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Abstract. Electromagnetic radiations are one of the potential probes to study the initial state of the hot and
dense quark-gluon plasma (QGP) produced during the collision of heavy nuclei at relativistic energies. Photons are
emitted throughout the lifetime of the evolving system and carry undistorted information from the production point
to the detector. The observation of large anisotropic flow of charged particles provides a strong confirmation of
QGP formation and collective behaviour of the produced matter in these collisions. However, the theoretical model
calculations which explain the hadronic spectra and anisotropic flow successfully, underpredict the experimental
data of elliptic as well as triangular flow of photons by a large margin. This discrepancy between data and theory
results is known as direct photon puzzle. In this article, we review the anisotropic flow of photons calculated using
hydrodynamical model framework for different collision systems and beam energies. In addition, we propose some
new ideas which can be valuable for understanding direct photon puzzle.
Keywords. Direct photons, thermal photons; anisotropic flow parameter; elliptic flow; triangular flow; directed
flow; relativistic heavy-ion collisions.
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1. Introduction
Heavy-ion collisions at relativistic energies lead to
the formation of quark-gluon plasma (QGP), a colour
deconfined state of quarks and gluons (also known as
partons collectively) in local thermal equilibrium [1,2].
It is believed that our present day Universe was in QGP
state a few microseconds after the Big Bang, when the
temperature was very high, i.e., more than 200 MeV (∼
2 × 1012 K) [3]. The main objective of the relativistic
heavy-ion program is to produce QGP in the laboratory
in order to study its properties and to understand the
QCD phase diagram which shows the variation of net
baryon density or equivalently baryon chemical potential with temperature.
Soon after the collisions, intense rescatterings among
the deconfined partons lead to a (locally) thermalised
QGP phase which cools through expansion. It reaches
a hadronic phase by a crossover or a first-order phase
transition. Finally, the freeze-out happens as the particles stop interacting among themselves and reach the
detectors.
The QGP formed in heavy-ion collisions is short
lived, the typical lifetime of the system is less than
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10 fm (∼10−22 s). It is thus quite challenging to extract
information about the initial stage and its evolution. In
order to study the properties of QGP, one has to rely on
various final-state observables.
A strong indication of QGP formation in relativistic heavy-ion collisions was based on the observation
of large anisotropic flow of hadrons at the Relativistic Heavy Ion Collider (RHIC) [4–7]. Here, by large
we mean that the elliptic flow reported at RHIC was
found to be close to the value predicted by relativistic
hydrodynamical model calculation. Among the various
theoretical frameworks used to study the bulk properties
of QGP, the relativistic hydrodynamics is considered
to be one of the most successful models that simultaneously explains the charged particle spectra and
anisotropic flow parameters [8–17].

2. Direct photon production in heavy-ion collisions
Electromagnetic radiations produced in relativistic
nuclear collisions are known as a thermometer of the
produced matter [18–29]. They are produced in each
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and every stage of the evolving system and carry
information from the production point to the detector
without losing it in the medium. Photons are emitted
from the pre-equilibrium stage, from the QGP phase,
from hadronic matter and also from hadronic decays
after the freeze-out. The inclusive photon spectrum
obtained in heavy-ion collision experiments is a result
of convolution of the emissions from the entire history
of the system evolution along with the decay products
from π 0 and η mesons.
It is to be noted that majority of the photons (more
than 90%) in the inclusive photon spectrum are the background radiations which originate from the (2−γ ) decay
of π 0 and η mesons. Marginal contribution to the decay
background comes from ω and η as well. The direct
photon spectrum is obtained by subtracting the decay
background from the inclusive photon spectrum.
There has been significant advancement in the background subtraction methods by the experimentalists in
the last couple of decades [30–35]. Invariant mass analysis, mixed event analysis, conversion method etc. are
used to subtract the decay background from the inclusive photon spectra. WA98 Collaboration first used the
invariant mass analysis for the decay background subtraction to get the direct photon spectra from Pb+Pb
collisions at 158A GeV at SPS [30].
Depending on the origin at different stages of the
evolving system, the direct photons are classified into
different subcategories; pre-equilibrium photons are
produced before the medium is thermalised, initial hard
scatterings between partons lead to prompt photon production, thermal photons are emitted from QGP and
hot hadronic matter phases and jet-conversion photons
are produced due to passage of jets through the plasma.
These photons from different sources dominate the spectrum at different values of transverse momentum. A
schematic diagram of the different sources of direct photons are shown in figure 1.
The virtual photons or dileptons are also considered as
equally important as real photons to investigate the properties of the hot and dense medium created in heavy-ion
collisions [36]. The invariant mass along with transverse momentum of dileptons provide a rich landscape
of structures in the spectra and elliptic flow of thermal
dileptons [37].
2.1 Prompt photons
Prompt photons are produced in initial hard scattering
of the colliding partons and populate the high pT part
(>3 GeV) of the direct photon spectrum [38–44]. These
photons do not contribute to the photon anisotropic flow
directly as they are not subjected to the collectivity of the
produced medium. However, the prompt photon yield
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Figure 1. A schematic diagram of the different sources of
direct photon spectra.

reduces the anisotropic flow at larger pT (>2 GeV) values by adding extra weight (in the denominator) in the
photon vn calculations (shown later).
The quark-gluon Compton scattering (q(q̄) + g →
q(q̄)+γ ), quark–antiquark annihilation (q + q̄ → g+γ )
and bremsstrahlung emission from final-state partons
(q(q̄) → q(q̄) + γ ) are the leading production channels
of prompt photons in relativistic nuclear collisions. The
photons emitted from Compton scattering and annihilation process are known as ‘direct’ prompt photons and
those emitted from bremsstrahlung process are called
‘fragmentation’ photons.
The prompt photon production cross-section in hadron
–hadron (A + B) collisions is expressed as [44]

d2 σ γ
=
d2 pT dy




dx1 f Ai (x1 ,

Q 2f )

j

dx2 f B (x2 , Q 2f )

i, j

  dz dσi j→cX (x1 , x2 ; Q 2 )
R
×
2
2 p c dy
z
d
c
T
c=γ ,q,g
× Dc/γ (z, Q 2F ),

(1)

where f Ai (x1 , Q 2f ) is the parton distribution function of
the ith parton in hadron A carrying a momentum fraction
x1 and Q f is the factorisation scale appearing from QCD
factorisation scheme [45,46]. The parton to photon vacuum fragmentation probability Dc/γ (z, Q 2F ) is defined
at z = pγ / pc and Q F is the fragmentation scale from
the same QCD factorisation scheme.
When a photon is emitted in the direct process, the
fragmentation function reduces to δ(1 − z). The term
σi j→cX (x1 , x2 ; Q 2R ) is the hard parton–parton crosssection and Q R is the momentum scale appearing due
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to the renormalisation of the running coupling constant
αs (Q 2 ).
The prompt photon calculation using next-to-leading
(NLO) perturbative QCD (pQCD) calculation has
reached a very high level of sophistication and it
explains all the available experimental photon data in
proton+proton collisions well up to a large value of
pT [43].
2.2 Jet conversion photons
Photons can also be produced by passing high-energy
quark or gluon jets through the plasma [47]. Jets with
very large transverse momentum are produced early in
the system even before the formation of the thermalised
medium as their production time is inversely proportional to the transverse momentum of the jets. These
jets produce photons while passing through the QGP
medium by q q̄ annihilation and Compton scattering and
the process is known as jet photon conversion.
For quark jets propagating through the plasma phase,
the phase-space distribution obtained from pQCD calculation is of the form [47]
f jet (p) =

dNjet
1 (2π )3
R(r )δ(η − y)
2
2
gq π R⊥ τ pT d pT dy
× (τmax − τi ) (R⊥ − r ),

(2)

where gq is the spin and colour degeneracy of the quarks,
R⊥ is the transverse dimension of the system and R(r )
is the transverse profile function. The value of τmax is
taken as the smaller of the two τ values, the time τd taken
by the jet produced at position r to reach the surface of
the plasma and the lifetime τ f of the QGP.
The invariant photon differential cross-sections for
the annihilation and Compton scattering processes can
be written as [36,47]
Eγ

