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Partonic matter produced in the early stage of ultrarelativistic nucleus-nucleus collisions is assumed to be
composed mainly of gluons, and quarks and antiquarks are produced at later times. To study the implications
of such a scenario, the dynamical evolution of a chemically nonequilibrated system is described by ideal
(241)-dimensional hydrodynamics with a time dependent (anti)quark fugacity. The equation of state interpolates
linearly between the lattice data for the pure gluonic matter and the lattice data for the chemically equilibrated
quark-gluon plasma. The spectra and elliptic flows of thermal dileptons and photons are calculated for central
Pb+-Pb collisions at the CERN Large Hadron Collider energy of /syy = 2.76 TeV. We test the sensitivity of
the results to the choice of equilibration time, including also the case where the complete chemical equilibrium
of partons is reached already at the initial stage. It is shown that a suppression of quarks at early times leads to
a significant reduction of the yield of the thermal dileptons, but only to a rather modest suppression of the pr
distribution of direct photons. It is demonstrated that an enhancement of photon and dilepton elliptic flows might

serve as a promising signature of the pure-glue initial state.
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I. INTRODUCTION

Strongly interacting matter with extremely high energy
density can be created in the laboratory at the early stages
of relativistic nucleus-nucleus (A + A) collisions. An im-
portant physical question is how the nonequilibrium initial
system of two nucleon counterpropagating flows of colliding
nuclei transforms to a state of quarks and gluons in local
thermodynamic equilibrium, i.e., to the quark-gluon plasma
(QGP). The initial stage of A 4 A collisions is presently
described by different theoretical models ranging from simple
parton cascades [1,2] to more sophisticated string-parton
models (UrQMD, PHSD, cf. [3-5]), color glass condensate [6],
coherent chromofields [7,8], IP-Glasma [9], etc. It is usually
assumed that strong nonequilibrium effects take place only
during a very short proper time interval 7, ~ 1/Q;, where
Qs >~ 1-2 GeV is the so-called gluon saturation scale [10].
The idea that the gluonic components of colliding nucleons
dominate in high energy collisions was originally put forward
in Ref. [11]. It was motivated by the fact that the perturbative
gluon-gluon cross sections are larger than the quark-antiquark
ones. A two-step equilibration of QGP was proposed in
[12—14], assuming that the gluon thermalization is accom-
plished already at the early proper time ~1;, while the quark-
antiquark chemical equilibration proceeds until later times
T > T,;. Reference [2] advocates that 7y, = 5-10 fm/c. Such
a scenario for high energy A + A collisions was considered
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by several authors; see, e.g., Refs. [13,15-24]. The pure
glue initial scenario of Pb+4-Pb collisions at CERN Large
Hadron Collider (LHC) energies was recently discussed in
Refs. [25,26]. The particular aspect of entropy generation
in the chemically nonequilibrated QGP has been addressed
in [27].

In order to highlight possible signatures of the pure-glue
initial scenario, below we describe the evolution of the QGP
created in central A 4+ A collisions using (2+1)-dimensional
boost-invariant hydrodynamics. In our approach the quark-
antiquark fugacity is introduced to describe the QGP evolution
in the absence of chemical equilibrium. The main empha-
sis is put on electromagnetic probes (thermal photons and
dileptons), which may carry important information about the
deconfined phase. This problem has been repeatedly addressed
in the literature—see, e.g., [16,17,21-23]—however, a defini-
tive conclusion about the role of chemically nonequilibrium
evolution is still missing. The new aspects of the present
study include constructing the equation of state for chemically
nonequilibrated QCD matter via an interpolation of the lattice
data, as well as analyzing the impact of chemical nonequilib-
rium effects on the dilepton elliptic flow, and demonstrating the
importance of the late “hadronic” stage for the photon spectra.

The paper is organized as follows. In Sec. II we formulate
the hydrodynamical model used in our calculations. The
equation of state of a chemically nonequilibrated system is
constructed by interpolating the lattice results between pure
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FIG. 1. Temperature dependence of the scaled pressure (a) and the scaled energy density (b) obtained in lattice QCD calculations of
Refs. [31,34]. The solid and dashed lines correspond to the FQ (N =2 + 1) and PG (N, = 0) cases, respectively. The horizontal arrows
indicate the asymptotic (Stefan-Boltzmann) values of P/T* and ¢/ T* at large temperatures.

gluon and (2+1)-flavor QCD matter. In Sec. III we give
some results concerning the space-time evolution of strongly
interacting matter produced in central A + A collisions at
LHC energies. Spectra and elliptic flows of direct photons and
thermal dileptons are analyzed, respectively, in Secs. IV and
V. Our conclusions are given in Sec. VI. Appendices A and B
provide formulas for photon and dilepton rates, respectively.

