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Elliptic flow of thermal photons from an event-by-event hydrodynamic model
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Elliptic flow of direct photons in relativistic heavy ion collisions is believed to be dominated by contribution
from thermal radiation of quark gluon plasma up to pr ~ 5 GeV/c, although other sources start outshining the
thermal contribution at already smaller values of pr in the direct photon spectrum. The elliptic flow of thermal
photons from ideal hydrodynamics considering a smooth initial density distribution underpredicts the PHENIX
direct photon data from 200A GeV Au + Au collisions at the Relativistic Heavy Ion Collider (RHIC) by a large
margin in the range 1 < pr < 5 GeV/c. However, a significant enhancement of thermal photon production due
to fluctuations in the initial QCD matter density distributions is expected. We show that such fluctuations result
in substantially larger photon elliptic flow for p; > 2.5 GeV/c compared to a smooth initial-state-averaged
density profile. The results from event-by-event hydrodynamics are found to be sensitive to the fluctuation size
parameter. However, the effects of initial state fluctuations are insufficient to account for the discrepancy to the
PHENIX data for direct photon elliptic flow. Furthermore, the photon v, is reduced even more when we include
the NLO pQCD prompt photon component. We also calculate the spectra and elliptic flow of thermal photons for
2.76A TeV Pb + Pb collisions at the Large Hadron Collider (LHC) and for the 0-40% centrality bin. Thermal
photons from event-by-event hydrodynamics along with prompt photons from NLO pQCD calculations explain
the ALICE preliminary direct photon data well in the region py > 2.5 GeV/c. Similar to RHIC, the elliptic flow

results at LHC are again found to be much smaller than the ALICE preliminary v, data.
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I. INTRODUCTION

Recent fluid-dynamics simulations have shown that event-
by-event (E-by-E) fluctuating initial conditions (IC) are more
realistic than smooth initial density distributions to model the
evolution of the hot and dense matter produced in relativistic
heavy ion collisions [1-4]. Hydrodynamics with fluctuating
IC reproduces the experimental charged particle elliptic
flow even for the most central collisions at the Relativistic
Heavy Ion Collider (RHIC) [1] which was underestimated
by all earlier hydrodynamic calculations using smooth IC.
E-by-E hydrodynamics also gives a better agreement of the
experimental charged particle spectra towards higher pr by
hardening the spectra [1,5], helps to understand the various
structures observed in two-particle correlations [6] and is a
necessary element in determining the shear viscosity (1/s)
from simultaneous measurements of elliptic and triangular
flow coefficients [7].

Thermal emission of photons is known to be sensitive
to the initial temperature of the system where photons with
large transverse momentum are emitted mostly from the hot
and dense early stage of the system [8]. Thus, they can be
considered as one of the most promising probes to study
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fluctuations in the initial density distributions. In recent studies
we have shown that E-by-E hydrodynamics with fluctuating
IC enhances the production of thermal photons significantly in
the region pr > 1 GeV/c compared to a smooth initial-state-
averaged profile in an ideal hydrodynamic calculation [9]. This
enhancement is mostly an early time effect when the radial flow
is small and the ‘hotspots’ in the fluctuating IC produce more
high pr photons than the smooth IC. The relative importance
of IC fluctuations is found to increase for peripheral collisions
and for lower beam energies [10].