Eγ

dσ (a)
1
∼ σ (a) (s) E γ [δ(pγ − pq )
d 3 pγ
2
+ δ(pγ − pq̄ )]
dσ (C)
∼ σ (C) (s)E γ δ(pγ − pq ).
d 3 pγ

(3)
(4)

Here σ (a) (s) and σ (C) (s) are the corresponding total
cross-sections for the annihilation and Compton scattering processes. The production cross-section for both
processes peaks for Pγ ∼ Pq and Pγ ∼ Pq̄ .
2.3 Thermal photons
Thermal photons are emitted from the thermalised QGP
and hot hadronic matter phases. In the QGP phase,
the quark–antiquark annihilation process and quark
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gluon Compton scatterings are the two leading-order
processes. In the next-to-leading order, bremsstrahlung
(fragmentation) process dominates the production of
QGP photons (figure 2). It is to be noted that the rate of
photon production depends on the momentum distributions of the quarks and gluons in the medium.
One of the first calculations of thermal emission rates
of photons from QGP and hot hadronic matter was done
by Kapusta et al [19]. The thermal emission from QGP
phase is related to the imaginary part of photon selfenergy as [19]
E

−2
dR
=
Im
3
d p
(2π )3

μ

R,μ

1
e E/T

−1

.

(5)

At a finite temperature T , μ R,μ is the retarded photon
self-energy in eq. (5).
The lowest-order hard thermal loop corrected pQCD
result for photons from QGP phase takes the form [19]


6 ααs 2 −E/T
2.912 E
dR
.
(6)
T e
ln 1 +
E 3 =
d p
9 2π 2
4π αs T
It is to be noted that the occurrence of an analogous
electromagnetic process (q + q̄ → γ + γ ) is much
smaller as αs /α ∼ 1/50.
The complete leading-order calculation by Arnold et
al [48] is considered as state-of-the-art photon production rate from the QGP phase. The next-to-leading order
rates for QGP photons are also available now [49] which
contribute significantly in the low pT (<2GeV) part of
the spectrum [50].
Thermal photons produced from the hot hadronic matter populate the direct photon spectrum mainly in the
low pT region [19]. The relative contribution of these
photons from hadronic phase (to the total thermal yield)
increases for peripheral collisions and for lower beam
energies compared to QGP photons. The pions and ρ
mesons dominate the photon production in the hadronic
phase via different channels. This is due to the small
mass of pions and large spin-isospin degeneracy of ρ
mesons.
The leading photon producing channels in the hadronic phase involving π and ρ mesons are π π → ργ ,
πρ → π γ and ρ → π π γ (see figure 7). The other
important hadronic channels are: π K ∗ → K γ , Kρ →
K γ , π K → K ∗ γ , K K ∗ → π γ , K K → ργ , K ∗ →
π K γ etc (figure 3).
There has been significant progress in the study of
photon production from the hadronic phase in the last
two decades. Kapusta et al [19] provided one of the
first calculation of thermal photon production from hot
hadronic matter. The πρ → a1 → π γ channel was first
included by Xiong et al [51] and Song [52]. Important
medium modifications were done by Alam et al [53,54]
for photon production in the hadronic phase. Turbide
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Figure 2. Photon production through quark–antiquark annihilation, quark gluon Compton scattering and bremsstrahlung
processes.

Figure 3. Typical hadronic reactions for photon production [19].

et al [55] included several modifications in the rate
calculations; they used massive Yang–Mills theory and
t-channel exchange of ω mesons and they also included
strange sector (see refs [56,57] for the latest development in the photon production from the hadronic phase).
Thermal radiation dominates the direct photon spectrum in the range of pT (≤3–4 GeV) and the measured
slope of the spectrum can be related to the temperature of the system. The total thermal photons from the
quark matter (QM) and the hadronic matter (HM) phases
are obtained by integrating the emission rates over the
space–time history of the evolving medium [58,59],
dNγ
E 3 =
d p
pμ



[ (· · · ) exp(− p μ · u μ /T (x)) ]d4 x,

(7)

· u μ is the photon energy (E) in the boosted
where
local fluid rest frame.

The square bracketed term in eq. (7) indicates the
emission rate from the QM and the HM phases respectively. p μ is the photon four-momentum and u μ is the
four-velocity of the flow field assuming boost-invariant
longitudinal expansion. These are parametrised
by

2
2
rapidity Y, transverse momentum pT (= px + p y ) and
azimuthal emission angle φ as
p μ = ( pT cosh Y, pT cos φ, pT sin φ, pT sinh Y ) (8)
u μ = γT (cosh η, vx (x, y), v y (x, y), sinh η).

(9)

is the Lorentz factor and the transγT = (1 − vT2 )−1/2 
verse velocity vT =

vx2 + v 2y .

The 4-volume d4 x (= τ dτ dx dy dη) is expressed
in terms of transverse coordinates (x, y), the longitudinal proper time τ = (t 2 − z 2 )1/2 and space–time
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rapidity η = tanh−1 (z/t). Thus, the factor inside the
exponential term in eq. (7) can be expressed as
pμ · u μ
γT pT
=
T
T
× [cosh(Y − η) − vT cos(φ − φv )] ,

(10)

where φv = tan−1 (v y /vx ) is the azimuthal angle of the
transverse flow vector.

3. Anisotropic flow
Anisotropic flow or in particular elliptic flow is a fundamental observable which is considered to be a measure
of the collective behaviour of the hot and dense system produced in heavy-ion collisions [17]. Non-central
collisions of two spherical nuclei as well as central collision of deformed nuclei result in spatially anisotropic
overlapping region between the two colliding nuclei
and consequently anisotropic pressure gradient on the
transverse plane (see figure 5). It is to be noted that fluctuations in the initial density distribution can also lead
to spatial eccentricity in the overlapping zone. The initial spatial anisotropy leads to azimuthally anisotropic
distribution of particle momentum and this is how the
anisotropic flow is generated (figure 4).
The flow parameters are quantified by expanding the
invariant particle momentum distribution on the transverse plane in terms of Fourier series [60]:
dN
1
dN
=
2π pT d pT dY
T dY


∞

× 1+
2vn ( pT ) cos n(φ − φ R ) . (11)

d2 p

n=1

φ is the azimuthal angle of the emitted particle momentum and φ R is the reaction plane angle in the equation
above. In heavy-ion experiments, the reaction plane is
estimated from the distribution of particles in the final
state and is known as event plane.
It is to be noted that the event plane angle is different for different events as the orientation of impact
parameter varies from one event to another event. The
sin[n(φ − φ R )] terms are not considered in the series 11
as they vanish due to the reflection symmetry with
respect to the reaction plane.
The φ-independent first term in the right-hand side of
eq. (11) is called the radial flow. The anisotropic flow
parameters for a particular pT and impact parameter b
are estimated using the relation
vn ( pT , b) = cos(nφ)

=

2π
0

dN (b)
pT d pT dY dφ
dN (b)
pT d pT dY dφ

dφ cos(nφ)
2π
0

dφ
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.