II. FORMULATION OF THE MODEL

A. Equations of motion

We use a longitudinally boost-invariant (24 1)-dimensional
ideal hydrodynamics to describe the evolution of the net
baryon-free matter produced in high-energy A + A collisions.
The equations of the relativistic hydrodynamics can be written
as(h=c=1)

aTH
=0, 1
axY M)

where
" = (¢ + P)utu” — Pg"’ 2)

is the energy-momentum tensor, u* is the four-velocity, €
and P are the local rest-frame energy density and pressure,
respectively, and g"’ is the metric tensor with g% =1
in Cartesian coordinates (f¢,x,y,z), with z oriented along
the beam axis. Below we use the curvilinear light-cone
coordinates (t,x,y,n), where T = /1% — z2 is the proper time
and n = %ln % is the space-time rapidity. In the case of the
longitudinal boost-invariant (241)-dimensional flow one can
represent the fluid’s four-velocity as [16,28]

u" =y, (coshn,v,, sinhn), 3)

where v is the transverse velocity in the symmetry plane
z=0andy, =1 — vi)’l/ 2 stands for the transverse Lorentz
factor. To solve Eq. (1) one needs the equation of state
(EoS), i.e., a relation connecting P and e. For chemically
nonequilibrated matter considered in this paper, P = P(¢g,A),
where A is the (anti)quark fugacity. In principle, one should
also solve additional rate equations, defining the evolution of
A, as done, e.g., in [15,16,23,29]. Instead, a simple analytic
parametrization for A as a function of the proper time is used
in our study (see the next section).

It is useful to introduce the local proper time 7p of a fluid
cell element. Its space-time dependence is determined by the
equations

ud,tp =1, tp(10,X,y,1) = 10, “4)

where the parameter 7y corresponds to initial longitudinal
proper time of the hydrodynamic expansion. Equation (4)
must be solved simultaneously with Eq. (1). In general, tp is
smaller than the “global” time 7 due to the presence of nonzero
transverse flow. In the limiting case of the one-dimensional
longitudinal Bjorken expansion [30], one has v; =0 and,
consequently, Tp = 7.

B. Equation of state of chemically nonequilibrium QCD matter

‘We use the lattice QCD calculations for the EoS of strongly
interacting matter in two limiting cases: (1) chemically equi-
librated QCD matter [31,32] and (2) the SU(3) gluodynamics
without (anti)quarks [33,34]. In the following we denote these
cases as FQ (full QCD) and PG (pure glue), respectively.
The FQ case corresponds to (2+1)-flavor QCD calculations,
which predict the crossover-type transition at 7 ~ 155 MeV.
The PG calculation provides a first-order phase transition at
T =T, ~270 MeV. The temperature dependencies of the
pressure and energy density for FQ and PG scenarios are
exhibited in Fig. 1. Larger values of P and ¢ in the FQ
calculation appear due to the contribution of quark-antiquark
degrees of freedom. Note the discontinuity of e(T) at T = T,
in the PG case. Very small values of P and ¢ at T < T, in the
PG matter originate from large masses of glueballs (M, > T),
which are the constituents of the confined phase [34].

The suppression of the quark and antiquark densities as
compared to their equilibrium values at given temperature is
characterized by the (anti)quark fugacity A (for details, see
Ref. [27]). Generalizing the lattice EoS for the chemically
nonequilibrium case with A < 1 is not a straightforward task.
We obtain the P and ¢ values at fixed T and A by a linear
interpolation (LI) between the the PG and FQ cases:'

P(T,}) = APpo(T) 4 (1 — 1) Ppi(T), 5)
e(T\1) = repQ(T) + (1 — Mepa(T). (6)

'For brevity, we denote this equation of state as EoS-LI
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FIG. 2. Pressure as a function of energy density in FQ (solid
curve) and PG (dashed curve) cases obtained in lattice calculations
[31,34]. Additionally, the P = ¢/3 dependence for the ultrarelativis-
tic ideal gas is shown by the dash-dotted line. The inset zooms into
the region of smaller energy densities.

After excluding the temperature variable in Egs. (5)
and (6), one gets the relation P = P(e,A) which is used
in hydrodynamic simulations. The limits A =0 and A =1
correspond to the thermodynamic functions of the PG and FQ
matter, respectively. Note that the linear A dependence of P
and ¢ is a characteristic feature of the ideal gas of massless
gluons and (anti)quarks studied in Refs. [26,27].

It is interesting that the ¢ dependence of the pressure
needed for the hydrodynamical calculations appears to be
rather similar in PG and FQ matter. This is shown in Fig. 2.
The pressure values corresponding to EoS-LI will change
from P = Ppg(¢) at the initial stage of the A + A collision to
P = Prq(e) during the later stage of chemical equilibration.”
As follows from Fig. 2, both equations of state show an almost
linear P(¢e)dependence in the considered energy density range,
but they are both softer than the EoS of the ideal gas of massless
partons.

Using Egs. (5) and (6) and basic thermodynamic identities,
one can calculate the total density of (anti)quarks n, and the

ZPossible supercooling phenomena may change this behavior.
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entropy density s. The following relations are obtained:

A
ng(T,A) = T(PFQ — Ppg), @)
S(T.2) = Aseo(T) + (1 — Mspa(T) — ng(T,A) Ink.  (8)

The two-dimensional plots of P and ¢ for the chemically
nonequilibrated QCD are shown in Fig. 3. The EoS-LI contains
the first-order phase transition at 7, = 270 MeV. The latent
heat of this transition depends on A, and it goes to zero at
A— 1.

