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Flows and polarization of early photons with magnetic field at strong coupling
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Recent experimental results from RHIC and LHC on hard photon emission rates in heavy-ion collisions
indicate a large azimuthal asymmetry of photon emission rate parametrized by the elliptic flow v,.
Motivated by a recent proposal that the early magnetic field created by two colliding heavy ions may be
responsible for this large azimuthal asymmetry of photon emission rate, we compute the azimuthal
dependence of the photon emission rate from a strongly coupled finite temperature plasma with magnetic
field in the framework of gauge/gravity correspondence. We also propose and compute a new observable,

s

“in/out-plane polarization asymmetry,’

constructed from the polarization dependence of the photon

emission rates. We observe that both the azimuthal and polarization asymmetry of photon emissions are
strongly affected by the triangle anomaly (chiral anomaly) for the low frequency regime below 1 GeV.
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L. INTRODUCTION

The quark-gluon plasma created in relativistic heavy-ion
collisions is an interesting new state of matter where one
can test various theoretical ideas of QCD. The challenge is
that this plasma lives for a very short period of 10 fm, and
there are many indications that it is strongly coupled,
making perturbative computations very difficult.

Their rapid evolution in time after about 1 fm is believed
to be described fairly well by viscous hydrodynamics, but
the earlier dynamics still remains as an important open
problem. Once hydrodynamics sets in, the data needed to
describe the system reduce dramatically to a few transport
coefficients, and this is both a power and a limitation of
hydrodynamics. As the system is very likely strongly
coupled, there has been much research on using gauge/
gravity duality or AdS/CFT correspondence to describe the
hydrodynamic regime of strongly coupled plasma, essen-
tially computing the transport coefficients nonperturba-
tively [1]. Using gauge/gravity duality for early-time
dynamics has also been pursued while it requires some
amount of numerical analysis to solve relevant nonlinear
Einstein equations [2-6].

Some experimental probes see the created quark-gluon
plasma in a more refined way than the hydrodynamics
description. A good example is the photon emission spec-
tra from the plasma, especially at high frequency (and
momentum) whose scale is above the temperature scale
of the plasma. In a linear response framework that is
suitable for electromagnetic probes such as photon emis-
sion, the emission spectra mirror Green’s functions of the
vector current that the electromagnetism couples to. These
Green’s functions at high frequency momentum are prop-
erties of the plasma beyond hydrodynamics, and they do
depend on the microscopic details of the theory.
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This breakdown of universality that has been acclaimed
for hydrodynamics is an important aspect one has to bear in
mind in applying AdS/CFT correspondence to photon
emissions, because, for example, N =4 super Yang-
Mills theory is very different from QCD microscopically.
There is, however, another sense of universality that may
originate just from the strongly coupled nature, and this
still remains as a useful argument for applying AdS/CFT
correspondence even for probes beyond hydrodynamics
such as photon emission.

Once photons are emitted from the plasma, they rarely
interact with the plasma again because of the weakness of
electromagnetic coupling. This aspect makes the photons
ideal probes to the early dynamics of heavy-ion collisions,
and there have been important experimental results from
PHENIX [7] and ALICE [8] on photon emissions. At
present, the number of photons observed experimentally
tends to exceed the theoretical predictions, but theoretical
computations are being refined to be closer to the experi-
ments [9,10]. What is challenging is that the observed
photons (both direct and indirect) are from the entire
history of the heavy-ion collisions, although different re-
gions of frequency should be sensitive to different parts of
the history. The low frequency regime will naturally be
sensitive to a somewhat later stage of plasma evolution
with lower temperatures as well as a hadronic regime
afterburner phase. The higher frequency spectrum is ex-
pected to get dominant contributions from early stages, but
the dynamics before 1 fm is still not very well understood.

One striking recent result from PHENIX [7] and ALICE
[8] is the large elliptic flow of direct photons at relatively
large transverse momentum p7 > 1 GeV. At p;7 = 2 GeV,
it is as large as v, = 0.25. Contrary to hadronic elliptic
flow, which builds up its magnitude through collective
hydrodynamic evolution, high frequency photons coming
from an early stage are not expected to be sensitive to this
late time collective evolution. (The low frequency spectra
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do get some effects from the Doppler shifts.) Given this, it
is natural to seek a more direct source of azimuthal asym-
metry relevant for the photon emission at the early stage of
the heavy-ion collision.

An interesting candidate is the magnetic field created by
two fast moving colliding heavy-charged nuclei [11]. Its
magnitude was estimated to be as large as eB = 107 G
~m?Z. Possible experimental signatures of the effects of
this magnetic field have been suggested previously in con-
junction with triangle anomaly, chiral magnetic/separation
effects [11-13] and chiral magnetic waves [14,15], leading
to charge-dependent two-particle correlations [16] and
charge-dependent elliptic flows of pions [17,18]. See also
Ref. [19]. These predictions are indeed observed experi-
mentally at STAR/PHENIX [20-23] and LHC [24], and
more experimental results are on the way.