For a noncentral collision of two spherical nuclei the over-
lapping zone between the nuclei no longer remains circular but
it rather takes an almond shape. This initial spatial anisotropy
of the overlapping zone is converted into momentum space
anisotropy of particle distribution via the action of azimuthally
anisotropic pressure gradients. The anisotropy is quantified
by decomposing the invariant particle distribution in the
transverse momentum plane in Fourier series as
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where ¢ is the azimuthal angle measured with respect to the
reaction plane. The most important term in the equation above
is vy, elliptic flow, which is related to the almond shape men-
tioned above. Elliptic flow has been one of the key observables
studied at the RHIC experiments [11], where large v, values
are considered as a sign of collectivity in the produced system.
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The elliptic flow of thermal photons shows interesting
behavior as a function of py due to the interplay of the contri-
butions from quark matter and hadronic matter phases which
dominate the flow results at different stages of the system
evolution [12,13]. The low pr part of the thermal photon
elliptic flow is dominated by the contribution from the hadronic
phase whereas the high pr part represents photons emitted
from the QGP phase at the beginning of the system expansion
having small transverse and elliptic flow. As a result the
thermal photon v, from hydrodynamics is very small at large
pr (~5GeV/c), where the emission is dominated by the QGP
phase. Elliptic flow rises with decreasing pr and then falls
again when pr is decreased further and the maximum is around
1.5-2.5 GeV/c [12].

It has been shown that the contributions from different
sources of direct photons (apart from thermal) become sig-
nificant in the photon pr spectrum for pr > 3 GeV/c [14].
However, the thermal radiation dominates the elliptic flow of
direct photons up to a much larger pr (~5 GeV/c) as the v,
contributions from other sources are marginal in that range
[14]. Prompt photons produced in primary interactions do not
exhibit any azimuthal anisotropy and their contribution to the
flow coefficient v, is zero. Photons from fragmentation and jet
conversion have a very small positive and negative elliptic flow
respectively, which tend to cancel each other [14]. Thus, the
only contribution that survives in the low and intermediate pr
range is the azimuthal anisotropy of thermal photons. Thermal
photon elliptic flow using (3 + 1)-dimensional hydrodynamics
[15] has also been found to be quite similar to the results
obtained with a (2 4+ 1)-dimensional calculation [12].

The PHENIX Collaboration has measured a large elliptic
flow of direct photons for 200A GeV Au+ Au collisions at
RHIC [16]. The photon v, data shows similar qualitative
behavior as predicted by hydrodynamic calculations using
smooth IC and optical Glauber model. However quantitatively,
the results from the theory calculations [12—14] underpredict
the data by a large margin. Similar results have also been
observed at the Large Hadron Collider (LHC) energy [17].

In this paper we study the effect of initial state fluctuations
on the elliptic flow results of thermal photons and discuss
the large difference between the experimental data and results
from E-by-E hydrodynamics. For recent similar investigations,
discussing also viscous effects, see Ref. [18].

II. EVENT-BY-EVENT HYDRODYNAMICS
AND DIRECT PHOTONS

A. E-by-E hydrodynamics framework

We use the E-by-E hydrodynamical framework developed
in [1] to model the space-time evolution of the QCD matter.
This model has been successfully used to calculate the spectra
and elliptic flow of hadrons with fluctuating IC [1] as well as
thermal photon spectra at RHIC and LHC energies [9,10]. For
simplicity this ideal hydrodynamical model assumes longitu-
dinal boost invariance and the remaining (2 + 1)-dimensional
problem is solved numerically with the SHASTA algorithm
[19,20]. In addition, we use the equation of state (EoS) from
[21] to close the set of equations.
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To set up the initial distributions in a Monte Carlo Glauber
(MCG) model the standard two-parameter Woods-Saxon
nuclear density profile is used to randomly distribute the
nucleons into the colliding nuclei. Collisions between nucleons
from different nuclei take place if the transverse distance d
fulfils the criterion d*> < oyy/m where we take the inelastic
nucleon-nucleon cross section oy y = 42 and 64 mb for RHIC
and LHC, respectively.

The hydrodynamical calculation is initialized by distribut-
ing entropy density around the wounded nucleons (sWN
profile). We use a two-dimensional Gaussian for smearing so
that the initial entropy density is

Nwn
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where x;, y; are the transverse coordinates of a wounded
nucleoni. K is an overall normalization constant used to fix the
total amount of entropy and o is a free parameter that controls
the size of the density fluctuations. We use a value 0 = 0.4 fm
as default [1], but in order to understand better the effects from
initial state fluctuations we vary the size parameter between
0.4 and 1.0 fm. Extending studies to even smaller values of
size parameter would be interesting, but reliable calculations
become numerically expensive. Since with the sSWN profile the
final multiplicity (entropy) grows monotonically as a function
of wounded nucleons, it is meaningful to define centrality
classes using fixed wounded nucleon ranges like was done
in [1,10].

