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Abstract: The anisotropic flow of photons produced in relativistic nuclear collisions is known as a
promising observable for studying the initial state and the subsequent evolution of the hot and dense
medium formed in such collisions. The investigation of photon anisotropic flow coefficients, v, has
attracted high interest over the last decade, involving both theory and experiment. The thermal
emission of photons and their anisotropic flow are found to be highly sensitive to the initial state of
the fireball, where even slight modifications can lead to significant variations in the final state results.
In contrast, the ratio of photon anisotropic flow stands out as a robust observable, exhibiting minimal
sensitivity to the initial conditions. Here, we briefly review the studies of the individual elliptic
and triangular flow parameters of photons as well as their ratios and how these parameters serve
as valuable probes for investigating the intricacies of the initial state and addressing the challenges
posed by the direct photon puzzle.

Keywords: relativistic heavy-ion collisions; quark-gluon plasma; anisotropic flow; direct photons;
thermal photons; clustered initial state

1. Introduction

Anisotropic flow provides some of the most compelling evidence of the existence of
quark-gluon plasma (QGP) in relativistic heavy-ion collisions [1-5]. It serves as a response
to the initial spatial anisotropy showing how efficiently this anisotropy is transformed into
the final state momentum space anisotropy of the emitted particles [6-11].

Relativistic hydrodynamics is known as one of the most successful theoretical frame-
works for explaining the observed large anisotropic flow of hadrons in relativistic heavy-ion
collisions. The hydrodynamic framework treats the strongly interacting matter produced
in these collisions as a ‘nearly perfect fluid’ characterized by its collective behavior and
hydrodynamic flow properties [12-19].

Initially, it was believed that non-central collisions between two spherical nuclei or
central collisions of two deformed nuclei (such as the collisions of uranium nuclei with a
prolate shape) could lead to a substantial elliptic flow of charged particles. Higher order
even flow coefficients were anticipated to be non-zero but significantly smaller compared to
the elliptic flow of charged particles [12]. However, subsequent observations revealed that
even the most central collisions of spherical nuclei could produce a non-zero elliptic flow of
charged particles. This observation provided confirmation that event-by-event fluctuating
initial density distributions can contribute significantly to the anisotropic flow of particles
produced in heavy-ion collisions [20-22]. This also resulted in significantly large odd flow
coefficients, particularly the triangular flow parameter [23,24].

The anisotropic flow coefficients, v, are estimated by expanding the invariant particle
number distribution in the transverse momentum plane using Fourier decomposition:
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Here, pr denotes the transverse momentum, y denotes the rapidity and ¢ represents
the azimuthal angle of the emitted particle. ¢, denotes the event plane angle for the nthflow
coefficient. The event plane angle is a crucial quantity for the study of anisotropic flow as
it provides a quantitative measure of the orientation of the anisotropy in each event. The
anisotropic flow coefficients are extracted from experimental data and can be compared to
theoretical models to understand the various properties of the QGP such as its viscosity,
formation time, equation of state, etc. [5,25].

Photons produced in relativistic nuclear collisions have long been recognized as a
highly sensitive and unique probe for studying the initial state and its evolution [12,26-45].
They are also known as the thermometer of the produced matter from the initial days of
heavy-ion collisions. Both real as well as virtual photons are emitted from every stage of
the expanding fireball, suffer negligible re-scatterings with the hot and dense medium, and
provide undistorted information about the medium produced [26,46-50].

The experimentally measured inclusive photon spectrum contains a large portion
of the late-time decay photons originating mostly from the two-y decay of 7° and 7
mesons. After successful subtraction of the decay background, one obtains the direct
photon spectrum at different beam energies and collision centralities [25,35].