Below we assume that at T = 7 the initial (anti)quark
densities vanish in all cells and gluons are in thermal and
chemical equilibrium. Similarly to Refs. [26,27] we postulate
that A is an explicit function of the local proper time 7p which
increases from A =0 at tp = tpto A =1 at tp — 19 —> 0.
The following simple parametrization is used:

Atp) =1 —exp (—to — TP), )]

T

where 7, is a model parameter characterizing the quark
chemical equilibration time. There are different estimates for
7, in the literature ranging from 7, ~ 1 fm/c [35] to ©, ~
5 fm/c [2]. Note that 7, = 0 corresponds to the instantaneous
chemical equilibration of quarks and gluons.

In our calculations we assume that gluons are always
in thermal and chemical equilibrium immediately from the
beginning of the hydro expansion. This assumption can be
relaxed by modeling the chemical nonequilibrium of gluons
by using the time dependent gluon fugacity A,, with a
different (smaller) relaxation time 7, for gluons compared to
quarks. The calculations can be made even more realistic by
introducing additional rate equations describing the space-time
evolution of quark and gluon densities. However, this would
require some new assumptions. In particular, the introduction
of the chemical nonequilibrium for gluons would require
modifications to the equation of state. Calculations employing
the rate equations [19,21,35], as well as those employing
the microscopic parton cascade [25], indicate that the time
evolution of the gluon fugacity is not completely trivial,
and may even be nonmonotonic. For our analysis it is most
important that, at the early stages, the gluon fugacity is still
significantly larger than the (anti)quark fugacity. Thus, in the
present work we only consider the undersaturation of quarks,
but not of gluons.

Pure glue

Full QCD
€ (GeV/im®)
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FIG. 3. Contour plots of pressure (a) and energy density (b) for chemically nonequilibrated QCD calculated from Eqgs. (5) and (6). The
white lines show contours P = 0.05 GeV/fm3 (a)and e = 0.5 GeV/fm3 (b).
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C. Initial conditions

We consider Pb+-Pb collisions at the LHC with center-of-
mass (c.m.) energy per nucleon pair /syy =2.76 TeV. In
our calculations we choose 7y = 0.1 fm/c as the initial time
of the hydrodynamic evolution. It is assumed that there is
no initial transverse flow, i.e., v (7p,x,y) = 0, and the initial
energy density profile is proportional to the linear combination
of the transverse distributions of wounded nucleons and of
binary collisions taken from the event-averaged Monte Carlo
Glauber model as implemented in the GLISSANDO code [36].
The coefficient of proportionality in the initial ¢ profile is
fixed to reproduce the observed hadron spectra within the
simulation, assuming chemical equilibrium with the full QCD
EoS for a given centrality interval (see Ref. [37] for details).
We use the same initial energy density profile in the present
calculations for the chemical nonequilibrium case.

Itis also assumed that initially the fugacity A of (anti)quarks
is zero; i.e., the initial state is purely gluonic. In our model this
is realized by setting the initial local proper time of each fluid
element equal to 7o, i.e., Tp(79,X,y,n) = To.

III. NUMERICAL RESULTS OF HYDRODYNAMIC
SIMULATIONS

Equations (1) and (4) are solved using the (2+1)-
dimensional version of the VHLLE hydro code [38]. The
EoS tables P = P(g,A) for hydrodynamic simulations were
prepared as described in Sec. II B. We consider the 0-20% and
20-40% central Pb+Pb collisions.

The density plot of the quark fugacity A in the x-t
plane is given in Fig. 4(a). The dashed line shows the
isotherm 7 = 155 MeV which presumably corresponds to the
hadronization hypersurface. One can see that typical lifetimes
of the deconfined phase in the considered reaction do not
exceed 10 fm/c. In Fig. 4(a) one observes that deviations from
chemical equilibrium (A < 0.9) survive up to the hadronization
stage. As discussed in Ref. [27] this may lead to a suppression
of (anti)baryon-to-pion ratios observed [39] for the considered
reaction. Note that A evolves with t in Fig. 4(a) even in the
large x regions where there is virtually no matter, which results
from applying Eq. (9). In reality, of course, the values of X for
very dilute and cold fluid elements are irrelevant and should
be ignored.

Figure 4(b) shows the density plot of the temperature in
the coordinates (x, 7). The solid and dashed curves correspond
to 7, = 5 fm/c and t, = 0, respectively. One can see that the
chemically undersaturated matter is hotter compared to the
equilibrium case (A = 1).% This is a consequence of reduced
number of degrees of freedom in such a medium. According
to Fig. 4(b), typical lifetimes of the mixed phase are rather
short: they do not exceed 0.5 fm/c. This is at variance with
calculations in the (1+1)-dimensional hydrodynamics which
predict [40] much larger lifetimes of the mixed phase within
the chemically equilibrated bag model. Therefore, the account
of transverse expansion is rather important.