The idea that the early magnetic field may affect photon
emissions leading to azimuthal asymmetry has been previ-
ously discussed in Refs. [25-29], mainly in the weak cou-
pling regime [25,26] or with conformal anomaly [27]. In
our present study, we look at the effect of magnetic field on
the photon creation, especially its azimuthal asymmetry that
leads to observable mock-up of elliptic flow, in a strongly
coupled finite temperature plasma in the framework of
gauge/gravity correspondence. See Refs. [30,31] for earlier
holographic computations for the photon emission rate
without magnetic field, and Refs. [32,33] for the photon
emission with an anisotropy introduced by an external
axionic perturbation [34]. References [35,36] computed
photon emission rates with magnetic field, but the detailed
elliptic flow has not been computed. See also Refs. [37,38]
for photon emissions in out-of-equilibrium conditions. As
the photon emissions are sensitive to microscopic details of
the theory, we choose to work with the model by Sakai and
Sugimoto [39], which is dual to the field theory that should
be closest to the real QCD in quenched approximation.
However, we should bear in mind that the background
geometry of the Sakai-Sugimoto model in a deconfined
phase has a problem of center symmetry arising from the
extra S' dimension, first pointed out in Ref. [40]. This
drawback, however, does not bring an inconsistency to
our description of the quark flavor dynamics, as the center
symmetry becomes irrelevant in the presence of quarks, or
probe D8 branes, although it may affect the detailed inter-
actions between the quarks via background metric. We
leave a further discussion on this point to Sec. III.

Our results indicate that the azimuthal dependence of the
photon emission rates is more complicated than the simple
elliptic flow pattern, which necessitates looking at higher
moments of the azimuthal dependence, such as the quad-
rupole flow v,. We predict an interesting pattern of their
ratios, (;ﬁ as a function of frequency, which might be
relevant experimentally.

We also compute polarization asymmetry of the photons
emitted in the presence of the magnetic field. After
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defining an observable, ‘““in/out plane polarization asym-
metry,” AY©, with respect to the reaction plane, we com-
pute it as a function of frequency. Although it seems
challenging to measure polarizations of photons in current
experiments, it might be an interesting direction to refine
the experimental photon measurements.

In both computations, we observe that triangle anomaly
of the chiral symmetry plays an indispensable role; in
gauge/gravity duality it manifests as a five-dimensional
(5D) Chern-Simons term that does affect the equations of
motion in the presence of the magnetic field. Essentially
the effects can be summarized as coming from the new
transport phenomenon of chiral magnetic waves of chiral
charges. We explicitly check that results with and without
the Chern-Simons term differ substantially from each
other, which indicates that any computation without prop-
erly including a chiral anomaly might be questioned.

In our analysis, we assume a static plasma and a constant
magnetic field. In comparison to experiments, one has to
integrate our results over the realistic time history of the
heavy-ion collisions. This procedure is based on an addi-
tional assumption of adiabaticity. We leave further refine-
ment of our study including time evolution of the plasma to
the future.

II. PHOTON EMISSION RATES FROM
EQUILIBRIUM PLASMA

In this section, we summarize photon emission rate
formula and useful relations between Green’s functions
for the case of translationally invariant thermal plasma.
Note that we will not assume rotational isotropy that is
broken by the presence of a magnetic field. The differential
photon emission rate summed over all polarization states
from a plasma in thermal equilibrium is given by

&Pk e )
YT @) A 7 G-z 2.1)
where G= is the Wightman function defined by
G5, () = f dxe (MO M), (2.2)

The emission rate for a particular polarization state speci-
fied by €* is

&k e?
Q2m)* 2]
Our metric convention is n = (—, +, +, +). We would

like to relate G= with the retarded Green’s function G®
defined by

dr,(e*) =

G“EV*G;,,(kﬂko:m. (2.3)

GE,(K) = (—i) [ dxe RO (), JEMO)]),  (2.4)

since GR is naturally computed in holography with
an incoming boundary condition on the black-brane
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horizon as we will see in the next section. It is convenient
to define

G, (k) = — [ dxe M () EN(0)), (2.5

and using Lehmann representation one can easily derive

the relation
G, (k) = =P Gy, (k). (2.6)

On the other hand, from definitions of G™>= one has
G0 = [ dhre UM, MO
= (X' — )G, (k).

Looking at the two definitions (2.4) and (2.7), one has the
following relation between G¥ and GV:

1 froo . 1 N
R = 0__ -~ AN (j0
G,u,v(k) 277_ _[—oo dk I'EO _ kO —ie G,u,l/(k ’ k)

=—izpf+°°41€0 Lov,@ b -Lon,
2r” Joo oY T e

(2.8)

2.7)

where P denotes Cauchy principal integral. The relations
(2.7) and (2.8) are the basic starting point of our discussion.

From translational invariance and Hermiticity of JEM,
one easily derives

G, (k) = =Gl (=k) = GY(k), (2.9)

so that GV as well as G= and G~ are Hermitian matrices

with (nv) indices, which means importantly that
' Gl (k), e*e”* Gl ,(k), (2.10)

are real. Contracting (2.8) with n*” or e*€e”™ therefore
gives one that

n*'GYy, (k) = —2Im[n**G§ ,(k)],
e*€”* Gl (k) = —2Im[e* €”* G}, (k)].

@2.11)

Note that

Im[e#e”*GR (k)] # e*e” Im[GR (k)] (2.12)

in general, especially for circular polarization states where
€* is complex. Note also that

GY,(k) # —2Im[GR (k)] (2.13)

in general, as GV is Hermitian but may not be real. Only in

the case of isotropic plasma, G¥, (k) (and G=~) is diagonal

and hence real, and then the equality in (2.13) holds.
From (2.8) and (2.11), one finally has

&Pk &2 -2
dar, = 3 oE R
m) 2|k| B —

Il G Rl (2.14)
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and
&Pk 2 -2

dF €M) = — .
() 2m)? 2k| ePF -1

Im[ e GV*GlsM(k)]lk(’:lEl’

(2.15)

which we use for our numerical computation of photon
emission rates.