It was first shown by the PHENIX Collaboration that there is an excess of direct photon
yield for 200A GeV AuAu collisions at RHIC (Relativistic Heavy Ion Collider) at different
centrality bins over the properly normalized production of photons in proton-proton (pp)
collisions [51]. The prompt photons produced in initial hard scatterings are the dominant
source of direct photons for pp collisions, and it is considered that the thermal contribution
is negligible for these collisions as there is no formation of QGP. Although some recent
experiments suggest that the high multiplicity events in pp collisions show signatures of
medium formation [52], in the context of direct photon production, the prompt photons in
pp collisions were found to explain the data well without any thermal contribution. Hence,
the observed excess for heavy-ion collisions over the scaled proton—proton results in the
direct photon spectrum is attributed to thermal radiations produced in the interaction of
the thermalized medium constituents. The excess production of photons has also been
reported later at the LHC (Large Hadron Collider) for PbPb collisions at 2.76A TeV by the
ALICE Collaboration [53].

To note is that a significant contribution to the direct photon spectrum also comes
from the pre-equilibrium phase as well as the production of photons by the passing of
high-energy jets through QGP; see Ref. [25] and references therein for details.

In the QGP phase, the quark—gluon Compton scatterings and quark anti-quark annihi-
lation processes are the dominant ones to produce thermal photons. The different hadronic
channels (involving mostly 77 and p mesons) take part in the photon production in the hot
hadronic matter.

These thermal photons hold significant promise for characterizing the initial hot and
dense state of the matter produced in heavy-ion collisions at relativistic energies using
appropriate observables. To note also is that a number of large and small systems have
been studied in recent times, especially at the RHIC energy, which show an evidence of
thermal radiation in these collisions [54-56].

2. Anisotropic Flow of Photons

The anisotropic flow of photons serves as a valuable observable for studying thermal
photons given that non-thermal contributions are not subjected to the collectivity of the
produced medium [57-63]. The elliptic flow of thermal photons was estimated initially
considering an ideal hydrodynamic evolution of the system in collisions of gold nuclei at
RHIC and using the state-of-the-art rates [57,64,65].



Physics 2024, 6

676

The thermal photons produced in typical heavy-ion collisions dominate the direct
photon spectrum in the region of pr < 3—4 GeV. The majority of these thermal photons with
pr > 1 GeV (high-pt region) are expected to originate from the QGP, and the hadronic
contribution tends to populate the lower pr < 1 GeV region of the spectrum. However,
understanding their individual contribution to the total anisotropic flow is complicated
due to the competing contributions from these two sources.

Theoretical model calculations also show that the anisotropic flow of photons is larger
for peripheral collisions than for central collisions [57]. The relative contribution of the
photons produced in the hadronic medium as well as the initial spatial eccentricity (of
the overlapping zone between the two incoming nuclei), increases towards peripheral
collisions. These photons have a larger anisotropic flow compared to the photons produced
in the QGP medium, which results in a larger total photon anisotropic flow for peripheral
collisions than for central collisions. In addition, the pr-dependent behavior of elliptic flow
and triangular flow is found to be similar on a qualitative scale. Both photon v; and v3
rise with pr up to about 2 GeV and then drop as pr is increased further (see Figure 3 in
Ref. [57]). The peak value of v, (pr) depends on the beam energy, initial conditions, as well
on the centrality of the collisions.

The first experimental measurement of photon elliptic flow from AuAu collisions at
RHIC shows that direct photon v is consistent with zero above pr > 4 GeV [66]. This
confirms that the prompt photons are not subjected to collectivity, and as a result, their
contribution to photon elliptic flow is negligible. In the region, pr < 4 GeV, the elliptic flow
of direct photons as a function of transverse momentum was found to be significantly large
for mid-central AuAu collisions at RHIC.

Additionally, it was found that the elliptic flow of direct photons from experimental
analysis shows a similar pr-dependent nature as predicted earlier by hydrodynamic model
calculation. However, the theoretical results tend to underestimate the experimental data by
a significant margin [66,67]. This was termed as a “direct photon puzzle’, where theoretical
model calculations cannot simultaneously explain experimental data for the pr spectra and
anisotropic flow of direct photons.