The initial time for the hydrodynamical calculation is
taken as in [10] to be 7p =0.17(0.14) fm/c for RHIC
(LHC) motivated by EKRT minijet saturation model [1,22].!
The corresponding entropy normalization constants are K =
102 fm~! for RHIC and K = 250 fm~! for LHC. Freeze-out
is assumed to happen on a constant temperature surface with
Ty = 160 MeV. These choices nicely reproduce the measured
pr-spectra for positively charged pions at RHIC [1] and LHC.

B. Thermal photon emission

The quark-gluon Compton scattering and quark-anti-quark
annihilation are the leading order processes for thermal photon
production in the partonic phase. Also the bremsstrahlung
processes, which need to be taken into account in the
full leading order calculation, contribute significantly to the
production [24]. It has been shown in a very recent study
that the inclusion of next-to-leading order (NLO) correction
increases the production rate by about 20% [25] compared to
the leading order result.

In the hadronic phase m and p mesons contribute domi-
nantly to the photon production due to the low mass of pions
and the large spin isospin degeneracy of p mesons [26]. The
leading photon producing channels involving 7 and p mesons
arerm — py,np — nwy,andp — wwy.

As in earlier studies [9,10] we use the plasma rates R =
EdN /d? pd*x from [24] and hadronic rates from [27] (which

"For NLO pQCD systematics of 7y, see Ref. [23].
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at present can be considered as the state of the art) to calculate
the spectra and elliptic flow of thermal photons from E-by-E
hydrodynamics. The transition from the plasma rates to the
hadronic rates is assumed to happen instantaneously at a
temperature of 170 MeV.

The total thermal emission from the quark and the hadronic
matter phases is obtained by integrating the rate equations over
the space-time evolution of the medium,

EdN/d*p = fd“x R(E*(x), T(x)), 3)

where E*(x) = p*u, (x). The four-momentum of the photon is
p* =(prcoshY, prcos¢, prsing, pr sinhY), and the four-
velocity of the flow field is u* = yr(coshn, vy, vy, sinhn)
with yr = (1—v%)’1/2, v%:vi—i—v%. The volume element
is d*x =tdtdxdydn, where T =(t>—z%)'/? is the longi-
tudinal proper time and n= tanh~!(z/t) is the space-time
rapidity. The photon momentum is parametrized by its ra-
pidity Y, transverse momentum pr, and azimuthal emission

angle ¢.

C. Prompt photons

We know that at sufficiently high pr the direct photon
spectrum is dominated by the prompt photons originated
from initial hard scatterings [14,28]. Experimentally it is not
possible to separate the prompt and the thermal contributions
from the direct photon spectrum. Since uncertainty arguments
imply that they do not feel any medium, prompt photons
are emitted isotropically and their contribution to the elliptic
flow vanishes. However, their presence in the direct photon
spectrum will ‘wash out’ the elliptic flow of thermal photons in
the high- p7 region. In order to compare the experimental data
for direct photon v, with the elliptic flow results from theory
calculation, it is important to include the prompt contribution
in the direct photon spectrum.