III. COMPUTATIONAL SETUP IN
HOLOGRAPHIC QCD

For our nonperturbative computation of photon emission
rates in the presence of the magnetic field at strong cou-
pling, we work in the Sakai-Sugimoto model, a holo-
graphic model that is closest to the large N, QCD with
massless chiral quarks in quenched approximation. The
chiralities of massless quarks and the aspects of triangle
anomaly manifest themselves in the model through 5D
Chern-Simons terms in the action, which will play impor-
tant roles in our results later. The model was constructed
originally via embedding D8/D8 branes inside the holo-
graphic background generated by N, number of D4 branes.
Roughly speaking, N. D4 branes describe Yang-Mills
gluonic dynamics of large N. QCD, whereas D8/D8
branes describe massless chiral quarks of left-handed/
right-handed chiralities, respectively.

We should discuss one cautionary point on the holo-
graphic D4 brane background in the deconfined phase in
which we are embedding probe D8 branes. The issue is a
mismatch of center Zy symmetry between the holo-
graphic D4 brane background and the true four-
dimensional (4D) Yang-Mills theory in a deconfined
phase, which was first pointed out in Ref. [40]. Recall
that a theory with only adjoint representations, such as a
pure Yang-Mills theory, has a center Zy symmetry for
each S! compactified space time. The D4 background is
constructed by compactifying the D4 brane on an extra '
space, so that the D4 brane theory has an extra Zy_center
symmetry compared to the ordinary 4D Yang-Mills theory.
The original idea of the D4 brane construction was that in
the energy scale below the compactification scale, one can
decouple the higher Kaluza-Klein modes and the zero
modes give the pure Yang-Mills theory in 4D. For this
idea to work in a large N, limit, the center symmetry
arising from the compactification has to be broken; other-
wise the decoupling does not work due to a naive volume
independence in large N, gauge theory. As discussed in
Ref. [40], the D4 geometry in a confined phase indeed has
a broken center symmetry for this extra compactification
direction, so that it is consistent with the 4D Yang-Mills
theory, but the D4 geometry in a deconfined phase has an
unbroken center symmetry along this extra S' and has a
different, extra Zy_ symmetry compared to the 4D Yang-
Mills theory in a deconfined phase. Note that the center
symmetry breaking for the Euclidean time circle has a
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correct pattern consistent with the usual confinement-
deconfinement picture [41,42]: only the center symmetry
associated with the extra compactified direction has this
problem. Therefore the D4 background in a deconfined
phase is not describing a truly 4D Yang-Mills plasma, but
rather a higher dimensional theory in a deconfined phase.

For the probe D8 branes we are embedding, describing
fundamental quark flavor dynamics, the center symmetry
becomes irrelevant as can be also seen in the fact that the
D8 branes are localized in the S' compactified direction,
and there is no problem in regard to the symmetry of the
theory. However, since the interactions between quarks are
governed by the background geometry representing Yang-
Mills degrees of freedom, the above mentioned issue be-
comes relevant in a more dynamical aspect of the theory,
which may affect the detailed predictions made in our
analysis using the D4 brane background, and it would
certainly be desirable to improve the theory or computa-
tions taking care of this problem, which we leave to a
future work. One may also use other holographic models
that do not have such a problem with center symmetry, for
example, the Klebanov-Strassler model [43], or a bottom-
up constructed model [44]. One issue with the former is,
however, that the chiral symmetry of the model is not
precisely that of massless QCD, which we emphasize in
our work via Chern-Simons terms. Another possibility
would be to use the proposal made in Ref. [40] using
T-duality along the Euclidean time circle to localize D3
branes, while keeping the center symmetry breaking along
the extra S! circle. However, this construction based on the
T-duality along the Euclidean time circle works only in the
Euclidean space, and hence only for thermodynamic quan-
tities, and the proposal cannot be extended to real time
quantities that we are interested in for this work. It would
be quite worthwhile to devise a way to extend the proposal
to the real time quantities, so that it may be used for
computing many transport coefficients in the plasma.

With these cautionary remarks on our holographic
model, let us proceed with the details of the model. Since
electromagnetism couples to the vectorlike global symme-
try of these chiral quarks, we are interested only in the
dynamics of the 8-branes in quenched approximation for
our photon emission rate computation. The original model
sits in a 10-dimensional geometry that is a warped product
of 5D holographic space and an extra internal space of
§*x S', but for our purposes in this paper the internal
space does not play a meaningful role, and we will inte-
grate out our action over it to have a reduction to the 5D
holographic space from the start.

The resulting D8/D8 brane action is

/s = —CR: / d*xdUUS[~ det (g%, + 27 2F)

96 2 [d4deEMNPQRAMFNPFQR, (3 1)
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where e-tensor is numerical and

C= 4‘ T R’ = wg,N.L. (3.2)

The sign of the Chern-Simons term in the second line
encodes chirality that the 8-branes describe; the D8 brane
with the upper sign describes the left-handed U(Np);
chiral dynamics, and vice versa for D8 and the right-
handed chiral symmetry U(Np)z. In the deconfined
phase of the theory that we are interested in here, the
5D geometry in the Eddington-Finkelstein coordinate is
given as