Several advancements were made in the last decade in theoretical model calculations
in order to understand the discrepancy between experimental data and results from model
calculation [37-39,68-74]. A recent study explored the influence of a weak magnetic field on
direct photon production using a realistic (3+1)D (dimensional) hydrodynamic evolution
containing a tilted fireball configuration [74]. This study is found to provide a good
agreement of direct photon v, and v3 with the experimental data at both the RHIC and the
LHC energies. Directed flow (v1) of photons from relativistic heavy-ion collisions has also
been estimated using hydrodynamic model calculation [72]. Although the charged particle
v; was estimated from heavy ion experiments, experimental determination of photon vy is
yet to be conducted [75].

It has been shown that the inclusion of initial state nucleon shadowing in the Monte
Carlo Glauber model provides a better description of the experimental data for hadronic
observables [76]. This shadowing effect is also found to increase the elliptic flow of thermal
photons from heavy-ion collisions at RHIC and LHC energies significantly [62]. Event-by-
event hydrodynamic model calculations have revealed that the presence of fluctuations
in the initial density distribution increases the elliptic flow in comparison to a scenario
with a smooth initial density distribution [68,69]. Additionally, the incorporation of shear
viscosity was identified as a factor that reduces elliptic flow significantly, particularly at
larger pr values.

The inclusion of the photons from the pre-equilibrium phase has been shown to affect
both the photon spectra and anisotropic flow parameters marginally [77]. Estimation of
photon anisotropic flow calculation from collisions of small, deformed, and clustered nuclei
has also been found to provide interesting new insight into the initial state produced in
those collisions.
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Nevertheless, achieving a simultaneous explanation of both the photon spectra and
anisotropic flow through model calculations and experimental data, often referred to as the
‘direct photon puzzle’, is still a challenge.

It is also important to emphasize the pivotal role played by the initial conditions
in model calculations when determining the anisotropic flow of photons [78]. Photon
observables exhibit greater sensitivity to initial conditions, such as the formation time and
initial temperature, in contrast to hadronic observables. A smaller initial time of QGP
formation, 1y, results in a larger initial temperature, Ty, and a relatively greater contribution
from the QGP phase compared to photons produced in the hadronic matter. This results
in a larger relative contribution of the QGP photons in the anisotropic flow calculation.
Theoretical model calculations show that the anisotropic flow of (only) QGP photons is
significantly smaller than the photon v, from (only) hadronic matter. Consequently, this
leads to a reduction in the (overall) photon anisotropic flow at higher pr [58]. Hence,
there is a hope that photon anisotropic flow could serve as a valuable observable for
precisely determining the thermalized time of the hot and dense QGP formed in relativistic
heavy-ion collisions. However, the existing disparity between experimental data and
photon v, calculations impedes the extraction of precise information regarding the initial
formation time.

3. Ratio of Photon Anisotropic Flow

The anisotropic flow of direct photons is primarily driven by the competing contribu-
tions of thermal photons originating from the QGP and hot hadronic matter. The unique
pr-dependent nature of photon v, is mainly determined by the QGP contribution. The
expanding hot fireball, with time, produces anisotropic flow and the pr-dependent shape,
which is a result of the convoluted emission of thermal photons. The high-p thermal
photons largely originate during the initial QGP dynamics and, therefore, have a lower
anisotropy, whereas the magnitude of the photon v, is controlled by thermal photons
originating from hot hadronic matter at the later part of the expansion, which is almost an
order of magnitude larger compared to the photon anisotropy from the QGP phase [57].
However, it is important to note that the impact of non-thermal contributions, particularly
from prompt photons, dilutes the anisotropic flow at larger pr-values. This dilution occurs
as the non-thermal contributions introduce additional weight in the denominator of the
photon anisotropic flow analysis.

In a recent study, it was shown that the ratio of photon v, and v3 as a function of
transverse momentum within a specific centrality bin could serve as a valuable parameter
for gaining insights into the dynamics of heavy-ion collisions [79]. One can reduce uncer-
tainties arising from non-thermal contributions in the estimation of direct photon v, by
calculating the ratio of direct photon v, and vs.