(12)

If we consider a smooth initial density distribution on
the transverse plane, then only the even ‘cosine’ terms
survive in eq. (11) and all odd ‘cosine’ terms are zero due
to symmetry with respect to the (x, y) plane. Then the
coefficient of the first non-vanishing φ-dependent term
in the series is called the elliptic flow parameter which is
denoted by v2 . The elliptic flow of a particle depends on
the transverse momentum, impact parameter, rapidity,
beam energy as well as particle species.
The elliptic flow originates due to the spatial anisotropy (x ) which is maximum at the beginning of the
system evolution. With time the spatial anisotropy vanishes and elliptic flow saturates. On the other hand,
the radial flow which does not depend on the spatial
anisotropy, grows till the time of freeze-out.
An event-by-event fluctuating density distribution is
assumed to be more realistic nowadays for the initial
state produced in heavy-ion collisions than a smooth
density distribution. Then the odd ‘cosine’ terms are also
present in eq. (11). The coefficients of the first and third
terms in the series are known as directed and triangular
flow parameters respectively. In this article, we mainly
discuss the elliptic flow of photons using hydrodynamical model calculation. However, the photon triangular
and directed flow parameters are also discussed in the
later part of the review.

4. Elliptic flow of photons
The thermal emission of photons is sensitive to the initial state produced in heavy-ion collisions and as a result
they are expected to provide a better description of the
hot and dense QGP matter than hadrons which are emitted only from the later stages of system evolution.
The first prediction of the elliptic flow of thermal
photons is given in ref. [58] for Au+Au collisions at
200 A GeV at RHIC using the state-of-the-art photon
rates from [48] and [55]. The elliptic flow parameter
v2 as a function of pT is calculated for non-central
collisions using a (2 + 1)-dimensional longitudinally
boost invariant ideal hydrodynamical model framework
AZHYDRO which has been used extensively to explain
particle spectra and anisotropic flow of hadrons at
RHIC [17].
Figure 5 shows the thermal photon v2 from Au+Au
collisions along with separate contributions from the
quark and hadronic matter phases at the impact parameter b = 7 fm. The initial formation time of the plasma
is taken as 0.2 fm and a freeze-out energy density of
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about 0.075 GeV is considered which reproduces the
charged particle spectra and anisotropic flow at RHIC
successfully up to pT = 2.5 GeV. A bag model equation
of state which considers a first-order phase transition
from QGP to hadronic gas phase is used and the transition temperature taken is about 164 MeV. The initial
profile for energy/entropy density is constructed by considering 25% contribution from the number of binary
collisions and 75% soft contribution which is proportional to the number of wounded nucleons. The fractions
of the soft and hard contributions are set by reproducing
the centrality-dependent experimental charged particle
multiplicity data at a fixed beam energy [17].
The photon v2 from the (only) QGP phase (v2 (QM))
is found to be small at large pT values and then rises
as pT decreases. The v2 ( pT ) peaks around 1.5–2 GeV
and then drops as pT is decreased further. The v2 from
(only) hadronic matter (v2 (HM)) shows similar nature of
the ideal hydrodynamical model predicted v2 of hadrons
that monotonically rises with pT . The total photon v2 at a
particular pT is obtained by combining the contributions
from these two phases as
v2 =

dNQM × v2 (QM) + dNHM × v2 (HM)
.
dNQM + dNHM

(13)

Here dNQM and dNHM are the thermal photon yields
from QM and HM phases respectively at that particular pT . Interestingly, the total photon v2 shows different
nature compared to the hadronic v2 and follows v2 (QM)
in the region pT > 1 GeV. It is to be noted that v2 (HM)
is much larger than v2 (QM) in the entire pT region
shown in the figure. However, the hadronic photon yield
is significantly smaller than dNQM in the region pT >
1 GeV. Thus, in spite of the very large v2 from HM, the
total photon v2 which is estimated by taking appropriate weight factors from the two phases is much smaller
than v2 (HM). These results show that the thermal photon anisotropic flow reflects the momentum anisotropy
of the initial partonic phase for pT > 1 GeV.
One can see a small peak structure around pT ∼ 0.4
GeV in the total photon v2 ( pT ) and also in the v2 (HM)
curves. At that pT value, the πρ → π γ channel starts
to dominate over the π π → ργ channel in determining
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the photon v2 from the hadronic phase. The structure
appears because the ρ meson has a smaller value of v2
than pions as a function of pT .

4.1 Collision centrality dependence
The elliptic flow of photons shows strong sensitivity
to the collision centrality similar to the elliptic flow of
hadrons. Figure 6 shows the collision centrality dependence of the elliptic flow of photon in 200 A GeV
Au+Au collisions at RHIC [58].
A more peripheral collision results in a larger spatial eccentricity in the overlapping zone and a relatively
small average temperature of the produced system.
As a result, the relative contribution of the photons
from hadronic phase to the total photon elliptic flow
increases compared to the plasma contribution. As
v2 (HM) is much larger than v2 (QM), the thermal photon v2 increases for peripheral collisions. However, the
ultraperipheral collisions may lead to a very small overlapping zone to generate enough collective flow and the
results from hydrodynamical model calculation may not
be quite reliable for those collisions.
It is well known that the ratio of elliptic flow ( pT
integrated) and spatial eccentricity x remains constant
for hadrons up to a large value of impact parameter as
the flow is considered to be a response of the initial
anisotropy produced in the system. The initial spatial
anisotropy at time τ0 is obtained using the relation

x =

dx dy e(x, y, τ0 )(y 2 − x 2 )
.
dx dye(x, y, τ0 )(y 2 + x 2 )

(14)

e(x, y, τ0 ) is the energy density at the (x, y) point on
the transverse plane at the initial formation time. The
initial spatial eccentricity scaled v2 for photons along
with the separate contributions from QM and HM phases
are shown in figure 7. Similar to the hadrons, v2 / for
photons is also found to remain constant up to a large
value of impact parameter.

Figure 4. A schematic of elliptic flow produced in relativistic heavy-ion collisions.
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Figure 5. First prediction of elliptic flow of thermal photons
from 200 A GeV Au+Au collisions at RHIC at an impact
parameter b = 7 fm using ideal hydrodynamical model with
smooth initial density distribution [58].

5. Initial formation time of the plasma from
thermal photon elliptic flow
The initial parameters of a hydrodynamical model
calculation play important roles in the precise determination of various observables in heavy-ion collisions.
These parameters are set by reproducing the experimental data of final charged particle multiplicity and
also by explaining different hadronic observables (spectra, elliptic flow) simultaneously for a particular beam
energy. Hydrodynamical model calculations show that
a small value of initial formation time (< 1 fm) reproduces the charged particle spectra and elliptic flow at
RHIC successfully [17]. However, the precise value of
the formation time is not known.
The initial formation time of the plasma plays a very
crucial part in determining photon observables in heavyion collisions. It is to be noted that a smaller formation
time means the initial temperature of the system is larger
and an enhanced production of high pT photons from
hot and dense initial state is expected.
The hadrons are emitted from the later stages of
the expanding system and as a result their spectra and
anisotropic flow parameters are not expected to be as
sensitive as the photon observables to the initial formation time of the plasma. An ideal hydrodynamic
model calculation (with smooth initial density distribution) shows that the spectra and elliptic flow of hadrons
change very little when the initial formation time of the
plasma is changed from 0.2 fm to 1.0 fm (keeping the
total multiplicity or entropy of the system fixed) at RHIC
energy [62]. Figure 8 shows pion v2 for different τ0 values from 200 A GeV Au+Au collisions at b = 6 fm. The
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Figure 6. Thermal photon elliptic flow from Au+Au collisions at RHIC for different values of impact parameter b [58].

hadron production from freeze-out surface is estimated
using the Cooper–Frye formulation [64].
The small change in the pion v2 at larger pT values due
to change in formation time would be within error bars
and it is not possible to identify the change by comparing
with experimental data. One can also expect that more
sophisticated model calculations using a lattice-based
EOS and cross-over transition as well as inclusion of
event-by-event fluctuating initial conditions and shear
viscosity in the hydrodynamical model framework cannot determine the value of τ0 precisely.
On the other hand, the thermal emission of photons is
strongly sensitive to the formation time of the plasma.
Even a very small change in the formation time leads to
a significantly different slope of the photon spectrum.
A smaller formation time results in larger production
of high pT photons from the initial stage of the evolution and a flatter spectra. However, v2 ( pT ) as a function
of τ0 shows opposite trend compared to the spectra of
photons. One can see in figure 9 that the elliptic flow
of thermal photon as a function of pT is smaller for a
smaller formation time. A smaller τ0 results in larger relative contribution from the QM phase which has smaller
v2 (than the contribution from HM). As a result, the total
photon v2 decreases with smaller formation time.
The τ0 sensitivity of photon v2 was found to be
stronger for heavy-ion collisions at SPS than at
RHIC [65]. Thus, a comparison of photon v2 with experimental data at larger pT values is expected to provide
valuable information about the formation time of the
plasma.
This formation time dependence of photon elliptic
flow would be more clear if one sees the development
of the flow parameter from time τ0 to the freeze-out
time τ f .
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Figure 7. Initial spatial eccentricity scaled photon v2 as a
function of impact parameter b at RHIC [61].