(3.3)
Ur
U)=1-1—),
=14
which has a black-hole horizon at U = Uy with
47T\2
Uy = R3<%) , (3.4)

in terms of temperature 7. Since the final gauge theory
observables are independent of [, one can conveniently
choose 2712 = 1, which will be assumed throughout this
paper. Sakai and Sugimoto [39] determined the values of
parameters in the model by fitting to the pion decay
constant and the p meson mass with N, = 3. In units
of giga-electron-volts, this gives us
C = 0.0211, R3 = 1.44, (3.5)
which defines the model without further free parameters.
In this background, the D8 and D8 branes do not meet
each other, and their dynamics are independent of each
other in leading N_. approximation. The relation between
these chiral fields on the 8-branes and the more conven-
tional vector/axial fields is given by
1
Ayp = E(iAL + Ag), (3.6)
where A;  mean the gauge fields on D8 and D8 branes,
respectively. Note that in terms of currents, this is equiva-
lent to

JV,A = i‘lL + JR' (37)

Electromagnetism couples to the vector symmetry with the
coupling strength e, which means practically for us that we
replace

Ay — eAgy, (3.8)
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where Agy, is the electromagnetic gauge potential. In our
situation of having constant magnetic field along, say, the
x? direction, this implies that we have

FY, = ¢B, (3.9)

which is equivalent to having the same background mag-
netic fields on both D8 and DS branes,

FL, = FR = ¢B. (3.10)

It is easy to check that these constant background magnetic
fields satisfy the equations of motion of 8-branes.

Working in the Eddington-Finkelstein coordinate (3.3),
which is useful for computing retarded Green’s functions,
and using the identity

1 1
Jdet(1+M)=1 +§trM~|—§(trM)2

- % w(M2) + OO),
3.11)

the quadratic expansion of the action in the presence of the
background magnetic field F 2‘2 = eB becomes

Loy = 3 AWF? = BO)F3 P = CONF,

+ (Fap)?) — DWU)((F13)* + (F23)*) — E(U)(Fypp)?

+ 2F(U)F 3 F3y + 2G(U)(F Fiy + FaFyy))
N_.eB

-+ 8 (A F’)U A3FtU + AUFI3)’ (312)
where the coefficient functions are given by
A(U) = CU\/U3 + (eB)’R’,
B(U) = CUf(U)\/U3 + (eB)*R?,
4
c(U) = CL(U),
JU? + (eB)’R?
R\3 vt
D(U) = C(—) —_— (3.13)
U/ JU* + (eB)’R?

R\3 U’
By = C(5> (U3 + (eB2R3)

F(U) = CU (5)%\/113 + (¢B)R’,
RY U
G(U) = C(U) NGE=rd

The equations of motion derived from the above are
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A(U)d,F,y — B(U)d3F3y — C(U)0Fry + 9,F5y)

N_.eB

+ F(U)osF3 + GU)OFyy + 0,Fp) * ——F;3 =0,

Iy(AU)F,y) + F(U)33F3y + GU)(0,Fyy + 9,F5y)

_N.eB
T o=
dy(B(U)F5y) — D(U)(8,Fy3 + 0,Fy3) + F(U)d,Fsy

N_.eB

- aU(F(U)Fr3) + 4 FrU =0,
7T

dy(C(U)F y) + D(U)3F 3 + E(U)d,F 1, + G(U)d,Fyy
—dy(G(U)F,) =0,

Iy(C(U)Fyy) + D(U)33Fy; — E(U)3, Fy + G(U)I, Fay
— 0,(G(U)F,) = 0. (3.14)

Note that the triangle anomaly represented by the SD Chern-
Simons term contributes to the equations of motion. Physically,
this is because of an interplay between vector and axial sym-
metries via chiral magnetic waves in the presence of the
magnetic field. This implies that the resulting photon emission
rate encodes nontrivial effects from the triangle anomaly.

We work in the gauge A;; = 0, and solve the equations of
motion (3.14) forA , (U) in the frequency-momentum space
assuming the factor e** = ¢~ K*ik'¥ Because there is a
residual SO(2) rotation symmetry on the transverse coor-
dinates (x!, x2), we can put k> = 0 without loss of general-
ity. As we are interested in the elliptic flow, we write

k' = k%sin g, k* =k cos 6, (3.15)

satisfying the on-shell condition k° = |k| = w and showing
the azimuthal angle 6 from the direction of the magnetic
field explicitly. The equations of motion then become

A(U)dyA, +cosOB(U)dyAs +sinfC(U)dyA,
—iwcosOF(U)(A; + cosbA,)
—iwsinfG(U)(A; +sinbA,)

N
°B (A3 +cosfA,) =

BU(A(U)GUA,) + iwcos HF(U)GUA3 +iw SIHHG(U)GUAI

N. B
+ ¢ UA3 0
8U(B(U)8UA3) — w?sin@D(U)(sin@A; — cosHA,)
- l(l)F(U)aUA3 - lwaU(F(U)(A3 + COS@AI))
N. B
* ¢ UA 0

BU(C(U)GUAI) + w?cosD(U)(sinA; — coshA,)

—iwG(U)dyA; —iwdy(G(U)(A, +sinbA,)) =0,
Ay (C(U)dyA,) — w*cos?0D(U)A, — w*sin?0E(U)A,
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As we are interested in the retarded Green’s function of
the global symmetries that the above 5D gauge fields
describe, we need to establish a well-defined procedure
of extracting information on the corresponding currents in
the field theory side from the 5D profile of the solutions of
the above equations. We follow standard steps of gauge/
gravity duality dictionary. We first discuss how to extract
expectation values of the symmetry currents in the field
theory side from the 5D solutions. To construct the bound-
ary current expectation value (/) from the solution A , (U)
of the above equations, one has to study the near boundary
asymptotics at U — oo and perform a careful holographic
renormalization. The necessity of a careful holographic
renormalization comes from the fact that we will turn on
space-time varying external sources to find retarded
Green’s functions at finite frequency momentum. In this
situation, it generally happens that the renormalized
boundary currents (J,) not only are given by the coeffi-
cients of the subleading terms in the asymptotic expansion
but also get some additional contributions from the exter-
nal sources. Only after combining these two contributions
can the resulting currents (J,) satisfy the correct conser-
vation Ward identity.