An event-by-event ideal hydrodynamic framework has been used to study the evolu-
tion of matter produced in collisions involving heavy nuclei at relativistic energies [20]. The
standard Woods—Saxon nuclear density distribution coupled with a Monte Carlo Glauber
model is employed to determine the initial density distribution in the overlapping zone
between the two colliding nuclei [59,69]. A two-dimensional Gaussian distribution function

of the form ) )
s(r,y) = X Zexp<_(X—xi) + (i) ). )
i=1

2702 202

is used to distribute initial entropy/energy density around the source points. The position
of the ith nucleon is denoted by (x;, y;) in the transverse plane, and the parameter ¢ denotes
the granularity or the size of the initial density fluctuation. K is an overall normalization
factor tuned to reproduce key observables, including charged particle multiplicity, spectra,
and anisotropic flow parameters.

For AuAu (PbPb) collisions at RHIC (LHC), an initial formation time of about 0.17
(0.14) fm/c (with c the speed of light) is considered [80]. A lattice-based equation of state is
used for transition from QGP to hot hadronic matter [81].
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The state-of-the-art complete leading order, as well as next-to-leading-order rates of
thermal photons production from QGP, has been available for quite some time now [64,82].
In the last couple of decades, there has been significant advancement in photon production
from hadronic matter as well, which also includes the meson-meson and meson-baryon
bremsstrahlung; see Ref. [25] and references therein for details.

Thermal photon rates are taken from Refs. [64,65,82] to calculate the anisotropic flow
parameters at different centrality bins.

The total thermal emission is estimated by integrating the emission rates, R =
EdN /d3p d*x, over the space-time four-volume:

Ejgl\; - /d4xR(E*(x),T(x)). 3)

where E and p denote the photon energy and momentum, respectively, and T(x) is the
local temperature. E*(x) = p"u, (x), where p# is the four-momentum of the photon, and u,
is the local four-velocity of the flow field obtained using longitudinal boost invariant ideal
hydrodynamic model evolution. The Greek letter indices take the values 0 for time and 1, 2
and 3 for space (x) components.

In event-by-event hydrodynamic model calculation, the event plane angle (¢, in
Equation (1)) is often replaced by the participant plane angle (=), which is obtained from
the initial state participant distribution [20].

The initial eccentricities are estimated using the relation

[ dxdy r2cos[n(p — ¢i¥)]e(x,y, ) .

= 4
e [ dxdy r2e(x,y, 1) @)
Here, ¢ is the initial energy density and r* = x7 + x3.
The participant plane angle ¥ is estimated as
dxdy r?si Y,
PP — 1 arctan J dxdy rsin(ng)e(x,y, ) +m/n. (5)
n [ dxdy 12 cos(ne)e(x,y, 1)

The elliptic and triangular flows of thermal photons are calculated with respect to the
participant plane angle. The anisotropic flow of direct photons can be estimated as follows:

v’;lherm x qNtherm
Un = dNtherm | gNnon—therm (6)
where vthe™™ is the anisotropic flow of thermal photons and ANte™ and dNmon—therm are
the yields of thermal and non-thermal contributions, respectively. The AN~ therm appears
only in the denominator of Equation (6). Thus, the ratio of anisotropic flow parameters
reflects only the thermal contribution by minimizing the non-thermal part. In this review,
we calculate the ratio after taking an ensemble (event) average of individual anisotropic
flow parameters (i.e., v,) of thermal photons as follows:

(Un)event ZlN:exlzent v:{herm(i) AN therm() o

< Um > event Z]N_exlzent U:Berm(j ) 4 Ntherm(j) '

The theoretical ratio of elliptic and triangular flow parameters of thermal photons from
200A GeV AuAu collisions is shown in Figure 1 as a function of transverse momentum.
The ratio of v, to and v3 obtained from the experimental direct photon data by the PHENIX
experiment at RHIC is shown in the same plot for comparison (see Figure Al in Appendix A
for the estimate of the experimental error on the ratio).
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Figure 1. The calculated ratio of v, to v3 for thermal photons from 200A GeV AuAu collisions for
centrality bins 0-20% and 20—40% [79] compared to the PHENIX Collaboration experimental data at
RHIC [83] (see text for details). The dotted lines parallel to pr-axis show the approximate value of
vy /v3 at which the ratio starts to saturate for each centrality bin.