3Note that in both cases we take the same profile of the energy
density at T = 1.
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FIG. 4. Contour plots of the quark fugacity (a) and temperature
(b) in the x-t plane for the 0-20% most central Pb+Pb collisions at
S = 2.76 TeV. The solid curves show contours of A and 7' (in
units of MeV). The dashed line in (a) corresponds to the isotherm
T = 155 MeV. The dark region labeled by FOPT corresponds to the
mixed-phase region of the first-order phase transition at 7 = 7, =~
270 MeV. The dashed curves in (b) depict isotherms calculated for
equilibrium matter with A = 1.

Figure 5 shows the evolution of the temperature in the
central cell (x,y,z) =0 for 7, =0 and 7, =5 fm/c. In the
second case, T, =5 fm/c, we compare the calculations for
EoS-LI (solid line) and for the ideal gas of massless partons
[27] (dashed line). One can see significant differences between
these two calculations at late times.

It is evident that the entropy will grow in the course of
chemical equilibration. This was demonstrated in Ref. [27]
within the purely longitudinal Bjorken hydrodynamics. Here
we present a similar analysis within the (24-1)-dimensional
hydrodynamical model. The total amount of entropy flowing
through a space-time hypersurface o* can be evaluated as [40]

S:/dc“uﬂs. (10)

Here s is the entropy density and do* is the element of a space-
time hypersurface which we choose below* as the surface of

“In the case of chemical equilibrium S is constant and does not
depend on the choice of a hypersurface.
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FIG. 5. Temperature in the central cell as a function of proper
time for 0-20% central Pb+-Pb collisions at ,/syy = 2.76 TeV. The
dashed and solid curves are calculated for t, = 0 and 7, =5 fm/c,
respectively. The short section between filled dots on the solid
curve corresponds to mixed-phase states of the confinement phase
transition. The dash-dotted curve is for 7, = 5 fm/c, assuming the
ideal gas EoS.

constant proper time 7. Using Eq. (3), one can show that
do*u, =y, 7 d*x,dn for such a hypersurface. Substituting
this relation into Eq. (10) leads to the following expression
for the total entropy per unit space-time rapidity in (2+1)-
dimensional hydrodynamics:

=T / dzxLyL(r,xl)s(r,xL). (11)

The results of the entropy calculations for the 0-20% central
Pb+Pb collisions are shown in Fig. 6. At 7, =5 fm/c the
relative increase of the entropy is about 30%. Approximately
the same relative increase has been obtained in [27] within
a one-dimensional Bjorken-like calculation for the ideal gas
EoS. Note, that more consistent calculations for nonzero t,
would require renormalizing the initial energy density profiles

12 ; ' ' ' '
—-— 1=0fm/c
_ _
s ©.=1 fm/c
[92]
(;O sl t,=5fm/c -
o
h 4 L |
21 112 |
0-20% Pb+Pb, 5'%=2.76 TeV
N N
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FIG. 6. Total entropy per unit space-time rapidity as a function
of proper time T for 0-20% central Pb+Pb collisions at /syy =
2.76 TeV. The dash-dotted, dotted, and solid curves correspond to the
parameters 7, = 0, 1, and 5 fm/c, respectively.
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to obtain the same final pion multiplicities as in the equilibrium
case. The asymptotic values of dS/dn for different choices of
7, in Fig. 6 will be then the same.

IV. DIRECT PHOTON EMISSION

The emission of direct’ photons from expanding matter
created in relativistic A + A collisions has several components
[41,42]: (a) “prompt” photons from binary collisions of initial
nucleons, (b) “thermal” photons from the high-temperature
deconfined phase, and (c) direct photons from the low-
temperature hadronic phase. The contribution of prompt
photons becomes dominant at large transverse momenta. As
we will see below, this greatly reduces the sensitivity of photon
pr spectra to chemical nonequilibrium effects. However, the
situation with transverse flows of photons is different because
of low azimuthal anisotropy of prompt photons. Note that the
ALICE experiments [43] reveal large elliptic flows of direct
photons, which still cannot be explained in the chemically
equilibrium scenario [41].

Within the leading order approximation in the strong
coupling constant, the following sources of thermal photon
production in the deconfined matter are dominant [44]:

(1) QCD Compton scattering (A + g — A + y, where
A=q.9)

(2) quark-antiquark annihilation (g +g — g + ),

(3) bremsstrahlung reactions (A+ B — A+ B+ vy,
where A = ¢,q and B = q,q,g), and

(4) “off-shell” ¢gg annihilation with rescatterings of
(anti)quark on another parton in the initial state.®

It is clear that photons cannot be produced in pure glue matter
without charged (anti)quark partons.

Let us consider the invariant photon production rate (PPR)
in a chemically undersaturated quark-gluon plasma (uQGP)
with temperature 7 and quark fugacuy A. Below we denote
this quantity as I'(E,T,), where E is the photon energy in the
rest frame of the fluid element. The limiting case of complete
chemical equilibrium (A = 1) is considered in Appendix A.
We use the analytic parametrization for F(E T)=T(E,T,I)
suggested in Ref. [44]. Equations (Al) and (A2) give the
explicit expressions for I';(E,T), which are the PPR of
processes i = 1,2 in the chemically equilibrated QGP.