We calculate the prompt photon (direct + fragmentation)
spectra in the collinear factorization framework at NLO
accuracy in perturbative QCD (pQCD) using the INCNLO
package [29,30]. For the parton distribution functions (PDFs)
we use CTEQ6.6M set [31] with EPS09s nuclear modifications
[32]. The improvement in the EPS09s nuclear PDFs (nPDFs)
is that due to the inclusion of impact parameter dependence,
the cross sections can be calculated in different centrality
classes consistently with the globally analyzed nPDFs. For
the prompt photons we determine the centrality classes in
terms of impact parameter intervals, which we calculate using
the optical Glauber model (see [32] for detail). The parton
fragmentation to photons is calculated with BFG (set II)
fragmentation functions (FFs) [33] and the fragmentation
process is assumed to be unmodified with respect to the
vacuum fragmentation. This assumption is not expected to
hold for A + A collisions in general but as the data for
high-py direct photon R4, is well reproduced with the
unmodified FFs at RHIC and LHC [34-36], the assumption
is reasonable. All the relevant scales (renormalization, factor-
ization, and fragmentation) are fixed to be equal to the photon

pr-
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We checked using YaJEM (which is a Monte Carlo
code for in-medium shower evolution) [37] that the medium
modification enhances the fragmentation photon yield by
about 25 % compared to the result from vacuum calculation.
This in-medium modification of the fragmentation contribu-
tion does not affect the direct photon spectrum significantly as
it modifies the spectrum mostly in the region pr < 3 GeV/c
(shown later in upper panel of Fig. 8) where thermal radiation
dominates the spectrum.

D. Elliptic flow of thermal photons

When considering smooth initial states, the available
reference plane for elliptic flow calculation will always be the
reaction plane (RP), which is defined by the impact parameter
and beam direction. However, in the experiments the impact
parameter cannot be defined. Instead in the experiments the
reference plane, often called event plane, is usually defined
from the final state particles in such a way that it maximizes
the flow coefficient v,.

In our case we calculate the elliptic flow with respect to the
reaction plane and in E-by-E case also with respect to partic-
ipant plane (PP) (which is considered a good approximation
for the event plane [1]) using the relation

v; (PP} = (cos(2(¢ — ¥pp))) evens- “)
The participant plane angle is defined as
—20yy

03 —o2+ \/(ayz — O‘XZ)Z + 4ax2y

)

Ypp = arctan

where

oxy = (xy) = {(x)(y) .

The averaging is done over the energy density in the above
equations.

III. RESULTS

A. Result from a single event with changing o values

Thermal photons are emitted from different stages of
the expanding system and thus in order to gain a better
understanding it is useful to study the time evolution of
parameters like spatial anisotropy

_ [dxdyex, y)(y* — x?)

x = , 6
€ [dxdy e(x, y)(y? + x2) ©)
momentum anisotropy
dxdy (T* = T)
€)= ! . —, (7
[ dxdy (T** + T)
and average transverse flow velocity
dxd ,
(vp) = f xdy e(x, y)yrvr 8)

T T dxdy e(x, y)yr
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FIG. 1. (Color online) Distributions of temperature in the trans-
verse plane at time 7o = 0.17 fm/c for (a) 0 = 0.4 and (b) 0 = 0.8 fm
and for 200A GeV Au + Au collisions at RHIC.

from the fluctuating and smooth IC before we calculate the
elliptic flow. Fluctuations in the initial density profile can make
the events in the same centrality bin behave differently and thus
it is difficult to compare a single event with a smooth initial
state averaged profile. However, the initial states are smoother
when we use a larger value for the size parameter o. Thus, we
choose an event from the fluctuating IC and change the value
of o in that particular event from 0.4 fm to 1.0 fm (in steps
of 0.2 fm) and calculate the time evolution of transverse flow
and anisotropy parameters to see how they are affected by the
smoothness of the IC.

Figures 1 and 2 show the temperature distributions in
the transverse plane at t values 0.17 fm/c and 3.0 fm/c,
respectively, for a single event from 20-40% central 2004 GeV
Au+ Au collisions at RHIC. The corresponding values of
impact parameter, Npay and Neop for this particular event are
8.02 fm, 126 and 320, respectively, and they are close to the (b),
(Npart) and (Neon) for 20-40% central Au+ Au collisions at
RHIC. The upper panels of both the figures are for o = 0.4 fm
and the lower panels are for o0 = 0.8 fm. As expected, the
hotspots are more prominent for o = 0.4 fm. These hotspots
in the initial profile at ¢ = 0.4 fm produce more high pr
photons than the initial state averaged profile and make the
spectra harder than the smoother profile [9]. Hydrodynamical
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FIG. 2. (Color online) Distributions of temperature in the trans-
verse plane at time 3 fm/c for (a) 0 = 0.4 and (b) o = 0.8 fm and for
200A GeV Au + Au collisions at RHIC.

evolution further smoothes the density distribution, however
the presence of hotspots can still be seen at T = 3 fm/c for
o =04 fm.