The pr-dependent behavior of the ratio is found to be different from the individual
anisotropic flow parameters. The ratio is larger for peripheral collisions than for cen-
tral collisions, as the photon triangular flow shows less sensitivity to collision centrality
compared to the elliptic flow parameter. The ratio shows stronger pr-dependence in the
region pr < 2 GeV compared to the larger-pr region where it remains almost invariant
with respect to pr.

It was shown in Ref. [59] that the correlation between photon v, and v3 is negligible
for individual events. However, the event-averaged anisotropic flow parameters show
similar pr-dependent behavior in the region pr > 2 GeV. As a result, negligible variation
with pr can be observed in that region for the ratio. In the lower-pr region, the photon
elliptic flow shows stronger sensitivity to pr than the triangular flow parameter, and the
ratio rises towards smaller pr values.

Although hydrodynamic model calculations tend to significantly underestimate indi-
vidual vp and v3 data, an interesting observation emerges in the comparison of the v, /v3
ratios. Both experimental data and model calculations reveal a remarkable proximity in
the 2—4 GeV pr region. This specific pr range is believed to be dominated by the QGP
radiation in the direct photon spectrum.

It has been shown in Ref. [84], that the pr-integrated ratio, v, /v3, of thermal photon
anisotropic flow as a function of collision centrality shows much stronger sensitivity to
the shear viscosity of the QGP medium compared to the same ratio estimated for charged
particles. It was shown that both the pr differential as well as the pr-integrated ratio of
anisotropic flow can serve as a viscometer for the QGP phase.

The v, /v3 ratio of thermal photons at LHC energy has been shown for three different
centrality bins of PbPb collisions at the LHC energy in Figure 2. The ratio is found to be
marginally dependent on transverse momentum in a relatively larger-pr bin at the LHC
energy compared to that ratio at RHIC. The lifetime, as well as temperature of the system
produced at LHC, is expected to be larger than at RHIC, which resulted in significantly
more production of thermal photons at LHC in the region pr > 2 GeV. This might lead to a
larger-pT range over which the ratio remains flat at LHC compared to RHIC. The photon
v3 data at LHC would be valuable to confirm this behavior.

The v, /v3 of thermal photons from smaller systems also show similar qualitative na-
ture as observed for AuAu and PbPb collisions; see Figure 3. The ratio is found to be slightly
smaller for smaller systems as the triangular flow parameter for smaller systems is found
to be relatively larger due to the more pronounced presence of initial state fluctuations.



Physics 2024, 6

680

8 T ‘ T 1 ‘ T T ‘ T

—e (0-20%
L =—=a 20-40% i
+—a 40-60%

1 2 3 4 5 6
p(GeV)
Figure 2. The predicted ratio of v, to v3 of thermal photons thermal photon v, and v3 from 2.76 A
TeV PbPb collisions for three different centrality bins [59]. The dotted lines parallel to pr-axis show
the approximate value of v, /v3 at which the ratio starts to saturate for each centrality bin.
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Figure 3. The predicted ratio of v, to v3 of thermal photons from 20-30% centrality collisions of
AuAu, CuAu, and CuCu collisions at 200A GeV [79].

The ratio is also found to be a robust quantity compared to the individual anisotropic
flow parameters when the initial parameters of the model calculation are varied slightly.
The initial formation time, 7y, of QGP is not known precisely, and the 7y value ranging from
0.17 fm/c to 0.60 fm/c is considered mostly in different hydrodynamic model calculations
to estimate the charged particle as well as photon production. The consideration of a
fixed 19 for central as well as peripheral collisions is also an assumption to simplify the
model calculation for a typical set of heavy-ion collisions. One should expect a larger value
of plasma formation time for peripheral collisions, as the produced initial temperatures
as well as the initial energy densities are expected to be relatively smaller for the more
glancing collisions.

