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The space-time evolution of the hot and dense fireball of quarks and gluons produced in ultrarelativistic
heavy-ion collisions at nonzero baryonic chemical potential and temperature has been studied by using
relativistic dissipative hydrodynamics. For this purpose, a numerical code has been developed to solve the
relativistic viscous causal hydrodynamics in (3 4 1) dimensions with the inclusion of QCD critical point
(CP) through the equation of state and scaling behavior of transport coefficients. We compute the
transverse momentum spectra, directed and elliptic flow coefficients of pions and protons to comprehend
the effect of CP on these observables. It is found that the integration over the entire space-time history of
the fireball largely obliterates the effects of CP on the spectra and flow coefficients for the event averaged

initial conditions considered here.
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I. INTRODUCTION

Calculations based on lattice QCD and effective field
theoretical models at nonzero temperature (7°) and baryon
chemical potential (up) affirm a complex phase diagram
[1-6] (see Ref. [7] for a contemporary review). It is
established by lattice QCD calculations that at high T
and low pz (—0) the quark-hadron transition is a crossover.
However, the transition may be first order in nature [5,8] at
low T and high ug. Therefore, it is expected that between
the crossover and the first-order transition there may exist a
point in the up — T plane, called the critical end point or
simply critical point (CP) where the first-order transition
ends and the crossover begins [9]. The location of the CP is
not yet precisely known from lattice QCD based calcu-
lations [10] due to the well-known sign problem for spin-
1/2 particle (quark) [11] at nonzero ug.

However, there are several calculations based on effec-
tive field theoretic models at nonzero baryon density
[12—-15] predicting diverse locations for the CP in the
ug — T plane [16]. The coordinates of the CP, (ug.,T.),
depend on the values of the parameters of the model. In the
present work, we take (up., T.) = (350 MeV, 143.2 MeV)
as a representing point for CP in the QCD phase diagram.
Experimental observables do not carry information of
a single point in the uz — T plane of the QCD but super-
position of all the points that the trajectory experiences from
the initial state to the final freeze-out. Therefore, itis expected
that the imprint of the CP will be stronger if it is located near
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the freeze-out boundary. Moreover, the size and shape of the
critical region may affect the observables [17].

It is generally accepted that the quark gluon plasma
(QGP) system formed with small yp and high 7 in nuclear
collisions at top Relativistic Heavy Ion Collider (RHIC) and
Large Hadron Collider (LHC) energies reverts to hadronic
phase via crossover transition. The ongoing Beam Energy
Scan (BES-)II program at RHIC, the upcoming Compressed
Baryonic Matter, and the Nuclotron Based Ion Collider
Facility experiments are projected to produce QGP at higher
up and lower T, which revert to the hadronic phase through
a first-order phase transition. The QCD matter at different
values of 7" and pp can be produced in nuclear collisions by
regulating the center-of-mass energy per nucleon (,/syy) of
the colliding nuclei and scanning through different rapidities
at a given colliding energy. Therefore, the colliding energy
and the rapidity (y) bin should judiciously be chosen to
approach the critical point at (ug,, T.).

Several signatures of the CP have been proposed in the
literature. An early work [18] predicts that the existence of
the CP will be associated with large event-by-event fluctua-
tions of low momentum pions and suppressed fluctuations in
T and up. Ithas been shown in Ref. [17] that the CP produces
a peak in the kurtosis of the net proton and creates lensing
effects [19] on the hydrodynamic trajectories subsequently
influencing the kurtosis. The nonmonotonic dependence of
multiplicity fluctuations on /syy [20], the y dependence of
cumulants of the event-by-event proton distributions [21] and
the multiplicity fluctuations of pions and protons [22], and
the appearance of negative kurtosis of the order parameter
fluctuation [23] are some of the proposed signals of the CP
(for a review, see Ref. [24] and references therein).

© 2023 American Physical Society
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Relativistic hydrodynamics (see Refs. [25,26] for review
and references therein) has been used extensively to
analyze various experimental data originating from
heavy-ion collisions over a wide range of /syy to extract
properties of the hot and dense QCD matter. It will be
interesting to study how the hydrodynamic evolution of
the QCD matter will be affected by the presence of CP.
The effects of CP enter into the relativistic viscous
hydrodynamics through the equation of state (EOS)
and transport coefficients. The CP changes the EOS
and various transport coefficients drastically. Therefore,
it will be useful to examine the effects of CP on some of
the observables, i.e., the transverse momentum (py)
distribution of the hadrons and the p; and y dependence
of flow coefficients.

We will use relativistic viscous causal hydrodynamics of
Israel and Stewart [27] with EOS containing the effect of
CP and the scaling behavior of shear and bulk viscosities
near the CP. In a recent study, we have found that the CP
has the potential to substantially alter the spin polarization
of hadrons [28]. In the present work, we will investigate the
response of the pr and y distributions and directed and
elliptic flow coefficients of hadrons (proton and pion) to the
QCD critical point.