To calculate PPR for arbitrary A we introduce the additional
suppression factor A for each quark and antiquark [26,27]
in initial states of processes 1-4. In particular, the rates
of processes 1 and 2 will be suppressed by the factors A
and A2, respectively. An analogous procedure for processes
3 and 4 is not trivial, as the contribution of partons B =
g is not suppressed as compared to B = ¢g,q. Similarly
to Ref. [22], we apply two different approximations for

By direct photons we denote the “noncocktail” photons, i.e., those
which are not produced in decays of 7°, 5, p, ', and ¢ mesons in the
final stage of the reaction.

6According to Ref. [45], the next-to-leading order corrections to the
rate of photon production in equilibrium QGP do not exceed 20%.

024906-5



V. VOVCHENKO et al.

10
107
~
E
3107
>
[}
U 4
~ 10" T=700 MeV 3
(0] - 7
w ! E=05 GeV
=00 ——-1GeV J
LA (thick), UA (thin) "~ 2GeV 3
------ 3 GeV
10-6 " 1 " 1 " 1 " 1
0 0.2 0.4 0.6 0.8 1.0

A

PHYSICAL REVIEW C 94, 024906 (2016)

rate (GeV*fm™)

1) VN Y 26Gev
10° 77 LA (thick), UA (th
oI (thick), UA {thin) - ___ 3GeV
10-9 " 1 " 1 " 1 " 1 "
0 02 04 06 08 10

A

FIG. 7. Thermal photon production rates in uQGP as functions of quark fugacity A at temperatures 7' = 700 (a) and 300 (b) MeV for
different values of rest-frame photon energy E. Thick and thin lines are calculated by using Eq. (12) and (13), respectively.

(E,T,\):

LA: T(E,T,\) = AT'\(E,T)+ X[T(E,T) — I'(E,T)],
(12)

UA: T(E,T,A) = ATo(E,T) + A[T(E,T) — To(E,T)],
(13)

where F(E ,T) is calculated by using Egs. (A4)-(A7). It
is clear that the approximation LA (UA) underestimates
(overestimates) the “exact” photon production rate in uQGP.
The results of PPR calculations using Eqs. (12) and (13) are
shown in Fig. 7 for several values of E and 7. One can see
that the difference between the parametrizations LA and UA
increases with 7. Note that large temperatures correspond to
early stages of a heavy-ion collision, when the values of A are
rather small in the pure glue initial scenario [26].

In our case of a boost invariant (2+1)-dimensional expan-
sion the invariant yield of thermal photons is calculated as

dNth 5 +o00 +00 N
WZ/‘J xT/ dz T/OO dnT(E,T,\)6(T—Tj),
T _

(14)

where pr is the transverse momentum of the photon, Y is its
longitudinal rapidity, E = y, pr[cosh(Y —n) — v, cos¢ —
vy sin @] (¢ is the angle between pr and the reaction plane),
0(x) = [1 + sgn(x)]/2, and Ty is the minimum temperature,
i.e., radiation from fluid cells with T > T, is considered only.

As mentioned above, spectra of direct photons include, in
addition to the thermal component, also the contribution of
prompt photons from initial collisions of nucleons in cold
initial nuclei. This contribution is usually obtained by using the
perturbative QCD calculations of photon production in a single
pp collision at the same ,/syy. The obtained photon yield is
scaled by the average number of nucleon collisions for a given
centrality class. Below we use the prompt photon spectra in
central Pb+Pb collisions at LHC reported in Refs. [43,46]. Ac-
cording to our calculations, the contribution of prompt photons
in such reactions becomes dominant at high transverse mo-
menta pr 2 5 GeV/c. Unfortunately, this greatly reduces the

sensitivity of combined thermal and prompt photon p7 spectra
to the EoS and to parameters of chemical nonequilibrium.

Figure 8(a) shows our results for the direct photon spectrum
in 0-20% central Pb+Pb collisions at /syy = 2.76 TeV,
calculated using the PPR from Egs. (12) and (13) with the
cutoff temperature of 7, = 155 MeV. We have checked that
the LA parametrization of thermal photon emission, Eq. (12),
gives only several percent lower yields compared to the
alternative UA choice. Therefore, we present here only the
results based on Eq. (13). To estimate contributions of thermal
photon emission from the late (hadronic) stages of the reaction,
we additionally perform calculations for the lower cutoff
temperature of 125 MeV, shown in Fig. 8(b). In this case,
for temperatures 7 < 155 MeV we use the parametrized PPR
in the hadronic phase, which includes contributions of the the
in-medium p mesons [47], strange mesons [48], and the
bremsstrahlung [47]. The consistency of our approach is pro-
vided by the fact that hadronic and QGP rates are very similar
in the vicinity of the crossover temperature, as demonstrated
in [41,49]. In our calculations we use the chemical equilibrium
rates of photon emission from the confined phase. In principle,
the hadronic densities may be reduced due to the suppression of
constituent (anti)quarks with fugacities 1 < 1 (see the related
discussion in Ref. [27]). However, as one can see in Fig. 4,
at these low temperatures the A values are already close to
unity. Having in mind that introducing the suppressed hadronic
rates will require additional assumptions and that its effect is
expected to be small, we do not implement the corresponding
modification of hadronic PPR in the present paper. Comparison
of Figs. 8(a) and 8(b) shows that thermal photon emission
from the low-temperature stage 7 < 155 MeV gives only a
slight change of the yield at intermediate p;y = 2-6 GeV/c.
On the other hand, such emission more noticeably increases
the photon yield at pr < 2 GeV/c. Including this additional
hadronic source of thermal photons leads to a somewhat better
agreement with the observed data. We note that PPR from the
hadronic phase are presently not constrained very well. Thus,
additional studies in that direction are needed.