Although the individual anisotropic flow parameters show a strong sensitivity to
the initial formation time [58], particularly at larger pr values, due to the larger relative
contribution in photon production from the hadronic phase, their pr-dependent ratio does
not change significantly in the same pr region (see Figure 4 when the formation time 1 is
increased from 0.17 fm/c to 0.60 fm/c at RHIC).

Additionally, a smaller value of the freeze-out temperature would result in a much
larger contribution to v, from the hadronic phase and subsequently a significantly larger
total v, for thermal photons [57]. However, it was observed that the ratio is a little sensitive
to the value of kinetic freeze-out temperature. Even a significant drop in the value of T
from 160 MeV to 120 MeV changes the ratio only marginally, as shown in Figure 5.
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Figure 4. The predicted ratio of v, to v3 of thermal photons with the quark-gluon plasma formation
time, 1y, values 0.60 fm/c and 0.17 fm/c from AuAu collisions.
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Figure 5. The predicted ratio of v, to v3 of thermal photons from 200A GeV AuAu collisions at two
different kinetic freeze-out temperatures of 120 MeV and 160 MeV [79].

To note is that the directed flow of photons shows a different pr-dependent behavior
than the elliptic or triangular flow parameters. The thermal photon v1(pr), as calculated
from hydrodynamic model calculations, is found to be negative for pr < 2 GeV and be-
comes positive as pr increases. The directed flow shows stronger sensitivity to the QGP
phase compared to elliptic and triangular flow of photons; see Figures 3 and 6 in Ref. [72].
Thus, the ratio of photon v; with the elliptic (or triangular) flow parameter is more sen-
sitive to hydrodynamic parameters (such as freeze-out temperature) than the v, /v3 ratio
is. Therefore, v1 /v, could be a potential parameter to understand more about photon
observables and address the direct photon puzzle in relativistic nuclear collisions.

The final momentum anisotropies are considered to be a response of the initial ge-
ometry, and the correlation between €, and v, shows how efficiently the initial spatial
anisotropy is converted into final v, [85]. Theoretical model calculations have shown that
the correlation between €, and vy, is stronger for hadrons than for thermal photons. The
correlation has also been found to be stronger for €; and v, compared to €3 and v3 both for
photons and hadrons [59]. The linear correlation coefficient, c(ey,, v, ), between €, and vy, is
estimated using the relation,

c(en, Un) _ <(€n - <€n>evt)(vn - <Un>evt) >6Vt ‘ ®)

Uen 0’-0n
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The averages (... )event are taken over a sufficiently large number of random events.
e, and 0y, are the standard deviations of the initial spatial and final momentum anisotropies
of thermal photons, respectively. In addition, the event averages of the initial spatial
anisotropies and the anisotropic flow parameters are calculated by taking weight factors of
impact parameter and thermal photon yields, respectively, for the corresponding events.

The c(e3,v7) is found to be larger in the region pr < 3 GeV for both RHIC and LHC
(Figure 6). The correlation coefficient is found to be slightly larger at LHC than at RHIC.
Probably the build-up of larger transverse flow velocity in the region pr < 3 GeV might
have resulted in a larger correlation strength in that region. Photons with relatively larger
pt are mostly from the initial hot and dense state with smaller transverse flow velocity and
show a weaker correlation between €, and v,.
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Figure 6. The predicted correlation between initial spatial anisotropies, €;, and final momentum
anisotropies, v, of thermal photons at 200A GeV and at 2.76A TeV heavy-ion collisions for different
centrality bins using relativistic ideal hydrodynamic model calculations. [59].

The photon elliptic flow parameter shows much stronger sensitivity to the collision
centrality compared to the triangular flow parameter. However, the correlation coefficient
for both the elliptic and triangular flow parameters (with corresponding initial spatial
eccentricities) show similar pr-dependent behavior.