The near U — oo asymptotics of A, are found to be

(1) 2 (3) A
Ap— D B A Aloe@) A
Uz U Uz U2

(3.17)

where we assume the dependence e/ = ¢~ "1t ik% implic-
itly. We will consider a general k* in our discussion of
holographic renormalization. Aﬂg) is the external source,
and the subleading terms A(l), Aﬁf), and AS) are completely

fixed by the external source Aﬁf) in the following way:
3

AY =,

AV = “2iR (kA + KAL) = 2R FY,

AV =0
i=123
AP = 2R (KA + ki AY) = —2R9,F)

ty >’

AP = 2R (WKAY — kAY) = 2R3, F). (3.18)

Jhij
The fact that the coefficient of the logarithmic term, Aﬁf),
vanishes is special in this model, which would not be the
case for a 5D gauge theory in asymptotic AdSs geometry.
The absence of a logarithmic term translates into the
absence of a contribution to the conformal anomaly from
the corresponding global symmetry in the 4D gauge theory
side. This can be understood because the 4D theory that
this holographic model supposedly describes is confor-
mally noninvariant even in the ultraviolet regime. The
piece A u 1s not determined by the external source, and it
encodes a dynamical freedom of the expectation value
(J,)- It should be fixed by appropriate infrared boundary
conditions, which in our case will be the incoming
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boundary condition on the black hole horizon. In the
Eddington-Finkelstein coordinate we are working, this
simply requires regularity of A,(U) at the horizon U =
U7. In conjunction with the ultraviolet boundary condition
Aﬁf), these two boundary conditions determine the solution
A, (U) uniquely.

Although (J,,) should contain A . Tepresenting dynami-
cal degrees of freedom, the full expression for (J,) in-
volves additional contributions from (derivatives) of the
external source Aig) as we mentioned above. To find these
additional contributions, one normally goes through steps
of holographic renormalization by regularizing and sub-
tracting divergences as we describe in the following. For
this purpose, it is more convenient to go to the diagonal
metric frame,

dsi, = (%f(— f(U)de2 + g(dxi)z) + (g)g ]%dU%

(3.19)

by the coordinate transformation,

t—t—fUdU’ ! (R)%—t+2R%+---
: w  fUH\U Ul

Near the U — oo boundary, the temperature/magnetic
fields do not matter, and there is 4D Lorentz symmetry
one can use in discussing asymptotics and expectation
values in this frame. The near boundary behavior of A},
in the A}, = 0 gauge in this frame is found to be (we put *
to mean the gauge fields in this diagonal metric frame)

(3.20)

1A

* 0 0

Al =AY —2R3aVF§)”5+7‘%‘+~-- (3.21)
Note the absence of the U~ term as well as the logarithmic
term. Upon inserting the above to the 5D holographic

action'

c 4 3 U R3 v
Ssp= T2 d*xdU\ 2UF ,y F* +EFWF” , (3.22)
there appears a divergence,

C 1
SE~ - RU% f d*xFFOr, (3.23)

2
where we regularize the divergence at U = U,,. The coun-
terterm at U = U, is hence chosen to be

C 1
get — +5R3Uéo/d4xFMVFMV|U:Um’ (3.24)

'One can neglect effects from temperature and magnetic fields
in near U — oo boundary as they are sufficiently subleading. The
5D Chern-Simons term is also irrelevant in divergences and
minimal counterterms, and we will consider it only at the end
in the final results.
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to cancel the divergence minimally. Then the renormalized
current expectation value from S™" = §™¢ + §¢ ig

S 1
()= Jim (~CUwdyA,(U) +2CR UL, F**(U.,))

CAS, (3.25)

3
2
The result is simple without further contributions from the
source; this is special in this model, which is related to the
absence of a logarithmic term in the expansion (3.21).

The 5D Chern-Simons term does not introduce further
divergences, so the minimal counterterm (3.24) remains
unchanged. It only modifies the regularized action $™¢ by
(recall our A}, = 0 gauge)

_ NCeB
+

SSree = — f d*xdUe 2“7 A F ;)

f d*xdUe"*PABF,,Fgy,  (3.26)

24 2
with €123 = 1, and A® is the gauge field responsible for the
background magnetic field, A¥, = F<2x>!. The correc-
tion to (J,) from this is thus
N_.eB ¢
8<J > = 1277.2 612MVA(0)V + 24772 /_LVH'BABVF(O)&'B
3.27)

When we consider both D8 and D8 branes together in
discussing vector/axial symmetries, one can still add a
further finite piece in the counterterm S, called the
Bardeen counterterm, to ensure the conservation of vector
symmetry, and this will modify (/,,) additionally [45].