The time evolution of the spatial and momentum
anisotropies are shown in Fig. 3 for different values of o.
The momentum anisotropy is initially zero because there is
no flow. During the evolution the pressure gradients translate
the spatial anisotropy to momentum space anisotropy. Thus
€, decreases and €, increases during the evolution. At time
79, €, 1s about 15% larger with o = 0.4 fm than with 1.0 fm.
From the lower panel we can see that the transverse flow
develops faster with o = 0.4 fm than 1.0 fm because pressure
gradients in the system are larger with smaller values of
the size parameter. For €, the early time behavior is not
so clear, because looking carefully at Fig. 3 one observes
that o = 0.4 fm is not the largest scenario at early times for
this particular event. From the upper panel one sees that €,
falls more rapidly with time for smaller values of o. Around
6.5 fm/c, the small and larger o curves intersect and at larger
times the order of the curves is opposite to the initial case. One
also sees that €, rises rapidly with time up to 2.5-3 fm/c and
then saturates as the spatial eccentricity becomes small with
larger 7.

Figure 4 shows the elliptic flow of thermal photons
calculated with respect to the participant plane for the same
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FIG. 3. (Color online) Time evolution of spatial and momentum
anisotropies (a) and transverse flow velocity (b) for different values
of size parameter o for 200A GeV Au + Au collisions at RHIC and
for 20-40% centrality bin.

event as used in Fig. 3 and with different o values. Since the
momentum anisotropy is generally largest for the smallest size
parameter, it is not surprising that the elliptic flow is largest for
the smallest o. However, at high p7 the differences between
the considered cases are larger and cannot be explained by
looking at the momentum anisotropy alone.

To understand better the increase in v, with smaller size
parameter, we study the emitted photon yield as a function
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FIG. 4. (Color online) Elliptic flow of thermal photons for a single
event calculated with respect to the participant plane for 200A GeV
Au+ Au collisions at RHIC and for different values of .
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FIG. 5. (Color online) The ratios of the emitted thermal photon
yield as a function of time in a single event with different size
parameters.

of time. Since we are interested in elliptic flow, it is more
meaningful to plot the ratios of emitted yields instead of the
absolute yields. These ratios are plotted in Fig. 5. The yield
ratio between o values 0.4 and 0.8 fm is larger than the ratio
between o values 0.4 and 0.6 fm. In addition we see that the
ratio is smallest when t is very small. This means that on
average the emission happens later with smallest fluctuation
size parameter.

We calculate the average emission time (tr) at different
o and pr values in order to understand this delay. With
o =04fmweget(r) = 0.6fm/cand witho = 1.0 fm we get
(r) = 0.3 fm/c for pr =5 GeV/c. The increase in average
emission time might seem too small to explain the huge differ-
ence in vy, but for example the momentum anisotropy is an or-
der of magnitude larger at t = 0.6 fm/c than at t = 0.3 fm/c.
As expected, the effect is most prominent for high p7, and for
example at pr = 1 GeV/c the average emission time does not
change as a function of o.