The direct photon production in Pb+Pb collisions at LHC
has been considered in various theoretical models which in-
clude relativistic ideal [50,51] or viscous [41] hydrodynamics,
and the PHSD off-shell transport approach [52]. These studies
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FIG. 8. Spectra of direct photons in the 0-20% central Pb+Pb
collisions at /syy = 2.76 TeV calculated by using Eq. (14) with
the cutoff temperatures Ty = 155 (a) and 125 (b) MeV. At T >
155 MeV the uQGP photon production rate given by Eq. (13) is
used while for lower temperatures the hadronic PPR is employed.
The dash-dotted, dotted, and solid curves correspond to 7, =0, 1,
and 5 fm/c, respectively. Dots with error bars show the experimental
data [46].
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describe experimental pr spectra of photons with a similar
quality. Thus, as noted in Ref. [46], the present uncertainties
in the ALICE photon data do not allow us to discriminate
between various models and scenarios.

The photon elliptic flow v} (pr) is calculated by

21 dN,

0 d(p Zprdv COS(2§0)
2 dN,
o do Zprdy

WY (pr) = (15)

The photon spectrum entering this equation includes both
thermal and prompt components. We assume that prompt
photons are azimuthally symmetric. Therefore, they contribute
only to the denominator of Eq. (15), reducing v} at large pr.

The results for direct photon elliptic flow in 0-40% central
Pb-+Pb collisions at ./syy = 2.76 TeV are shown in Figs. 9(a)
and 9(b). One can see that the initial undersaturation of quarks
leads to a noticeable enhancement of v} . The comparison of
thick and thin lines shows that this enhancement is significantly
reduced due to the presence of prompt photons.” From the
analysis of different cutoff temperatures we conclude that the
contribution of a colder “hadronic” stage increases the photon
elliptic flow and leads to a somewhat better agreement with
the ALICE data. The latter ones are noticeably underestimated
in the chemically equilibrium scenario (t, = 0). The physical
reason for the v} increase for lower 7 is rather clear. It is
explained by the increase of collective flow velocities at later
times. Despite the fact that fewer quarks are produced at late
stages, their angular anisotropy will be stronger.

To study possible influence of the centrality choice, in
Fig. 10 we show the photon elliptic flows for the same reaction,
but taking narrower centrality classes, 0-20% and 20-40%.
One can see that the photon elliptic flow and its sensitivity to
chemical nonequilibrium effects becomes stronger for larger
impact parameters. This behavior is explained by increased
eccentricities of quark fireballs in less central events.

7Similar conclusions have been made in Refs. [22,23].

| 0-40% Pb+Pb, s'?=2.76 TeV

0.20

= ALICE preliminary

T

(a) {

T

| 0-40% Pb+Pb, s'%=2.76 TeV

0.20

QGP-UA + Hadronic

T

(b) 3

—-=1.=0fm/c

Yc.m. = 0

T > 125 MeV

Thin: thermal y
Thick: direct y T > 155 MeV-

0 1 2 3 4 5 6

Thin: thermal y
Thick: direct y ]
0 1 2 3 4 5 6
p; (GeV/c)

FIG. 9. Elliptic flow v} of direct photons as a function of transverse momentum pr in 0-40% central Pb+Pb collisions at \/syy = 2.76 TeV
calculated with the cutoff temperatures 7y = 155 (a) and 125 (b) MeV. The dash-dotted, dotted, and solid lines correspond to 7, = 0, 1, and
5 fm/c, respectively. Thick (thin) curves are calculated with (without) the contribution of prompt photons in Eq. (15). Experimental data are

taken from Ref. [43].
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FIG. 10. Elliptic flow of the direct (thick lines) and thermal (thin lines) photons for 0-20% (a) and 20-40% (b) central Pb+Pb collisions

at /syy = 2.76 TeV.
V. THERMAL DILEPTON EMISSION

The rate of thermal dilepton production from the lowest-

order quark-antiquark annihilation processes gg — ete™ in
the net baryon-free uQGP can be written as®
dN 2 Qu

dxd0 = CyA~exp (—T> (16)

where Q = p, + p-_ is the dilepton total four-momentum, and
T and u are, respectively, the local values of temperature and
four-velocity of the medium. The coefficient in front of the

, where o and Fy are defined in Eq. (A1).