Although one may deal with them carefully to get the
final results correctly, for our problem of computing
vector-vector Green’s functions it turns out that these
modifications from (3.27) and the Bardeen counterterm
simply drop in the final results. Recall that the vector
current is a simple sum of left- and right-handed currents,
so that the modification (3.27) gives rise to

N.eB , N
8V = Ay = 5 G EuapA” F, (3.28)
where A =1(—AP + AQ) is the source for the axial
current J, = —J; + Ji. The modification from the

Bardeen counterterm is also easily found to be

N_.eB

A0 N p

v (0)a
612,uv M o AB F() /3

8(UJy) = (3.29)

€uvap
Both (3.28) and (3.29) give the response of (Jy) propor-
tional to the external axial source A4 only, so that they do
not contribute to the vector-vector Green’s functions.
Based on this observation, we will use the formula (3.25)
for the current expectation values for simplicity, without
worrying about further corrections from the 5D Chern-
Simons term. We stress that the presence of the 5D
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Chern-Simons term does affect our results via bulk equa-
tions of motion (3.14); it affects the dynamical coefficient
A » and hence the current expectation values through equa-
tions of motion. This can easily be seen by adding and
subtracting (3.14) for upper/lower signs of the Chern-
Simons term (corresponding to D8/D8 branes for left/
right-handed chiralities) to get

A(U)3,Fyy = B33 Fyyf = CU)@, Fif + 9, Fyp)
+F(U)asF + GU) (0, F)yt + 0, F )

Bl 477' ng 0

Ig(A)F) + F(U)asF3 + GU)0 FY it + 0, F5Y)
+IZ;BF§‘UV—O,

dy(BU)Fy) — D(U) (9, Fi* + 0,Fy;*) + F(U)d, Fyp
— oy (FU)FYA) + e ;BF;*UV 0,

Iy(COFH + D) asFY + E(U)d, F 3 + G(U)d, F;)
—ay(GWU)F*) =0,

Iy (CU)FYM + D(U)asFyt — E(U)o, FY5* + G(U)a, Fyp
—ay(GWU)F;) =0, (3.30)

where AV =1(£A; + Ag). It is clear that axial compo-
nents are necessarily excited in computing vector-vector
Green’s functions due to the Chern-Simons term. A dia-
grammatic representation is given in Fig. 1. Therefore, the
effects from the triangle anomaly to our photon emission
observables are totally dynamical and are not sensitive to
the issues of additional boundary contributions. In retro-
spect this makes good sense because at the end we are
dealing with only vectorlike observables of electromagne-
tism, which should be unambiguously defined.

What remains to find (/,,) in the original Eddington-
Finkelstein coordinate is to perform the coordinate trans-
formation of (3.20) on A , (U), so that one can express A; in

terms of A » and AE?) . One has to be careful about our gauge
choices A;; =0 and Aj, = 0; starting from A,(U) and
performing the coordinate transformation (3.20), the

BQ QB

FIG. 1. Contribution of triangle anomaly to the vector-vector
Green’s functions in the presence of the magnetic field.
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resulting A7, is not zero and one needs to do a further gauge
transformation to remove Aj,. Note that 9, = 9, but 9y #
dy+. The computation is straightforward, and the result is

. - 8
A=A+ gR%a,ajFﬁ?,
(3.31)

A7=Ai+4R%<alaJ s 3

FO+22p0 Ly ijj.’)),
from which one obtains the current expectation values via
= %CA; as in (3.25). One can check that the first
equation in (3.14) gives one the correct chiral Ward identity
(up to the additional boundary contributions and the
Bardeen counterterm discussed above)

N_.eB
4772

9, 0Jm) = = FY, (3.32)
in the presence of external chiral gauge fields eB and A©).
Once we know how to extract the expectation values
from the solutions as above, we can easily compute the
retarded Green’s functions in the following way. The lead-
ing component ASE” in the near boundary expansion (3.17)
is interpreted in the QCD field theory side as an external
gauge potential coupling to the (chiral) current J; . The
chirality depends on the sign of the Chern-Simons term, or
equivalently on whether we are looking at the D8 or D8
brane. By demanding an incoming boundary condition at
the horizon, which is simply a regularity at the horizon in
our Eddington-Finkelstein coordinate, the solution is
uniquely determined by this external source Ai?); itis clear
that the solution linearly depends on AE?). One then obtains
the expectation value of chiral current from the solution by
using (3.25) and (3.31). As the result is linear in A, one
writes
(J) = —GR*(k)AD, (3.33)
which gives one the retarded Green’s function Gﬁ,, by the
definition of Kubo’s formulation of real-time response
functions. For the upper sign of the Chern-Simons term in
(3.14) (that is, from D8 brane), one obtains Green’s func-
tion of the left-handed chiral current Glz 1» and vice versa
for the lower sign (that is, D8 brane) and the right-handed
GRy. The desired vector-vector Green’s function for the
photon emission rate is then

G, = Gk, + Gk, (3.34)

Because the two chiral Green’s functions are simply re-
lated to each other by

GLL(EB) = GRR(_eB); (335)

or equivalently

G11(0) = Gre(m = 0), (3.36)
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in terms of azimuthal angle 6 with respect to the magnetic
field, it is enough to compute G;; only.

We numerically solve the equations of motion (3.14), or
more precisely (3.16), to compute the retarded Green’s
functions from the relation (3.33). Instead of solving the
equations with a given Aﬁ?) from the ultraviolet (UV)
boundary U — o0, it is numerically much easier to solve
them from the horizon U = Uy toward the UV boundary,
starting with a regularity boundary condition at the hori-
zon. Inspecting the equations of motion (3.16) near the
horizon U = Uy, the regularity condition uniquely fixes
the derivatives d,A, (Ur) and a2,A «(Ur) in terms of the
value at the horizon A, (Ur), which allows one to start
solving Eq. (3.16) from the horizon. Practically, we use
dyA,(Ur) and 9},A,(Ur) to proceed a small step to U =
Ur + € with a small number € = 0.01, and start our nu-
merical solving of Eq. (3.16) from that point until a UV
cutoff U = U,,,, - Given this solution, one obtains Aig) and
A u by comparing with the near boundary expansion (3.17)
and (3.18) at the position U = U,,, . More precisely, we
solve the following linear system of equations for (A?), A):

