx.doi.org/10.1016/j.physletb.2012.02.065
http://dx.doi.org/10.1016/j.physletb.2012.02.065
http://dx.doi.org/10.1016/j.physletb.2012.02.065
http://arxiv.org/abs/arXiv:1305.0774
http://dx.doi.org/10.1103/PhysRevC.88.024911
http://dx.doi.org/10.1103/PhysRevC.88.024911
http://dx.doi.org/10.1103/PhysRevC.88.024911
http://dx.doi.org/10.1103/PhysRevC.88.024911
http://dx.doi.org/10.1103/PhysRevLett.96.202302
http://dx.doi.org/10.1103/PhysRevLett.96.202302
http://dx.doi.org/10.1103/PhysRevLett.96.202302
http://dx.doi.org/10.1103/PhysRevLett.96.202302
http://dx.doi.org/10.1103/PhysRevC.84.064901
http://dx.doi.org/10.1103/PhysRevC.84.064901
http://dx.doi.org/10.1103/PhysRevC.84.064901
http://dx.doi.org/10.1103/PhysRevC.84.064901
http://dx.doi.org/10.1103/PhysRevC.89.044910
http://dx.doi.org/10.1103/PhysRevC.89.044910
http://dx.doi.org/10.1103/PhysRevC.89.044910
http://dx.doi.org/10.1103/PhysRevC.89.044910
http://dx.doi.org/10.1088/1126-6708/2001/12/009
http://dx.doi.org/10.1088/1126-6708/2001/12/009
http://dx.doi.org/10.1088/1126-6708/2001/12/009
http://dx.doi.org/10.1088/1126-6708/2001/12/009
http://dx.doi.org/10.1103/PhysRevLett.104.132301
http://dx.doi.org/10.1103/PhysRevLett.104.132301
http://dx.doi.org/10.1103/PhysRevLett.104.132301
http://dx.doi.org/10.1103/PhysRevLett.104.132301
http://dx.doi.org/10.1103/PhysRevC.83.017901
http://dx.doi.org/10.1103/PhysRevC.83.017901
http://dx.doi.org/10.1103/PhysRevC.83.017901
http://dx.doi.org/10.1103/PhysRevC.83.017901
http://dx.doi.org/10.1103/PhysRevC.87.024912
http://dx.doi.org/10.1103/PhysRevC.87.024912
http://dx.doi.org/10.1103/PhysRevC.87.024912
http://dx.doi.org/10.1103/PhysRevC.87.024912
http://dx.doi.org/10.1103/PhysRevD.88.026001
http://dx.doi.org/10.1103/PhysRevD.88.026001
http://dx.doi.org/10.1103/PhysRevD.88.026001
http://dx.doi.org/10.1103/PhysRevD.88.026001