The reason for the delay in the average emission time can
be due to the increased transverse flow or due the existence
of hot spots. The importance of these mechanisms is studied
by calculating the ratio of emitted yields as a function of
keeping vy = 0 in Eq. (3) (but leaving the hydro-evolution
unaltered). The results are interesting as shown by the dashed
lines in Fig. 5. At very early times (v < 0.5 fm/c) the effect
of hotspots is most pronounced as the yield ratio with vy = 0
is similar to the yield ratio with non-zero vy at all pr and o
values. For t > 0.5 fm/c, transverse flow starts dominating the
emission although a significant contribution from the hotspots
is observed during the time period 1.5 < 7 < 3.5 fm/c.
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FIG. 6. (Color online) Elliptic flow of thermal photons for 200A
GeV Au + Au collisions at RHIC from fluctuating and smooth IC for
o = 0.4 fm. The v,(pr) calculated with respect to the participant and
reaction planes for o = 0.4 fm are shown by solid and dashed lines
(closed symbols), respectively. v,(PP) at o = 1 fm is shown (solid
line with open symbols) for comparison.

B. Elliptic flow from final state average at RHIC

Figure 6 shows the elliptic flow of thermal photons from
fluctuating (FIC) and from smooth (SIC) initial-state-averaged
IC for 200A GeV Au+ Au collisions at RHIC with o = 0.4
and 1.0 fm. The elliptic flow of thermal photons from the
fluctuating IC is obtained by averaging over 200 random events
and the smooth initial density distribution is obtained by taking
an average of 10 000 fluctuating initial states [9]. Since in
the smooth case elliptic flow is calculated with respect to
the reaction plane, in order to make a fair comparison we
compare it with reaction plane elliptic flow, v,(RP), from
fluctuating case. With o = 0.4 fm the E-by-E calculation gives
significantly larger elliptic flow for pr > 2.5 GeV/c and for
example at pr = 4 GeV/c, the v,(RP) is about 3 times larger
than the result from smooth IC and the difference increases for
larger values of pr. However, with o = 1.0 fm the increase
in v, disappears. This behavior was expected based on our
studies above with one single event.

Elliptic flow calculated with respect to the participant plane
[v2(PP)] is even larger than the reaction plane v; in the entire
pr range shown in the figure. This behavior is similar to
the hadronic case [1] and this happens because the initial
eccentricity is larger for the participant plane compared to
the reaction plane. However, the difference between these two
reference planes seems to have some pr dependence and a
detailed investigation is required to understand this better.

We compare our results for thermal photon elliptic flow
from the fluctuating IC with PHENIX data [16] in Fig. 7.
We see that the PHENIX data lie well above the results from
our hydrodynamic calculations. Fluctuations clearly bring the
theory towards experiment above pr = 2.5 GeV/c, but still
below pr =4 GeV/c the measured values are larger than
our calculation. Here, in discussing the thermal photons only,
we have neglected all other sources of direct photons which
will make the total photon v, from theory calculation even
smaller [13].
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FIG. 7. (Color online) Thermal photon pr spectra for 2004 GeV
Au+ Au collisions at RHIC from fluctuating and smooth IC and
comparison with PHENIX experimental data [16].

C. Inclusion of prompt photons

As discussed earlier, the presence of prompt photons in
the direct photon spectrum decreases the elliptic flow. The
corrected spectra and elliptic flow taking also the prompt
photons into account are shown in Fig. 8. The PHENIX direct

100 E\ ‘ TTTT ‘ TTTT ‘ TTTT ‘ TTTT ‘ TTTT ‘ TTTT ‘ TTTT ‘ TTTT ‘ TTTT TTTT
aF o 200A GeV AutAu@RHIC
10 Direct Photons, 20-40% centrality

PHENIX
NLO pQCD + Thermal (FIC)
Thermal (FIC, 6=0.4 fm)

10

E|

m': % é
E 10 E Thermal (SIC) E
= . F — — NLO pQCD 3
= 100 E =
= = (a) 3
S 107 -
= F J E
g 10 e
E Compton-+annihilation e~ 3

10_7 E Fragmentation e -
10-8:\\\\\\\\\\\\\\\\\\ H\\\H\HH\HH\HH\HH\HH\\:

1.0 1.5 20 25 3.0 35 40 45 50 55 6.0

p; (GeV/e)