A(l) A(z) A A(4)
Ay(Upae) = AW + 224 214 T8 +U2“ ,
Urznax max Fax max
] 2 = 4
GuANU ):_lAL)_AL)_3 A, AY
U max ) 3 Uz D) 5 U3 ’
Uhnax max Utnax max

where the left-hand sides are given by the numerical solu-
tion, and Aﬂ’“) are linearly given by AE?) as in (3.18). Note
that we have included one more term, A®, in the above
expansion on the right-hand side than in (3.17) for a better
numerical precision of extracting (A, A) from the above.
The expressions for A%) can easily be found, and we skip
their explicit expressions.

From (A©), A), one then constructs (A?,(J)) using
(3.25) and (3.31). Since it is clear that the results are
linearly dependent on the horizon data A,(Uy) that we
start with, one writes
AD =S,"AUp, ) =R,AWU) , (339)
with two matrices S and R.. One easily computes these two
matrices by performing the above described numerical
procedures for each four unit vector of A,(Ur). Once

they are found, one relates (A©), (J)) directly by

<JM> = RMV(S*I)VO( AS)?) — (R . S*l)luv

AY = —GR7AD, (3.39)

so that the retarded Green’s function is finally computed as
GR = —-R -S7! in a matrix form. In the total photon
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emission rate formula (2.14), one needs the trace of the
Green’s function and
R — Rp — _ . g1

Gy, =Gyt = —tr(R - S, (3.40)
which is particularly simple in this matrix form. However,
the full matrix Green’s function contains much more in-
formation than the simple trace, such as polarization states
of emitted photons. We will discuss polarization asymme-
try of the photons in Sec. V, which we propose to be an

important new experimental signature of triangle anomaly
in heavy-ion experiments.

From explicit expressions for AE}‘“), one notes that the
expansion parameter in the near boundary series (3.37) is

3
Rw

X 1
2
Umax

, (3.41)

so that the larger the energy w is, the bigger U, should
be for a good numerical precision of AEE)) and A » (and
hence of the retarded Green’s functions) from solving
Eq. (3.37). From (3.37), the error on (A, A) from neglect-
ing higher order terms on the right-hand side is of order x.
In our numerical analysis, we have controlled x2 to be
much less than 0.01, so that our numerical results should
be reliable up to better than 1%. Also, the structure of
equations of motion (3.14) is such that the derivative of the
first equation in (3.16) is equivalent to the remaining four
equations. Therefore, once the first equation is satisfied at
one point in U, say, at U = Uy, it should remain satisfied
for all U if one solves the other equations correctly. In other
words, it is a consistent constraint equation of the system.
It serves, in fact, useful in our numerical analysis by
providing a test of the numerical precision, and we have
checked that our solutions satisfy it with much better
precision than 1%. Another independent check is the chiral
Ward identity (3.32), which also holds to a good precision.
This gives us the conservation Ward identities of our final
vector-vector Green’s function,

T=0.2 GeV, eB=0.4 GeV>, w=0.1 GeV

T=0.2 GeV, eB=0.4 GeV*, w=0.5 GeV

PHYSICAL REVIEW D 88, 026001 (2013)

ktGRY (k) = GR 7 (k)k, = 0, (3.42)

which are checked to be true with a very good precision.

IV. ELLIPTIC (v,) AND QUADRUPOLE (v,)
FLOWS OF PHOTONS

With the computations described in the previous section,
we present our results for the azimuthal dependence of the
photon emission rates in the presence of the magnetic field.
We introduce the mode expansion in the azimuthal angle 8
with respect to the magnetic field direction as

dar’
dTIZ(e) =T'y(1 — 2v, cos (26) + 2uv, cos (46) + - - ),
“4.1)

with the elliptic flow v, and the quadrupole flow v,. The
negative sign in front of v, in the above definition is due to
the relation

T
¢ > 0, 4.2)
between 6 and the more conventional angle ¢ from the
reaction plane (note that the magnetic field is perpendicu-
lar to the reaction plane). In Fig. 2, we show some
exemplar plots of azimuthal dependence of photon emis-
sion rates %(0) for different energies. We take T =
0.2 GeV, eB = 0.4 GeV? for an illustrative purpose (we
will also consider more realistic values of the magnetic
field later). For useful comparison, we also include results
obtained after dropping the Chern-Simons term (the
dashed curves), which shows the importance of a triangle
(chiral) anomaly in the results, especially for low energy
w =1GeV. As is clear from the plots, the angular
dependence is drastically affected by the triangle anomaly
for the low energy regime (the plots in the left), and the
mode expansion becomes more complicated than simply
being characterized by an elliptic flow. Especially, the
size of the quadrupole moment v, is comparable in this

T=0.2 GeV, eB=0.4 GeV?, w=1 GeV

Y -2 3 3
— (Gev™? ® drT. Q2mn° dr,
ER P €9 75 Gev?) 2@V
Ey e Pk
AN 0.0086 } RN
o1ssk Y " ) N 0.00059
, N , .
/ N\ 0.0084 | / \ 0.00058
/ A\ Vi \\
0.150 | / \ /
/ AN / AN 0.00057
J \ 0.0082 | / \
7/ N\ Vi AY
ouasf . , N 0.00056
// \\ 7/ \
- N ooosof N
, " 0.00055
.
0.140 F . .
—_— “ 0 0.0078 >~ 0 0.00054 .0
s n s

[SIE]

FIG. 2 (color online).

n -
2 2

Azimuthal angle dependence of photon emission rates for three different energies w = 0.1, 0.5, 1 GeV with

temperature 7 = 0.2 GeV and magnetic field eB = 0.4 GeV?. The dashed curves are the results when the Chern-Simons term is

turned off.
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T=0.2 GeV, eB=0.4 GeV>

0.025F ®
0.020 - °

0.015F ®

0.010F °

0.005 [ d

-0.005F @ ® ©®

FIG. 3 (color online).
without the Chern-Simons term (triangle anomaly).