For this exercise, a numerical code in FORTRAN has been
developed to solve (3 4 1)-dimensional viscous relativistic
causal hydrodynamics using the algorithm detailed in
Ref. [29]. The code includes the effect of CP through the
EOS and the scaling behavior of the transport coefficients.
The subroutines used for the initial condition and the EOS to
solve hydrodynamic equations have been extensively tested
by reproducing the results available in Refs. [30,31], respec-
tively. The CORNELIUS code [32] has been used to find the
freeze-out hypersurface characterized by constant energy
density. The results from the code without CP have been
contrasted with the known analytical results of Ref. [33] and
numerical results from the codes AZHYDRO [34], MUSIC [35],
and VHLLE [29].

The objective of the present work is to apply the tools
that we develop to study the effects of CP on hadronic
spectra and flow coefficients and find out whether these
quantities carry any observable imprints of the CP.

The paper is organized as follows. In Sec. II, the method
for the numerical solution of hydrodynamic equations is
discussed. Relevant inputs, e.g., the initial condition, EOS,
and transport coefficients, are presented through different
subsections of this section. We present the results in
Secs. Il and 1V is devoted to summary and discussions.

II. NUMERICAL SOLUTION OF RELATIVISTIC
HYDRODYNAMICS

Throughout the paper, we use natural units with c = # =
kg = 1 where c is the speed of light in vacuum, i (=2zh)
is the Planck constant, and kp is the Boltzmann constant. The
flat space-time metric is taken as g, = diag(1, -1, -1, -1).

A. Hydrodynamic equations

The relativistic hydrodynamic equations governing the
evolution of the system are

9,T" =0,
9% =0, (1)

where T# is the energy-momentum tensor and J% is the
net-baryon number current. In the Landau frame of
reference, T# and J are given by

T = ewru’ — (P + T)A™ + 2, (2)

T = ngut + V-, (3)

where ¢, ng, P, u*, I, #**, V¥, and A*(=¢" — u'u")
denote, respectively, the energy density, net-baryon number
density, thermodynamic pressure, 4-velocity, bulk pressure,
shear-stress tensor, baryon diffusion 4-current, and projec-
tor tensor onto the space orthogonal to u*. We take V¥ = 0
in the present study. In the Israel-Stewart framework, the
viscous terms obey relaxation-type equations, which are
taken as [29]

Im-1II 4
w oIl = ———N5_ g u, (4)
4 ™ 3 4
wo_ 4
(u'o,m") = — % -3 v o,ul, (5)

where (-) is defined as

1 1 1
(Am) = <2AﬁAﬁ +§A(,Aﬁ —gA” Aaﬁ)A 5 (6)
and Tlyg, 7k are the Navier-Stokes limit of IT and 7,
respectively, and are given by

Ty = =0, (7)
s = 2n(0"u’). (8)

The transport coefficients are positive, i.e., 7, { > 0, where
and ¢ are the shear viscosity and bulk viscosity, respec-
tively. As mentioned above, a numerical code has been
developed in FORTRAN programming language to solve the
hydrodynamic equations in Milne coordinates (z, x, y,7;),
using the relativistic HLLE algorithm as in Ref. [29], where
t=+V1t*—7> and 5, = tanh~!(z/t). The various inputs
to the numerical program needed for this study are detailed
below.
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B. Initial condition

In this work, we have used the event-averaged initial
condition for energy density and baryon density, and
all the dissipative fluxes are initialized to their corre-
sponding Navier-Stokes limit. The Glauber model is used
to estimate the energy density profile at the initial time, 7,
required to solve the hydrodynamical equations. The
value of 7, for the hydrodynamic simulation, is assumed
as the time taken by the two colliding nuclei to pass
through one another for /syy < 40 GeV, which is deter-
mined by the expression

2R
Ty ~

~ )
YUz

©)

where y, = 21—

1-02
cosh™!(y/s/2my) as the beam rapidity; my is the mass
of a nucleon; and R is the radius of nucleus. The value of
7 is taken as 1 fm/c for /syy > 40 GeV.