Figure 10 shows the gradual build up of the elliptic
flow of photon with time. The results are obtained after
integrating over the entire pT range shown in figure 5
and normalised by the final photon v2 (obtained after
integrating over τ ).
As expected, the photon v2 is small at early times
and then rises with τ . v2 (QM) rises fast in the first
few fm time period and saturates early within 5 fm.
On the other hand, v2 (HM) is smaller than v2 (QM)
initially and then it rises slowly and saturates around
10 fm. The total v2 (τ ) follows v2 (QM) up to about 5
fm time period and then slowly saturates to its final
value.

6. Direct photon v2
We have discussed that the experimentally measured
direct photon spectrum contains contributions from different photon production sources and it is not possible
to separate the individual contributions. The direct photon v2 measured in heavy-ion experiments thus contains
both the thermal and non-thermal contributions.
The prompt photons from fragmentation process give
rise to small positive v2 . This is due to the reaction plane
dependence of the energy loss suffered by the outgoing
quarks [66]. The prompt production from Compton and
annihilation processes do not contribute to the elliptic
flow directly. However, the jet conversion photons give
rise to marginal negative elliptic flow [66]. It is shown
in ref. [66] that these marginal positive and negative v2
contributions from prompt fragmentation and jet conversion photons cancel out each other and only the thermal
contribution remains significant in the direct photon v2
calculation.
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Figure 8. Pion elliptic flow for different τ0 values at
RHIC [62].

However, the non-thermal contributions dilute photon
v2 by adding extra weight as
dNth × v2th + dNnon-th × v2non-th
dNth + dNnon-th
dNth × v2th
=
as v2non-th ≈ 0.
dNth + dNnon-th

v2dir =

(15)

Here, dNth and v2th are the thermal yield and thermal v2
respectively and ‘non-th’ stands for non-thermal contribution.
The photon v2 calculation after including the nonthermal contribution would be discussed more in the
later part of the review.
The first data of direct photon elliptic flow from
heavy-ion experiments at RHIC energy was reported
by the PHENIX Collaboration [67]. A comparison of
PHENIX v2 data with the hydrodynamical model calculation is shown in panel (d) of figure 11 (see ref. [67]
for more detail). The figure shows that v2 data as a
function of pT show a similar qualitative nature as the
photon v2 predicted by hydrodynamic model calculations. However, the theory results underpredict the data
by a significantly large margin. This is termed as ‘direct
photon flow puzzle’.
There has been significant progress in the theoretical
calculation of photon elliptic flow from heavy-ion collisions in recent years (see refs [62,68–84] for the latest
development in photon production and elliptic flow calculation and refs [34,85–88] for the direct photon data
by PHENIX and ALICE Collaborations). In addition,
triangular and directed flow of photons are also calculated using event-by-event hydrodynamical framework.
We discus some of these calculations in the next parts
of the review.
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Figure 9. Dependence of the elliptic flow parameter of
thermal photons on the initial formation time τ0 at RHIC
energy [62].

7. Event-by-event fluctuating initial conditions
Initially, the hydrodynamic model calculation with
smooth initial density distribution was considered to
be one of the most efficient frameworks to explain the
charged particle spectra and elliptic flow (along with
mass ordering) simultaneously (for 200 A GeV Au+Au
collisions) at the RHIC energy up to a pT value of
about 2.5–3 GeV. Soon it was realised that a smooth
initial density distribution cannot explain the significantly large elliptic flow of charged particles produced
in central Cu+Cu collisions at RHIC. In addition, a significantly large triangular flow parameter was reported
at RHIC which was unexplained initially using smooth
initial density distribution. Then it was realised that an
event-by-event fluctuating initial condition [89–94] can
be a more realistic approach to explain the experimental data [95–98] than an initial state averaged smooth
density distribution.
In a very interesting work by Alver and Roland [95],
the concept of particle triangularity and triangular flow
were introduced and these were shown to be analogous to the initial eccentricity and elliptic flow produced
in heavy-ion collisions. The triangular flow originates
from the initial triangular anisotropy of the overlapping
zone that arises due to event-by-event fluctuations in
the density distributions of the initial state produced in
those collisions. These fluctuations can also lead to spatial anisotropy in the overlapping zone even for central
collisions resulting in non-zero elliptic flow.
It is to be noted that the averaging procedure plays an
important role in the precise determination of observables. A particle spectrum calculated from the initial
state averaged density distribution in hydrodynamical
model calculation has a steeper slope compared to a
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Figure 10. Time evolution of the elliptic flow of thermal photons at RHIC. Individual contributions from the QM and HM
phases are shown for comparison [63].

spectrum calculated by taking average over a large
number of spectra, each of which is estimated from a
fluctuating initial density distribution.
A Monte Carlo Glauber model and standard twoparameter Woods–Saxon nuclear density profile are
generally used to distribute the initial energy density in
an event-by-event hydrodynamic model with fluctuating
initial conditions. Two nucleons (i and j) on the transverse plane from different colliding nuclei are assumed
to collide when they satisfy the relation [89]
σNN
(xi − x j )2 + (yi − y j )2 ≤
.
(16)
π
Here σNN is the inelastic nucleon–nucleon cross-section
and its values are 42 and 64 mb at 200 A GeV and 2.76 A
TeV respectively [100]. The position of the ith nucleon
on the transverse plane is given by (xi , yi ).
The initial energy or entropy density is taken to be
proportional to a linear combination of the number of
wounded nucleons (NWN ) and the number of binary
collisions (NBC ). A Gaussian function (of the form
given below) is mostly used to distribute the initial
energy/entropy densities:
s(x, y) =

K 
(x − xi )2 + (y − yi )2
exp
−
.
2π σ 2
2σ 2
i=1

(17)
In eq. (17), K is the normalisation constant which is estimated by reproducing the experimental charged particle
multiplicity data. The parameter σ decides the granularity or the size of fluctuations in the initial density
distribution. The typical value of σ is of the order of
0.4 fm. A larger value of σ would result in a relatively
smoother initial density distribution and a smaller σ
would be computationally expensive.
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Figure 11. Comparison of the elliptic flow of thermal photon [62] with the experimental direct photon v2 data by PHENIX
Collaboration [67].

Figure 12 shows the distribution of temperature on
the transverse plane for a single event (from Au+Au
collisions at RHIC and for 20–40% centrality bin)
with different σ values at the formation time. The
results are obtained using a (2 + 1)-dimensional longitudinally boost invariant ideal event-by-event hydrodynamic framework developed by Holopainen et al [89].
This model framework successfully explains the large
anisotropic flow of hadrons for most central
Cu+Cu collisions and also the centrality dependence
and the pT shape of charged particle elliptic
flow.