T=0.2 GeV, eB=0.4 GeV’
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T=0.2 GeV, eB=0.4 GeVz, with no trianomaly
0.030V3
0.025F ..
0.020 |-
0.015

0.010

0.005 -

0.000 P T S E S S S SR /7
0.2 0.4 0.6 0.8 1.0

Elliptic flow v, versus photon energy w for T = 0.2 GeV and eB = 0.4 GeV?. The right plot is the result

T=0.2 GeV, eB=0.4 GeVz, with no trianomaly

Vq

[ ]
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10 c e 02 0.4 0.6 0.8 1.0
-02f .
10*F .
-04f .
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1000 ° —06L .
° 0.6
o .
° .
o0 ® -0.8F
100 F ° .
[ ] ° ° .
o, -10F
° .
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02 0.4 0.6 0.8 1.0 .

FIG. 4 (color online).
without the Chern-Simons term (triangle anomaly).

regime. We expect that these modifications of the azimu-
thal dependence are due to the existence of the chiral
magnetic wave modes that affect the retarded Green’s
functions via its pole structure

T=0.2 GeV, eB=0.08 GeV?>

v

0.0010F

0.0005

—0000sF © o @

FIG. 5 (color online). Elliptic flow v, versus photon energy w
for T = 0.2 GeV and eB = 4m?% = 0.08 GeV?2.

The ratio v,/(v,)? versus photon energy w for T = 0.2 GeV and eB = 0.4 GeV?. The right plot is the result

1 1
+ s
(0 —vykcosd) (w + v,kcosh)

(4.3)

where v, is the velocity of the chiral magnetic wave and
the two contributions are from left- and right-handed

HEAVY ION

HEAVY ION

1
X

FIG. 6 (color online). Definition of in-

polarizations.

and out-plane
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T=0.2 GeV, eB=0.08 GeV?, w=0.1 GeV
Allo

0.002

Allo
0.0010F

0.001F 0.0005

T=0.2 GeV, eB=0.08 GeV2, w=0.5 GeV
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10 T=0.2 GeV, eB=0.08 GeV2, w=1 GeV
A

ST

IETS

-0.0005F

000t ~0.0010F
-0.002 | —0.0015F
-0.003 | —0.0020F

-0.0025F

~0.004F S

—=0 —0.0005
-0.0010f

—-0.0015F

FIG. 7 (color online). In/out-plane polarization asymmetry AY© for three different energies w = 0.1, 0.5, 1 GeV with temperature
T = 0.2 GeV and magnetic field eB = 4m% = 0.08 GeV?. The dashed curves are the results without the Chern-Simons term (triangle

anomaly).

chiral magnetic waves, respectively. We plot v, (in
Fig. 3) and the ratio v4/(v,)* (in Fig. 4) to highlight
this effect, for example, the violation of the usual scaling
vy ~ v%. In the elliptic flow v,, we notice that the elliptic
flow can even be negative for the low energy w =
0.3 GeV due to the effect from the triangle anomaly.
Current experiments give data only for w = 1 GeV, so
that the experimental relevance of this observation is not
high at the moment, but it may become important in the
future. In Fig. 5, we plot the elliptic flow v, for a realistic
value of the magnetic field eB = 4m2 =~ 0.08 GeV?>. The
general trends are the same as we describe in the above,
although we observe that the overall magnitude of the
elliptic flow is rather small, v, ~ 1073, We should take
this as a result from the strong coupling computation via
gauge/gravity correspondence. The particular reason why
the strong coupling gives such a small azimuthal imbal-
ance of the photon emission even with a large strength of
the magnetic field is not completely clear to us, and it
might deserve a further study.

V. POLARIZATION ASYMMETRY OF PHOTONS

Our computational framework in gauge/gravity corre-
spondence is able to describe the photon emissions with
specific polarization states of the photons. With our pre-
vious choice of photon momentum

k* = w(1,sin 6, 0, cos 6), (5.1)
we define the in-plane polarization with
el =(0,0,1,0), (5.2)

and the out-plane polarization with

€our = (0,cos 6,0, — sin 6). (5.3)
See Fig. 6 for a schematic explanation of our definition of
the polarization states. We then define a new observable,
the “in/out-plane polarization asymmetry” AY© by
dr dr
A0 — 71 (en) — 57 (€our)

dT’ dT’ :
71 (e) + 57 (€our)

(5.4)

In Fig. 7, we plot the azimuthal dependence of the in/out-
plane polarization asymmetry AY© for different energies.
As before, we observe that the Chern-Simons term affects
the results in a fundamental way for low energy regime
o =1 GeV, and we expect the chiral magnetic wave pole
to be responsible for this modification. The general trend is
that A'/9 is positive for the low energy regime w = 1 GeV,
whereas it becomes negative for higher energies w =
1 GeV. Although current experiments seem to find it
difficult to produce data for the photon polarization, our
observation may become relevant in more refined experi-
mental measurements in the future.
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