Note that Eq. (16) is obtained in the Boltzmann approximation
for the (anti)quark phase-space distributions and neglects the
quark and lepton masses. The A factor in Eq. (16) takes
into account the (anti)quark suppression in the chemically
nonequilibrated QGP.

Introducing the dilepton invariant mass M = \/@ , one has

Ot = (M coshY,Q,M, sinhY), 17)

isC, = o F,
rate 18 =
q 47T4 q

8 An analogous expression in the limit of chemically equilibrated
plasma (A = 1) has been suggested in [28]. First calculations of the
dilepton emission in uQGP have been presented in Refs. [17,29].

10"
102
10
10*
10°
10°
107
10°®

dN/(dM?dY) (GeV?)

10"
10-11

10°F

where M| = v M? + Q2 stands for the transverse pair mass,
and Y = tanh™!(Q,/Qy) is the longitudinal rapidity of the
lepton pair. Using Eq. (3) for the four-velocity of the fluid in
(241)—dimensional hydrodynamics, one gets the expression
for the rest-frame dilepton’s total energy
(Qu) = y.[M, cosh(Y —n) —

Qv (18)

Let us denote by ¢ and ¢, the angles of @, and v, with
respect to the x axis, respectively. Then one can substitute
Q.v; = Qv cos(p — ¢,)in the right-hand side of Eq. (18).

From Eq. (16), using the relations d*x = t dt d*x,dn and
d*Q = M dM dY d* Q |, after integrating over the space-time

rapidity n, we obtain
/de/ dt A’ (t1,x1)

szde
x J(M,t,x1)0 (T — Ty), (19)
where
o M
JM,t,x )= / dQlQlK()(yJ' l) exp <le—le)
0 T T
(20)

Thermal dileptons

(a)

1 1

T T

1

1

0 2 4 6
M (GeV/c?

)

M (GeV/c?)

FIG. 11. Invariant mass distribution of thermal dileptons in 0-20% (a) and 20—40% (b) central Pb+Pb collisions at /syy = 2.76 TeV

calculated for 7, = 0, 1, and 5 fm/c. All results correspond to the cutoff temperature 7, =

155 MeV.
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FIG. 12. Same as Fig. 11 but for elliptic flow of thermal dileptons, vgp.

Hereinafter we denote by K, (x) and I, (x) the modified Bessel
functions of the order v. Due to the assumed boost invariance,
the dilepton spectrum (19) does not depend on Y within
(2+1)—dimensional hydrodynamics. Thus, it should be applied
essentially just in the central rapidity region.

Explicit relations for the invariant mass distribution and the
elliptic flow of thermal dileptons, obtained from (19) and (20),
are given in Egs. (B1)-(B4) of Appendix B. We would like to
emphasize the well known fact that the dilepton mass spectrum
does not depend explicitly on the transverse collective velocity
v, see (B1) and (B3). This is to be contrasted with the pr
spectra of thermal photons which are given by a superposition
of exponents exp (—pr/ Tetr), where Tog is the “blue-shifted”
effective temperature Toge = T /(1 + v1)/(1 — vy).

In the limiting case of the one—dimensional Bjorken-like
hydrodynamics one gets for purely central collisions [26]

dN
dM2dy

~ 272 R*C Mfrf dtt T()K M 22(1)
- “ [T

(v =0), @

where R is the geometrical radius of colliding nuclei and z is
determined from T'(t;) = T7.

The results of calculating the dilepton mass spectrum in
central Pb+Pb collisions at /syy = 2.76 TeV are shown in
Fig. 11 for the cutoff temperature 7y = 155 MeV. One can see
that the initial quark suppression leads to a strong reduction of
the dilepton yield at M 2 2 GeV. Note that we do not include
contributions of hard (Drell-Yan) dileptons [42] produced in
binary collisions of initial nucleons.

As shown in Appendix B, the elliptic flow of thermal dilep-
tons strongly depends both on the direction and magnitude
of the transverse collective velocity. Note that the previous
analysis of dilepton elliptic flow of Refs. [53,54] corresponds
to the limit of complete chemical equilibrium (A = 1).

The elliptic flows of thermal dileptons in the same reaction,
calculated in accordance with Eq. (B2), are shown in Fig. 12
for several values of t,. Similarly to direct photons we predict
a strong enhancement of the dilepton elliptic flow as compared
to the equilibrium scenario (z, = 0). Note that USP values are
larger for more peripheral events.

VI. CONCLUSIONS

In this paper we presented calculations of the electro-
magnetic observables in Pb+Pb collisions at LHC energies
for different assumptions about the initial state of produced
partonic matter. In our calculations we have used a rather
advanced hydrodynamic model which was previously used to
describe the hadron observables.