0-07\\\\.\\\.\HHHHHHHHHHHH‘HH‘HH‘HH‘HH
:Elﬁptlé flow of therma phbtons

0.06 7JOOA GeV Au+1§u@‘RHIC o0V, (PP)
[ 20-40% Centrality bin ot

- _ e-ev," (PP)
0.05—0=0.4 fm, TO 0.17 fm/c v, smooth (MC)

\\‘\\\/‘k“.\\\‘\\\‘\\\‘\\\‘\\\

RP: reaction plane

inE

\‘HH‘\H\‘HH‘HH‘HH‘HH\ ; T N
1.0 1.5 2.0 2.5 3.0 3.5 4.0 45 5.0 55 6.0
Py (GeVic)

~0.04- O """""""" o. 0 v, smooth (MC)
2 r o
>"0.03— o _
C ] 0.
0.021
0.01 ; PP: participant plane
:\ L1l
?).0 0

FIG. 8. (Color online) (a) Direct photon spectra for 200A GeV
Au + Au collisions at RHIC and for 20-40% centrality bin [28] along
with prompt (direct 4 fragmentation) and thermal (fluctuating (FIC)
and smooth (SIC) initial density distributions) contributions. (b) v,
with (solid) and without (dotted) the prompt photon contribution for
smooth and fluctuating IC.
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photon data for 200A GeV Au + Au collisions at RHIC and for
20-40% centrality bin [28] is compared with the prompt and
thermal contributions (from smooth and fluctuating IC) in the
upper panel of Fig. 8. We see from the figure that the prompt
photons from the NLO pQCD calculation start to dominate
the direct photon spectrum for pry > 4 GeV/c. The direct
(Compton + annihilation) and the fragmentation parts of the
prompt photons are shown separately.” The fragmentation part
dominates over the direct part for pr < 3.5 GeV/c. We see that
the thermal photons from fluctuating IC (¢ = 0.4 fm) added
together with the prompt photons explain the data really well
in the region pr > 2 GeV/c.

The elliptic flow is now calculated by adding the prompt
contribution using the relation

Vi ANT 4 V) d NPT v g Nt "o
Uy = = as v, ~ L.
: dN™ + dN™ AN® 4 gNw T2 0

InEq. (9) v and v} are the elliptic flow of thermal and prompt
photons, respectively, and d N and d NP" are the thermal and
prompt yields. Addition of prompt contribution reduces the v,
from the fluctuating IC by ~25% at py = 2 GeV//c and more
than 50% at pr =4 GeV/c. The effect is larger for the v, from
smooth IC than for the fluctuating IC, because fluctuations also
increase the total thermal photon yield at high pr.

D. Elliptic flow and spectra at LHC

The elliptic flow of thermal photons for 2.76 A TeV Pb + Pb
collisions at LHC and for 0—40% centrality bin is shown in
upper panel of Fig. 9. Elliptic flow results from the fluctuating
IC [v(PP) and v»(RP)] are compared with the result obtained
from a smooth initial state averaged IC. Similar to RHIC,
fluctuations in the IC increase the elliptic flow significantly
compared to a smooth IC in the region pr > 2 GeV/c at
LHC. Thermal photon v, from 200A GeV Au + Au collisions
at RHIC using smooth IC is also shown for comparison. The
elliptic flow at LHC is little larger than at RHIC for 0-40%
centrality bin using smooth IC.

Our results for thermal photon elliptic flow from the fluc-
tuating IC at LHC are compared with the ALICE preliminary
direct photon v, data [17] in the lower panel of Fig. 9. As
expected, the results from ideal hydrodynamic calculation are
well below the experimental data for pr < 3.5 GeV/c.