One can see from the figures that the distribution
of temperature is highly anisotropic and pronounced
hotspots are present in the system. The temperature distribution is relatively smooth when the same event is
constructed with a larger σ value. Prominent hotspots
are still visible in the event with smaller σ even after
a few fm time period (not shown here). In addition, it
was observed that a smaller value of the fluctuation size
parameter results in larger transverse flow velocity in
the system produced (see ref. [101] for more detail).
Figure 13 shows the thermal photon spectra from 0
to 20% Au+Au collisions at RHIC energy for smooth
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Figure 13. Thermal photon spectra from smooth and fluctuating initial conditions at RHIC [99] from 200 A GeV Au+Au
collisions and for 0–20% centrality bin. PHENIX direct photon data for the same centrality bin is shown for comparison.

Figure 12. Distributions of temperature in the transverse
plane at time τ0 = 0.17 fm/c for σ = 0.4 (upper) and
0.8 (lower) fm and for 200 A GeV Au+Au collisions at
RHIC [101].

initial conditions (SIC) and fluctuating initial conditions
(FIC) [99] using the hydrodynamical model framework
developed in ref. [89]. The smooth initial density is
obtained by taking average over 10000 initial states with
fluctuation and then the spectra (SIC) are calculated
from that initial state. On the other hand, the spectra
from fluctuating initial conditions are obtained by taking
final state average over a large number of spectra, each
of which is obtained from random fluctuating events.
These calculations are done by considering an entropyinitialised wounded nucleon profile and the initial formation time of the plasma is taken as 0.17 fm/c from
EKRT [102] mini-jet saturation model. A lattice-based
EoS from ref. [103] is used and a constant temperature
(T f = 160 MeV) freeze-out is considered. The value of
K in eq. (17) is taken as 102 fm−1 at RHIC. These sets of

initial parameters along with the freeze-out temperature
reproduce pion spectra at RHIC well.
One can see from the figure that the FIC spectrum is
significantly larger than the SIC spectrum in the region
2 ≤ pT ≤ 4 GeV. This is an important observation
as the 2–4 GeV pT region is believed to be dominated
by thermal radiation in the direct photon spectrum. A
comparison with the PHENIX direct photon data shows
that a better description of the experimental data is
obtained in the region pT ≤ 4 GeV due to the initial
state fluctuations. The effect of initial state fluctuations
is not pronounced in the region pT < 1 GeV and a
smaller freeze-out temperature affects the results only
marginally.
Fluctuations in the initial density distribution give rise
to hotspots where the energy density and temperature are
larger than the average energy density and temperature
at that time in those points on the transverse plane. These
hotspots produce more high pT photons than a smooth
initial density distribution and as a result we see a flatter
pT spectrum. This is an initial time effect. On the other
hand, the flattening of the charged particle spectra is a
late-time effect where the fluctuations boost the flow to
a larger value.
The ratio of thermal photon yield from fluctuating and
smooth initial density distribution as a function of the
size parameter is shown in figure 14 [99]. The enhancement due to fluctuation is also shown at different pT
values for mid-central Au+Au collisions at RHIC. The
fluctuating initial states enhance the photon production
more at larger pT and smaller σ values. In addition, at
σ = 1 fm the ratio is close to 1 as the density distribution
becomes almost smooth.
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Figure 14. The ratio of thermal photon yield for different
values of size parameter σ at RHIC [99].

The effect of fluctuation is also found to be more
pronounced in the production of thermal photons for
central collisions than for peripheral collisions (see figure 15) [104]. The number of participants is reduced for
peripheral collisions. However, the relative importance
of the hotspots is increased. As the average temperature of the system is smaller for peripheral collisions,
the fewer hotspots present in those collisions make
significant difference in the spectra calculation. The
enhancement due to fluctuating initial state is also found
to be more at RHIC than at LHC as shown in figure 16.
The average temperature as well as energy density are
smaller at RHIC (than at LHC) and the hotspots play a
more prominent role in high pT photon production at
RHIC than at the LHC if one considers collision of the
same type of nuclei for a fixed centrality bin. The photon production from Pb+Pb collisions at LHC energy is
obtained by considering the formation time as 0.14 fm
and K factor as 250 fm−1 .

7.1 Photon v2 from fluctuating initial condition

Figure 15. Thermal photon spectra from smooth and fluctuating initial conditions for different collision centrality bins
from Au+Au collisions at RHIC [104].

Figure 16. Ratio of thermal photon yield from fluctuating
and smooth initial conditions at RHIC and LHC energies for
0–20% centrality bin [104].

Here ψnPP is the participant plane angle which is estimated using the relation [50,101]
ψnPP =

In the presence of initial state fluctuations, the odd
‘cosine’ terms (v1 , v3 , . . .) also remain there in the
invariant particle momentum distribution,
dN
1
dN
=
2π pT d pT dY
T dY


∞

PP
× 1+2
vn ( pT ) cos n(φ − ψn ) .

d2 p

n=1

(18)

(2021) 95:15

1
arctan
n

dx dy r 2 sin(nφ) (x, y, τ0 )
+ π/n,
dx dy r 2 cos(nφ) (x, y, τ0 )
(19)

where (x, y, τ0 ) is the energy density at time τ0 at
(x, y) point on the transverse plane.
The angle ψnPP is analogous to the event plane angle
measured in heavy-ion experiments [89] and the value
of ψnPP varies from one event to another. The event plane
angle is estimated from the final momentum distribution
of particles in the experiments, whereas the participant
plane angle is calculated from the initial distributions of
the participants.
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The event-by-event fluctuating initial conditions is
found to increase the elliptic flow of thermal photons
significantly in the region pT > 2 GeV (see figure 17)
[101]. Similar to the pT spectra we do not see a significant increase in the flow result in the low pT region
compared to the smooth initial density distributions.
The fluctuation size parameter plays an important role
in the determination of photon v2 as well. The elliptic
flow parameter from FIC approaches the SIC result for
larger σ (more than 0.4 fm) values and for σ = 1 fm,
the results from both FIC and SIC are close to each
other [101].
The direct photon elliptic flow data from 200 A GeV
Au+Au collisions at RHIC and for 2.76 A TeV Pb+Pb
collisions at the LHC are available now by PHENIX and
ALICE Collaborations respectively for different collision centralities with reduced error bars [67,88]. A
comparison of the photon v2 from the FIC with PHENIX
data shows (figure 18) that the theory results still underpredict the data. Although the initial state fluctuations
increase the photon elliptic flow significantly for larger
pT values, it is not sufficient to explain the photon v2
puzzle.
We have discussed earlier that the presence of nonthermal contributions in the direct photon spectrum
reduces the photon v2 . The modified photon v2tot after
including the prompt contribution is shown in figure 19 [101]. It is to be noted that thermal photon v2
at LHC energy shows similar qualitative nature as the
v2 at RHIC energy [101].

8. Triangular flow of photons
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Figure 18. Comparison of thermal photon v2 from smooth
and fluctuating initial conditions with PHENIX direct photon
elliptic flow at RHIC energy [101].

Figure 19. Elliptic flow of direct photons from smooth and
fluctuating initial conditions at RHIC [101].

Fluctuations in the initial energy density distribution
also lead to a significantly large photon triangular flow

Figure 17. Elliptic flow of thermal photons from smooth and
fluctuating initial conditions at RHIC [101].

parameter [50]. We have seen that the initial overlapping
geometry in non-central collisions is the main deciding
factor for a large elliptic flow and fluctuations in the
initial density distribution enhance the flow further for
thermal photons. The higher order even flow coefficients
(v4 , v6 , etc.) are also expected to be non-zero due to the
initial anisotropic geometry even without fluctuations.
However, the odd flow coefficients (v1 , v3 , etc.) can only
be present due to the initial density fluctuations.
The triangular flow parameter of thermal photons is
found to have similar qualitative nature of the elliptic flow coefficient v2 as a function of pT (figure 20).
The magnitude of photon v3 is however found to be
smaller than the elliptic flow parameter for peripheral
collisions [50].
Photon v3 also shows similar sensitivity to the initial
formation time of the produced matter and the fluctuation size parameter like the elliptic flow of photons. The

15

Page 14 of 23

Pramana – J. Phys.