To note is that the high-pr part of the photon spectrum as well as the anisotropic
flow parameters is more sensitive to the change in initial formation time and freeze-out
temperature. Thus, the correlation strength is also expected to be strongly dependent on
the initial parameters of the model calculation, especially at larger pr values.

Interestingly, the larger-pr part of the ratio of elliptic and triangular flow parameters
is found to be less sensitive to the value of pr as shown in Figures 1-5.

Thus, one can say that the correlation between v, and v3 is stronger in the initial few
fm time periods for high-pr photons. One can see from Figure 7 that the ratio of total v, /v3
for high-pr thermal photons saturates early and resembles the ratio of QGP contributions.
In the later stage, with the strong build-up of transverse flow velocity, the relative change
in elliptic flow is more than the triangular flow parameter resulting in a larger value of the
ratio; see Figure 7.

Temporal evolution of the individual anisotropic flow parameters, as well as the
correlation coefficient c(e,, v,) at different pr values, is expected to provide a more insight
into the pr-dependent behavior of the ratio of photon anisotropic flow parameters.
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Figure 7. Time evolution of normalized total photon v, /v3 at different pr [79].

4. Ratio of Anisotropic Flow in the Presence of Clustered Structure

In recent time, measurements with small collision systems such as pAu, dAu, and
SHeAu have shown evidence of medium formation with the significantly large anisotropic
flow of hadrons [86-88] and the scaling behavior of direct photon production over the
scaled prompt photon production from pp collisions [89]. Recent studies suggest that the
presence of triangular alpha-clustered structures in light nuclei might result in significant
spatial anisotropies in the initial state when collided with heavy nuclei at relativistic
energies [90-97]. These initial spatial anisotropies, due to the cluster structure, can be
studied efficiently from final state momentum anisotropies.

Significant qualitative as well as quantitative differences between observables have
been shown when alpha-clustered structures are included in light nuclei (like '2C, 160, ...)
compared to the collisions of light nuclei with uniform density distributions. It is assumed
that the typical time scale of relativistic nuclear collisions is too small for any slower nuclear
excitation to take place, and thus, the initial clustered structure of the incoming light nuclei
remains unchanged in these collisions.

Electromagnetic radiation can be a useful probe to study clustered structures in light
nuclei due to their strong sensitivity to the initial state [98,99].

It has been shown that different orientations of triangular alpha-clustered carbon can
give rise to different initial geometry on the transverse plane in collision with gold nuclei
and subsequently different values of the anisotropic flow parameters even for most central
collisions [99]. On the other hand, thermal photon production is found to be independent
of the orientation of the clustered light nuclei.

A more realistic event-by-event ideal hydrodynamic model calculation of a-clustered
carbons with gold at 200A GeV shows that the triangular flow of photons is significantly
larger than the elliptic flow parameter [98]. This is contrary to the anisotropic flow results
in heavy-ion collisions (such as AuAu, PbPb, . ..), where the elliptic flow is always larger
than the triangular flow parameter. The event-averaged initial triangular eccentricities for
most central collisions are found to be significantly larger than the elliptical eccentricities,
which is reflected in the final flow results; see Figure 1 in Ref. [98].

The ratio of photon anisotropic flow from the collision of triangular a-clustered carbon
with gold at RHIC energy is shown in Figure 8. As the photon v3(p7) is larger than v, (pr)
in such collisions, the ratio is found to be less than 1 in the region pr > 1 GeV.

Thus, the estimation of individual photon anisotropic flow and the ratio of the
anisotropic flow parameters from light a-clustered nuclei can be complementary to the
results from typical symmetric heavy-ion collisions. These findings will not only shed light
on the clustered structure within light nuclei but also contribute to our understanding of
the direct photon puzzle. Recent proposals for collisions of oxygen nuclei at the LHC
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indicate the potential to experimentally validate the presence of alpha-clustered structures
in light nuclei [100].
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Figure 8. The predicted ratio of v, to v3 of thermal photons from collisions of alpha-clustered and
unclustered carbon nuclei with gold at the RHIC energy [98]. The dotted line (parallel to pr-axis)
shows the v, = v3 case.