In the nonequilibrium scenario, the thermal production
of high-p7r photons is significantly suppressed compared to
the equilibrium case. However, since the high-pr photon
production is dominated by the prompt photons from initial
parton scatterings, we do not find a strong suppression of
the total direct photon spectra. Our analysis shows that the
pr spectra of such photons calculated for equilibrium and
nonequilibrium scenarios differ at most by a factor of 2, and
these differences are within the error bars of experimental
data. Much stronger effects are found for the thermal dilepton
spectra, especially at large invariant masses M 2> 2 GeV,
where the deviations between two scenarios can reach one
to two orders of magnitude. Unfortunately, the corresponding
experimental data are not available yet.

Our hydrodynamic approach also allows us to calculate
the elliptic flow parameters v} P which characterize the
azimuthal anisotropy of the direct photon and dilepton
emission. We find a rather significant enhancement of the
elliptic flow for the pure glue initial state for both photons
and dileptons. However, the available experimental data for
photons are not yet accurate enough to discriminate between
the considered scenarios for the initial stage. We are looking
forward for the more precise experimental data, enabling more
definite statements on the evolution of primordial matter in
ultrarelativistic heavy-ion collisions.
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APPENDIX A: PHOTON EMISSION

In this section we consider the PPR in the chemically
equilibrated QGP. Processes 1 and 2 (see Sec. IV) have been
analyzed in Ref. [49]. The infrared divergencies of photon
production cross sections were regularized by using the hard
thermal loop resummation procedure [55]. The following
expressions for invariant rates of photon production have
been obtained in the lowest order approximation in the strong
coupling constant o :

B;
2 i =1.2).

Ay

MET) =E = A;FyaasT?e ™  In

d’pd*x
(AD)

Here p* = (E, p)* is the photon four-momentum, E= Duut

is the rest-frame photon energy, o = e~ 1/137 is the
2

electromagnetic coupling constant, F, = ) 7 (e?f) (e is the

charge of quarks with flavor f) and x = E /T. Numerical
values of constants A;, B; are given by the relations

= 2A1 = B] ~ 100,

B, ~0.112. (A2)

372
In the following we assume the number of quark flavors N, =
3 and take into account the temperature dependence of ay by
using the parametrization [56]

6
as = , (A3)
(33 —2Ny)In(8T/T)

where T, = 170 MeV.

Processes 3 and 4 correspond to higher orders in ay. The
detailed calculations in [44] give the following result for the
total PPR:

IE,T) = ZF (E,T) = F aas T2 d(x), (Ad)
X —1 3x
d(x) = (" + 1) Lo , (A5)
2 2mag
where
Cir(x) = 0.041x7' —0.3615 4+ 1.01¢~ -3~ (A6)
and
/ 0.548
Cu(x) = 1+?[ 5 In (1228 +x7hH
N 0.133x } A7)
VT+x/1627 ]

These formulas become not accurate outside the domain 0.2 <
x < 50. Figure 13 shows numerical values of 'y, I'p, and T for
T = 180 MeV. One can see that contributions of processes 3
and 4 are rather significant at all considered photon energies.

PHYSICAL REVIEW C 94, 024906 (2016)
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FIG. 13. Thermal photon production rates in equilibrium QGP
as functions of the rest-frame photon energy at temperature 7 =
180 MeV.

APPENDIX B: DILEPTON EMISSION

The invariant mass spectrum dN/dM?dY and the elliptic
flow vy = va(M) of thermal dileptons are determined by
integrating Eq. (19) over ¢ with the weights 1 and cos (2¢),
respectively. We get the relations

+o00
/dxl/ dr T2’ (t,x))

Mde
x JiM,t,x )0 (T —Ty), (B1)
szdY /d xl/ dr 2% (t,x))
x Hh(M,t,x )0 (T —Ty), (B2)
where
2
Jl = / d(p J
0
o M
=27r/ dQLQLKO(VL L)IO(VLULQL>
0 T T
M
= 2nMTK1<?> B3)
and

2
b = / do J cos 2p)
0

= 27‘[C0S(2g0u)/OOdQJ_QJ_K()(VJ_MJ_>12<VJ_UJ_QL)
0 T T

- (F) - ()]}

(B4)

= cos (2%){J1

To calculate integrals over Q in Eqgs. (B3) and (B4), we
have applied a procedure suggested in [57]. We start from the
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integral representation

.00 V/OO dt 1 t+x2
(X)) = ——eXp|—= — |
V= o vl P73 t

and then use the formulas

o0 2 B?
/O dQ1Q e "% (BQ )= —exp <—) (B6)

/0 40,01 L(BO.)

1 2 CATEE
=|=——-—=]exp|— —.
24 B2)P\aa) T B2

PHYSICAL REVIEW C 94, 024906 (2016)

The second equation is obtained by using the relation I»(x) =
To(x) — 21 (x)/x.

Note that cos (2¢,) = (v — v2)/v7 in Eq. (B4). It is easy
to show that at small v, one gets the approximate relation

M
Jy ~ %(vf - vﬁ)MZIQ(?) (v < D). (B8)

Presumably, this limiting case corresponds to early stages of
the QGP evolution.
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