Figure 20. Triangular flow parameter v3 ( pT ) of thermal
photons from 200 A GeV Au+Au collisions at RHIC and
for 0–20% centrality bin along with PHENIX direct photon
v3 data [105].

triangular flow is found to be larger when τ0 is increased
and smaller for smaller size parameter σ .
It is well known that the triangular flow parameter
of hadrons is not quite sensitive to the centrality of
the collision as the initial triangular geometry does not
change significantly for peripheral collisions. The same
behaviour is also observed for photon triangular flow.
The photon v3 changes only marginally from central to
peripheral collisions [105].
A linear correlation study between the initial spatial eccentricities and the final momentum anisotropies
shows that the correlation is stronger between 2 – v2
than between 3 – v3 [105,106].
The linear correlation between quantities a and b can
be defined in terms of correlation coefficient c(a, b)
c(a, b) =

(a − a

evt )(b

σa σb

− b

evt )

.

(20)

evt

Here, the event averages ( · · · evt ) are taken over a large
number of random events and σa (σb ) is the standard
deviations in a (b). The value of the correlation coefficient is zero in the absence of any correlation between a
and b. Otherwise c(a, b) can take any value between −1
(antilinearly correlated) and +1 (linearly correlated).
The correlation coefficients between vn and n are
computed from their event-by-event distributions at different pT values from Au+Au and Pb+Pb collisions at
RHIC and LHC energies respectively. Figure 21 shows
the correlation coefficient for three different collision
centralities where the value of c(n , vn ) is larger at LHC
than at RHIC. In addition, the central collisions show
stronger correlation than the peripheral collisions [105].
It is to be noted that although initial state fluctuations
give rise to a large triangular flow parameter, comparison

(2021) 95:15

Figure 21. vn –n correlation coefficient C at RHIC for
different pT values [105].

with the experimental data shows that even for v3 the
theory results underpredict the data by a large margin
(figure 20).
These studies suggest that one needs to explore
systems other than Au+Au and Pb+Pb collisions to
understand the discrepancy between theory results and
experimental data. Anisotropic flow at higher beam
energies as well as from deformed systems (U+U collisions) can provide valuable information. The elliptic and
triangular flow parameters of direct photons are studied
in great detail till now. However, the directed flow can
also be a potential observable to understand the direct
photon flow puzzle. In addition, the study of photon
observables which are sensitive to the individual QGP
and hadronic matter phases as well as anisotropic flow
of dileptons would be useful in this regard.
It is to be noted that significant refinement has been
made in the hydrodynamic model framework to study
the bulk properties of matter produced in heavy-ion collisions in recent times and inclusion of shear and bulk
viscosity is the most important one. This also requires
the thermal emission rates to be modified accordingly
to calculate the photon observables [73]. It is found that
the anisotropic flow of thermal photon is sensitive to
the specific shear viscosity (η/s) of the medium and the
corrections due to η/s reduce the photon anisotropic
flow [71,73] more for larger pT values.
The spectra and anisotropic flow of direct photons are
studied using the parton hadron string dynamics (PHSD)
transport approach by Linnyk et al [107]. The PHSD
model reproduces the photon spectra well. However,
their photon v2 estimated by the weighted average of
direct photon channels is found to be smaller than the
experimental data.
A recent study includes the pre-equilibrium contribution along with the prompt and thermal radiations to
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calculate the spectra and elliptic flow of photons [108].
However, it was shown that the pre-equilibrium contribution does not improve the poor agreement between
data and theory results.

9. Anisotropic flow of photons from smaller
systems
The effect of initial state fluctuations is expected to
be more pronounced for smaller systems like Cu+Cu
collisions than for Au+Au or Pb+Pb collisions. The
PHENIX Collaboration has recently reported the direct
photon production from Cu+Cu collisions at RHIC
which shows an excess of direct photon yield over the
scaled prompt contribution (obtained using NLO pQCD
calculation) similar to the Au+Au results [109]. Thus,
photon observables from Cu+Cu collisions can be complementary to the results from Au+Au collisions at
RHIC.
An event-by-event hydrodynamical model calculation shows that thermal photon production is significantly smaller (about a factor of 5–10 in the pT range
1–5 GeV) for Cu+Cu collisions than for Au+Au collisions at RHIC for 0–20% centrality bin [105]. However,
the anisotropic flow parameters show a different trend.
The elliptic (see figure 22) as well as triangular flow
parameters of thermal photons from Cu+Cu collisions
are found to be much larger than that from Au+Au collisions in the region pT > 2 GeV.
The initial spatial eccentricity in Cu+Cu collisions
is larger than in Au+Au collisions for the same centrality bin. This would result in larger elliptic flow for
smaller systems. However, the triangular flow parameter
is also found to be larger for smaller system and it originates solely due to the initial state fluctuations. Thus, we
can say that the effect of fluctuations in the initial density distribution is more prominent in Cu+Cu collisions
than in Au+Au collisions, resulting in a larger photon
anisotropic flow parameter for the smaller system.
One can expect that experimental determination of the
photon anisotropic flow parameter from Cu+Cu collisions would be valuable to understand the direct photon
puzzle.
Collective behaviour of hadronic observables has
been reported for high multiplicity events of proton+
lead and deuteron+gold collisions at LHC and RHIC
energies respectively in recent years [110,111]. Collision of gold nuclei with 3 He also shows evidence of
collectivity in small systems [112]. Photon observables
from these systems can provide valuable information
about the direct photon flow puzzle. A recent study using
hydrodynamical model framework has shown a substantial thermal photon yield from these small systems at

Figure 22. Thermal photon elliptic flow from Cu+Cu and
Au+Au collisions at RHIC [105].

RHIC and LHC [113]. The possibility of a significantly
large photon anisotropic flow is also reported in this
study [113].

10. Directed flow of photons
Directed flow is produced at very early stages of heavyion collisions and is sensitive to the initial pressure
gradient of the system. It has been shown in many earlier
studies that v1 originates due to a tilted reaction plane at
lower beam energies. This generates a collective sideward motion of particles as the momentum distribution
is shifted towards one of the sides on the pT plane which
gives rise to a rapidity odd v1 . At higher beam energies, a
rapidity even v1 is reported in many recent studies which
originates due to fluctuations in the nucleon positions on
the transverse plane.
Asymmetric collisions such as Cu+Au are specially
interesting as the difference in the number of participants
in the two colliding nuclei can give rise to a non-zero
directed flow coefficient even with smooth initial density
distribution. As a result, it is expected to provide interesting new aspects in the understanding of anisotropic
flow in heavy-ion collisions. Two different geometries
of mid-central Cu+Au collisions are shown in figure
23 [114]. The STAR Collaboration at RHIC has shown
in an interesting study that the directed flow of hadrons
from Cu+Au collisions is larger than that from Au+Au
collisions at mid-rapidity [115].
A recent study has shown that directed flow of thermal photons from Cu+Au collisions at RHIC shows
different nature compared to the elliptic and triangular
flow parameters [114] as a function of pT for 20–30%
centrality bin. The photon directed flow is large, nonzero and is negative (positive) at smaller (larger) values
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region still remains the same (negative) as the prompt
contribution does not affect the results in the low pT
region.
A comparison of photon v1 from Cu+Au and Au+Au
collisions shows that the two results are close to each
other. This implies that the initial state fluctuations
dominate over the anisotropic overlapping geometry (in
Cu+Au collisions) in determining the photon directed
flow parameter.

Figure 23. Schematic of Cu and Au collisions for 20–30%
centrality bins [114].