5. Summary and Conclusions

Direct photons originating from various stages of the evolving fireball in relativistic
heavy-ion collisions dominate the differential photon spectrum in different pr regions.
Meanwhile, the differential elliptic and triangular flow parameters are predominantly
influenced by thermal radiations. The presence of non-thermal photons dilutes the photon
anisotropic flow, introducing an additional weight factor in the denominator of the photon
v, calculation.

The direct photon v, measurements at RHIC and LHC energies consistently fall below
the theoretical model calculations indicating a significant under-prediction of anisotropic flow.

It has been demonstrated in this review that the ratio of the elliptic and triangular flow
parameters of thermal photons as a function of pr exhibits intriguing characteristics. The
ratio remains nearly independent of pr in the region pr > 2 GeV whereas it increases for
smaller values of transverse momentum.

These findings straightforwardly indicate that the pr-dependent behavior of v, and
v3 closely resemble each other in the pr > 2 GeV region, dominated by radiation from
the hot and dense plasma phase (although the prompt contribution starts to dominate the
photon pr spectrum above 4 GeV, these photons are not contributing to the anisotropic
flow directly). The ratio also explains the experimental data better in the 2—4 GeV pr-
region dominated by thermal radiation. The high-pr (pr > 4 GeV) thermal photons
mostly originate from the initial stage of system evolution, during which the development
of transverse flow velocity is anticipated to be minimal. This likely contributes to the
relatively poor explanation of the data in that pr region. This ratio helps minimize the
impact of non-thermal contributions and offers a more reliable measure of the anisotropic
flow parameters associated with photon production.

By focusing on the ratio of photon v, to v3 as a function of pr within specific centrality
bins along with the individual photon anisotropic flow parameters, one aims to provide a
robust and insightful characterization of collision dynamics.
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Appendix A

The estimatie of the error of the ratio of photon anisotropic flow parameters at each
pt was calculated using the given experimental values [83] of individual total uncertainties
(comprising both systematic and statistical uncertainties) on v, and v3. This calculation

was performed as follows:
02 _ 2 02
zT3|error = 0 X 0'<v3> 1/
re

where U(Z;) 1 = \/O’(‘Uz)il + ‘7(03)11 and o (vy) = 70(1:1") , (A1)
re.

where 0, denotes relative uncertainity.
The estimated error of photon v, /v3 ratio for 0-20% and 20—40% AuAu collisions at
200A GeV is shown in Table A1.
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Figure Al. The model ratio of thermal photon v, to v3 from 200A AuAu collisions for centrality bins
0-20% and 20-40% [79] compared to the PHENIX Collaboration experimental data [83], the latter at
RHIC shown with the estimated errors (see text for details).

Table A1. Estimated (symmetric) error of the ratio of direct photon v, and v3 in AuAu collisions at
200A GeV based on the experimental uncertainties of individual flow parameters.

Centrality pr (GeV) valvs (pr) Error Estimate
1.19 1.9832 1.8354
1.69 1.8482 0.8103
0-20% 2.20 1.6303 0.6833
centrality 2.70 1.2974 0.5053
3.20 1.0289 0.5063
3.85 0.5063 0.7587
1.19 5.0674 9.0235
1.69 3.3807 3.0394
20-40% 2.20 2.6640 1.6579
centrality 2.70 2.2646 1.2841
3.20 2.0832 1.2792
3.85 3.1558 4.0156

Due to considerably large uncertainties present in both the direct photon v, and v3
data, the relative uncertainty in the ratio is also estimated to be quite large, especially for
more peripheral collisions. Disregard the large error bars, the mean values of the data
appear to align closely with the ratio calculated from theoretical model framework, as
Figure A1 shows.
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