The thermal photon pr spectra at LHC from the smooth
and the fluctuating IC along with the ALICE preliminary
direct photon data [38] are shown in the upper panel of
Fig. 10. Prompt photons from NLO pQCD calculation along
with the separate direct (Compton+annihilation) and fragmen-
tation contributions are also shown for comparison. Similar to
RHIC the direct photon spectrum is dominated by the prompt
photons for pr > 4 GeV/c at LHC. However, unlike at RHIC
the fragmentation component at LHC is found to dominate
over the direct component in the total prompt photon yield up
to a very large pr (~6 GeV/c). One can see that the thermal

2Understanding that such a separation conceptually depends on the
scale choices.
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FIG. 9. (Color online) (a) Elliptic flow of thermal photons for
0-40% central collisions of Pb nuclei at LHC. (b) Thermal photon
elliptic flow and the ALICE preliminary direct photon v, data [17] at
LHC.

photons from the fluctuating IC added together with the prompt
photons explain the direct photon spectrum well in the region
pr > 2.5GeV/c.

Inclusion of the prompt contribution reduces the photon v,
at LHC (lower panel of Fig. 10) and the results are similar to
the RHIC case.

IV. SUMMARY AND CONCLUSIONS

We have calculated the elliptic flow of thermal photons
from an E-by-E ideal hydrodynamic model for Au+ Au
collisions at RHIC and Pb+ Pb collisions at the LHC. In
order to understand the physics processes underlying the
photon v, better first we studied an individual event with
different fluctuation size parameters. We saw that a smaller
o leads to larger momentum anisotropy and transverse flow
velocity during the hydrodynamical evolution. However, at
pr > 2.5 GeV/c the photon elliptic flow with a small size
parameter is an order of magnitude larger than with a large
o and this difference cannot be understood alone from the
increase in the momentum anisotropy and the transverse flow
velocity.

To understand the increase better, we studied the photon
emission as a function of time in one single event. We see that
with small size parameters the photon emission is enhanced
much more at later times compared to the early times and thus
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FIG. 10. (Color online) (a) Prompt (direct + fragmentation) and
thermal (FIC and SIC) photons from 2.76A TeV Pb + Pb collisions
at LHC for 0—40% centrality bin along with ALICE preliminary
direct photon data [38]. (b) v, with and without the prompt photon
contribution for smooth and fluctuating IC.

the average emission time gets larger for smaller o due to the
presence of hotspots in the IC. The elliptic flow is found to be
larger for an E-by-E calculation at high pr region compared
to the smooth IC for 6 = 0.4 fm. In addition, v,(PP) with o =
1.0 fm is found to be very similar to the result from smooth
IC. At small pr, the E-by-E calculations produce even a bit
smaller photon elliptic flow than the smooth IC.
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As for hadrons, the calculation of elliptic flow with respect
to the participant plane gives a bit larger elliptic flow compared
to the calculation with respect to reaction plane. However,
there is a pr dependence between the difference of the PP
and RP results, which should be explored more in the future.
Despite the fact that fluctuations may cause much larger v,
for pr > 2.5 GeV/c, the enhancement is still not sufficient
to explain the PHENIX measurement even if we neglect all
the other direct photon sources. We also calculated the elliptic
flow of thermal photons at LHC from smooth and fluctuating
IC and compare our results with the ALICE preliminary data.
Similar to RHIC, fluctuations in the IC increase the elliptic flow
significantly compared to a smooth profile for pr > 2 GeV/c.
Also at LHC our results are clearly below the measured elliptic
flow by ALICE Collaboration [17].

We also calculated prompt photons from NLO pQCD at
RHIC and LHC. Thermal photons from fluctuating IC along
with prompt photons explain the PHENIX and the ALICE
direct photon pr spectrum well in the region pr > 2 GeV/c
and pr > 2.5 GeV/c, respectively. The presence of the prompt
photons in the direct photon spectrum reduces the elliptic
flow [by adding more weight in the denominator as shown in
Eq. (7)]. This reduction is 20-50% depending on the value of
pr for the fluctuating initial conditions and the reduction is
even larger in the case of smooth initial conditions, because
inclusion of density fluctuations also increases the total emitted
photon yield.
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