Figure 24. Directed, elliptic and triangular flow parameters
of thermal photons as a function of pT from 20–30% Cu+Au
collisions at RHIC [114].

of transverse momentum (see figure 24). The separate
contributions from QM and HM phases to total photon
v1 shows that the radiation from QGP phase completely
dominates the directed flow of thermal photons in the
region 1–5 GeV and the contribution from the hadronic
phase is only marginal (see ref. [114] for detail). This is
an important observation as the photons from HM play
significant roles in the determination of elliptic and triangular flow parameters. The (only) QGP vn (n = 2, 3)
is found to be much smaller than the total vn although the
nature of vn ( pT ) is decided by the QGP contribution.
Thus, an experimental determination of photon v1 is
expected to provide useful information about the direct
photon puzzle.
In addition, the photon v1 is found to be more sensitive to the initial formation time of the plasma compared
to other higher flow harmonics. It is to be noted that
inclusion of prompt contribution which reduces the
anisotropic flow at larger pT , also decreases v1 in the
region pT > 2.5 GeV. However, v1 ( pT ) in the lower pT

11. Photon spectra and elliptic flow at the FCC
energy
The proposed future circular collider (FCC) facility at
CERN is expected to collide proton+proton at 100 TeV
which is more than 7 times larger than the maximum
collision energy achieved at the LHC for proton+proton
collisions [116–118]. The heavy-ion program at FCC is
a part of accelerator design study. The centre of mass
energy for Pb+Pb collisions at FCC can be estimated as

√
√
Z1 Z2
sNN = s
A1 A2
= 39 TeV for Z = 82, A = 208.
(21)
√
For p+Pb collisions, one can calculate sNN = 63 TeV.
The charged particle multiplicity at mid-rapidity for
most central Pb+Pb collisions at FCC energy is about
3600 which is extrapolated from the RHIC and LHC
data using the power law
√
dNch 
∝ ( sNN )0.3 .
(22)

η=0
dη
Some other estimations suggested that the final charged
particle multiplicity at mid-rapidity would be in the
range of 2800–3600.
A hydrodynamical model calculation for 39 A TeV
Pb+Pb collisions at FCC predicts that the initial temperature at the centre of the fireball (at x = 0, y = 0)
would be as high as 1 GeV. This would lead to the QGP
formation at FCC that has much larger initial temperature, lifetime and volume than the medium produced
at LHC energies. Figures 25 and 26 show the distribution of initial temperature on the transverse plane for
most central Pb+Pb collisions at 2.76 A TeV at LHC
and 39 A TeV at FCC using a hydrodynamical model
calculation [119]. The two figures clearly show the rise
in initial temperature with increasing beam energy. The
initial formation time τ0 for the two cases is taken as 0.1
fm/c.
These results clearly indicate that the photon production at FCC energy will be enhanced significantly
compared to LHC. A better signal-to-background ratio
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Figure 25. Distribution of initial temperature on the transverse plane for central Pb+Pb collisions at 2.76 A TeV at
LHC [119].
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Figure 27. Direct photon spectra for 0–20% centrality bins
from Pb+Pb collisions at 2.76, 5.02 and 39 A TeV energies [119].

Figure 26. Distribution of initial temperature on the transverse plane for central Pb+Pb collisions at 39 A TeV at
FCC [119].

is also expected at FCC than at LHC. Thus, there is a
much larger likelihood of studying photon observables
with reduced error bars at FCC energy.
Figure 27 shows the direct photon (thermal+prompt)
spectra from Pb+Pb collisions at 2.76 A TeV, 5.02 A
TeV and 39 A TeV and for 0–20% centrality bin [119].
Thermal spectra for the three energies are also shown
in the same figure for comparison. The prompt photons
are calculated using the Monte Carlo code JETPHOX
(version 1.2.2) which includes all prompt photon production channels up to next-to-leading order in αs [41].
The CTEQ6.6 parton distribution functions [120] and
BFG-II photon fragmentation functions [121] are used
to estimate the prompt production at the three energies.
It was found that for most central Pb+Pb collisions, the
prompt production is about a factor of 5 and 15 times
larger at pT values of 2 and 15 GeV respectively at
39 A TeV than at 2.76 A TeV. A hydrodynamical model
evolution with smooth initial condition shows that the
average initial temperature at 39 A TeV is about 850

Figure 28. Photon elliptic flow from Pb+Pb collisions at
2.76, 5.02 and 39 A TeV energies [119].

MeV, whereas it is about 690 and 650 MeV at 5.02 A
TeV and 2.76 A TeV at the LHC. One can see from
the figure that thermal radiation is about a factor of 3.5
larger for 39 A TeV than for 2.76 A TeV at 1 GeV pT
value. A closer look at the figure also shows that the
relative enhancement in thermal production compared
to the prompt photons is more at FCC than at the two
LHC energies.
The elliptic flow parameter for the three beam energies
is shown in figure 28. Interestingly, the photon v2 ( pT )
does not show strong sensitivity to the beam energy as
the elliptic flow at all three energies are found to be close
to each other. The same trend is observed for peripheral collisions as well (see ref. [119] for more details)
(figure 29).
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Figure 29. Schematic of tip–tip and body–body collisions of
uranium nuclei on the transverse plane [129].

12. Photon anisotropic flow in collisions of
deformed nuclei
The recent data of particle production and anisotropic
flow from collisions of uranium (238 U) nuclei at 193 A
GeV at RHIC by STAR Collaboration have gathered
significant attention [122]. The study of U+U collisions
is interesting due to the non-spherical prolate shape of
uranium nuclei, which leads to different initial geometries as well as widely different values of observables
even for the most central collisions [123–129]. The
tip–tip and body–body configurations of most central
U+U collisions result in two limiting cases of final
charged particle multiplicity. In tip–tip collisions, the
major axes are parallel to each other and the beam axis,
whereas in body–body collisions, the two major axes
are perpendicular to the beam axis. The Woods–Saxon
parametrisation of nuclear density distribution for uranium nuclei is expressed as [129]
ρ0
ρ(r, θ ) =
,
(23)
))
1 + exp (r −R(θ
ξ
where
R(θ ) = R0 [1 + β2 Y20 (θ ) + β4 Y40 (θ )] .

(24)

The deformation from spherical shape is introduced
by the spherical harmonic functions, β2 (0.28) and β4
(0.093). R0 is taken as 6.86 fm and ξ is 0.44 fm.
The tip–tip configuration leads to azimuthally anisotropic overlapping zone on the transverse plane which
gives rise to large anisotropic flow. On the other hand,
the body–body collisions result in isotropic overlapping geometry on the transverse plane if we consider a
smooth initial density distribution. It is to be noted that
the number of participants remains almost the same for
these two configurations. However, the number of collisions is significantly larger for tip–tip (∼1870) collision
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Figure 30. Transverse momentum spectra of thermal photons from tip–tip and body–body collisions of uranium nuclei
at RHIC. The pT spectrum from central Au+Au collisions is
shown for comparison [129].

than for body–body (∼1430) configuration. The initial
energy density as well as temperature are also much
larger for tip–tip collisions than for body–body collisions. These unique features of the U+U collisions
make them a very interesting system to study the photon
observables as well as initial state produced in heavy-ion
collisions.
The hydrodynamical model calculation shows that the
thermal photon production is significantly larger for the
central tip–tip collisions than for the body–body collisions at RHIC [129]. In addition, the photon production
from body–body collision is found to be quite similar to
the production from central Au+Au collisions at RHIC
as the initial energy density and temperature in these
two cases are similar (figure 30).
As expected, the elliptic flow of thermal photons
from the tip–tip collisions is close to zero due to the
absence of initial spatial anisotropy. A more sophisticated event-by-event hydrodynamical model calculation
with fluctuating initial conditions is expected to show a
small non-zero elliptic flow even for tip–tip collisions
of uranium nuclei.
Interestingly, the photon elliptic flow from body–body
collisions of uranium nuclei is found to be close to
the elliptic flow from Au+Au collisions at the impact
parameter b ∼ 6 fm at RHIC. The system produced
in U+U collisions (body–body) is much larger in size
than the one produced in mid-central Au+Au collisions. It is also noted that the initial state produced
in body–body collisions has much larger temperature
and the QGP phase is longer lived than the system produced in mid-central Au+Au collisions. As
a result, the relative contributions from the QGP and
hadronic matter phases to the total photon v2 are
very different in these two cases. However, in spite of
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Figure 31. Elliptic flow of thermal photons from body–body
collisions of uranium and mid-central Au+Au collisions at
RHIC [129].

the differences, the elliptic flow parameter calculated
using hydrodynamical model framework for the two
systems are found to be close to each other (see figure 31).
Thus, it would be interesting to see a comparison between experimental photon data from U+U and
Au+Au collisions at RHIC.

13. Photon anisotropic flow from initial state
nucleon shadowing
The effect of initial state nucleon shadowing in Monte
Carlo Glauber (ShMCG) model calculation is found
to produce results which are close to the QCD-based
dynamical models. The shadowing effect also explains
the experimental data for some hadronic observables
better than the other model calculations [130,131]. It
was shown that shadowing of the nucleons deep inside
the colliding nuclei (by the front nucleons) enhances
the effective initial anisotropy or geometric asymmetry in the system. As a result, a larger anisotropic
flow of charged particles is obtained using the shadowed Glauber model compared to the Monte Carlo
Glauber (MCG) model calculation without the initial
state nucleon shadowing.
Motivated by these observations, photon spectra and
anisotropic flow parameters are calculated by including
the shadowing effect in an event-by-event hydrodynamical model framework [132].
In the ShMCG model, the initial energy deposition
to a participating nucleon depends on its position in the
colliding nuclei. A weight factor S(n, λ) is introduced
in the initial state of the form
S(n, λ) = exp(−nλ),

(25)
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Figure 32. Transverse momentum spectra of thermal photons using shadowed Glauber model initial conditions from
Au+Au collisions at RHIC [132].

where S(n, λ) accounts for the shadowing on a
participant nucleon due to the presence of n other nucleons in the same nucleus which are in front of that nucleon
(see ref. [130] for detail). The value of λ is taken as 0.12
(0.08) at RHIC (LHC) by reproducing the experimental
final charged particle multiplicity data.
The hydrodynamical model evolution shows that the
average temperature and average transverse flow velocity of the system are slightly larger for ShMCG initial
state than for MCG initial condition. The photon observables in this study are estimated by taking final state
average over a sufficiently large number of events.
The thermal photon spectra from ShMCG and MCG
model calculations are found to be close to each other
at RHIC (see figure 32). However, the elliptic flow of
thermal photons as a function of pT is found to be
considerably larger for the ShMCG model than for the
MCG model calculation at RHIC energy (see figure
33). Similar enhancement in photon elliptic flow due to
shadowing effect is also observed at LHC energy. The
increase in elliptic flow due to shadowing is found to be
more pronounced in the 2–4 GeV pT region.
It is to be noted that the increase in elliptic flow of photons is a little larger (on a relative scale) than the increase
in pion elliptic flow using the ShMCG model. The qualitative nature of these results remains unchanged with
changing relative contributions of Npart and Ncoll (i.e.
soft and hard contributions) to the initial energy density
distribution.
It is to be noted that magnetic field produced in
relativistic heavy-ion collisions can have a profound
influence on the properties of the hot and dense plasma
and consequently the final-state observables may get
affected significantly due to that [133]. It has been
shown that the anisotropic flow of particles may get
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Figure 33. Elliptic flow of thermal photons using shadowed
Glauber model initial conditions from Au+Au collisions at
RHIC [132].

enhanced by about 30% where the results are obtained
by considering a weak magnetic field in magnetohydrodynamical framework [134]. The effect of magnetic
field on the photon emission has been studied at intermediate energies where the photon flow coefficients (v1
and v2 ) are found to be affected significantly by the magnetic field [135]. A recent study has explored the effect
of magnetic field on the photon radiation from QGP produced in heavy-ion collisions in detail [136]. It has been
shown that, even a large magnitude of the magnetic field
cannot generate a significant azimuthal anisotropy of the
photons produced in relativistic nuclear collisions [136].

14. Elliptic flow of thermal dileptons
Dileptons are emitted from different stages of the
evolving system produced in heavy-ion collisions [36].
The quark–antiquark interaction in the QGP phase
produces a virtual photon γ ∗ which decays into a lepton–
antilepton pair (q q̄ → μ+ μ− ) together known as
dilepton. Charged hadrons produce dilepton pairs in the
hadronic phase from processes like π + π − → μ+ μ− .
A significant contribution to dilepton production
comes from the decay of hadronic resonances (ρ, ω, φ
and J/). The resonance decay contributions give rise
to interesting structures in the dilepton invariant mass
spectrum. In addition, dileptons are also produced from
Drell–Yan process which populate the spectrum in the
high invariant mass region (Ml l¯ > 3.1 GeV).
The invariant mass spectrum of thermal dileptons
using a hydrodynamical model calculation shows that
the thermal radiation from the QGP phase dominates the
spectrum in the region Ml l¯ greater than the phi mass 1.02
GeV (see ref. [37]). The hadronic phase contribution
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Figure 34. Elliptic flow of thermal dileptons as a function of
invariant mass at RHIC using hydrodynamical model calculation [37].

completely outshines the QGP radiation at the resonance
(ρ, ω and φ) masses and gives rise to well-defined peak
structures.
The elliptic flow coefficient of thermal dileptons is
calculated from the invariant distribution function which
depends on both pT and Ml l¯ ,
v2 (M, pT , b) =

dN (b)
T d pT dφ
dN¯ (b)
dφ dM 2 dY p d p dφ
T
T

dφ cos(2φ) dM 2 dY p¯

.

(26)

At the resonance masses, the elliptic flow is completely dominated by radiation from hadronic phase,
whereas at large invariant masses, QGP radiation overshadows the hadronic contribution as shown in figure 34.
It is to be noted that v2 (M) shows strong sensitivity to
the centrality of collisions and the initial spatial eccentricity scaled elliptic flow of thermal dilepton remains
constant as a function of impact parameter [37].
An event-by-event calculation of thermal dilepton
elliptic flow is done by Xu et al [137] where they study
the correlation between event plane angle and dilepton
emission angle. The STAR Collaboration has done the
data analysis of the spectra and the elliptic flow of dileptons at RHIC energy [138]. The preliminary STAR data
look quite promising and it is expected that a simultaneous measurement of photon and dilepton elliptic flow in
heavy-ion collisions would provide valuable information about the direct photon flow puzzle.
15. Summary and conclusions
Anisotropic flow of photons produced during collisions
of heavy nuclei at relativistic energies is a potential
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probe to study the initial state and the evolution of the hot
and dense QGP produced in these collisions. Significant
advancement has been made in the theoretical calculation of direct photon spectra and anisotropic flow using
hydrodynamical model framework and standard photon
production rates in the past couple of decades. There
has also been significant progress in the experimental
analysis of direct photon data as well as measurement
of anisotropic flow coefficients (v2 and v3 ) at RHIC
and LHC energies by PHENIX and ALICE Collaborations respectively. However, a persistent discrepancy
between the experimental flow data and theory results
is still remaining where the theory results underpredict the data by a significantly large margin. This is
known as direct photon puzzle. In this review, we discuss
the photon anisotropic flow calculation using hydrodynamical model framework and show that anisotropic
flow measurement at different beam energies as well as
from collisions of smaller (Cu+Cu), deformed (U+U)
and asymmetric (Cu+Au) systems would be valuable
to understand direct photon flow puzzle. In addition,
experimental determination of direct photon v1 and
anisotropic flow of dileptons can be quite useful to
understand the discrepancy between the data and theory results.
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