The inelastic nucleon-nucleon cross section (cify
required as an input to the Glauber model as a function
of the colliding energy +/s (in GeV) is taken from the
following parametrization [36,37]:

and v, = tanh(y,), with y, =

o535 (V/s) = 42.657046 — 334570545 1 355
+0.307In%(5/29.1),
o5 (V/s) = 5.17 + 129957041 + 0.091n%(5/29.2),

onn(Vs) = o§ — ofin- (10)

Our model for the initial condition is based on the inputs
taken from Refs. [30,38]. The collision axis is assumed to
be along the z axis. Let ny and np denote the number of
wounded nucleons per unit area in the transverse plane of
the two colliding nuclei A and B, respectively moving
along the positive and negative z axis. The n, (ng) is
given by

in Nga
nag=Tagp [1 - (1 —Gfﬁi“) } (11)
BA

where N, and N denote the total number of nucleons in
A and B, respectively, and the thickness functions
T4(x,y) and Tg(x,y) are calculated as

TA,B(X’Y) :/ QA.B(xsva/)dZ/v (12)

where ¢4 p(x,y, z) is the nuclear density profile assumed
to have the Woods-Saxon shape,

Qo
0aB(x,¥,2) = R (13)
1+e 5

The constant g, is chosen to satisfy the relation
[eai=n, i-as. (14

and R(0) has been taken as a function of the polar angle,
0, to account for any deformation of the nucleus and is
given by

R(0) = Ro[l + p2Y20(0) + PsY40(0)], (15)

where Y, (6, ¢) denotes the spherical harmonics. In this

study, we consider nuclei to be spherical and take f,,
p4 = 0. For gold (Au) nucleus, R is taken as 6.37 fm. The
initial energy density is assumed to have the form

e(x, y,n570) = e(x,y)f(n), (16)

where f(1,) is given by [30]

2
s = Yeul =1
) = exp | = 1= = gy, )|
On
(17)
where yq, is defined as
ny —np

= arctanh tanh , 18
Yeu [”A T ng (J’b)] (18)

and e(x,y) = N ,M(x,y) with

M(x,y) = mN\/n% +n% + 2nyngcosh(2y,).  (19)

The normalization constant \V, is determined by demand-
ing local energy-momentum conservation [30]. It is also
shown in Ref. [30] that such a choice is able to explain
the experimental data on charged particle multiplicity
and directed and elliptic flow for RHIC-BES collision
energies. These collision energies overlap with the
interest of the present work. Therefore, the model used
in Ref. [30] may be considered suitable for the present
purpose. Moreover, it may be important to mention here
that the data on spin polarization and bulk observables
can be simultaneously reproduced by using such initial
conditions [39]. The following profile for the initial
velocity distribution is assumed:

””(x,y,ﬂs) - (COSh(ns)’O’O’ Sinh(r/s))‘ (20)

The assumption for the profile of u# puts a constraint on
the normalization factor N,, making it a function of
transverse coordinates, x and y. We take the profile for the
initial baryon density
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ng(x,y,15:79) = Nplga(n)na(x,y) + gg(n,)ng(x, y)],

(21)
where g4 (n,) and gg(,) are given by [38]
2
Ns — N,
on 1) = Ol = o) exp | =5 =105 0 =)
GB,out
(s = 180)’
_ s = ngo)” ) 22
o[- @)
N5+ Mg0)°
95(ns) = O(n, +npo) exp {— (2+0)] + O0(=ngo —1ny)
OB.in
2
268,out

For the initial 4-velocity given in Eq. (20), the #;
component of the flow velocity is zero in Milne coor-
dinates, i.e., u* = (1,0, 0, 0); therefore, the normalization
N can be fixed by using the expression

/ Tde dydnsnB (.X, ARR/RY TO) = Npart’ (24)
1
= [ dngng(x,y.ng ) = o [na(x,y) + np(x,y)], (25)
which gives
1 /2 1
el
b 7o OB in + O0B.out ( )

The initial condition, hence, is modeled through six
parameters (7o, 79, 0y, 10 OB in- Opout)» Which —are
chosen from Ref. [30] for Au 4+ Au collisions. The value
of impact parameter is chosen as 5 fm here, representing
collisions which are neither too central with vanishing
elliptic flow nor too peripheral to make thermalization
questionable. However, any other value of b can also be
chosen.

C. Equation of state

The EOS has been obtained by following the procedure
detailed in Ref. [31] by assuming that the CP in QCD
belongs to the same universality class as that of three-
dimensional (3D) Ising model. The procedure is briefly
reviewed below. The pressure at nonzero 7" and up can be
obtained through a Taylor series expansion about iz = 0 as

Paco(Tp) =Y en(m(2) " @)

where

- lan(P/T4)
e/ TV

ca(T) (28)

1

If there were no singularity, then the series expansion
given in Eq. (27) would have been valid throughout the
QCD phase diagram. However, the presence of CP makes
some of the coefficients diverge. Hence, the pressure can
be written as a sum of a regular and a singular part.
Equivalently, the expansion coefficients in Eq. (27) are
replaced by

The,(T) = T4en®™ "™(T) + £(T. pg)en™(T),  (29)
where the superscripts “Non-Ising” and “Ising” represent
the regular and the singular (or critical) contributions
respectively. f(7T,ug) is chosen so that it does not add
any other singularity in the problem and can simply be

f(T.pp) =Tt (30)

The critical part is obtained by using the 3D Ising model
because the QCD critical point belongs to the same
universality class as the 3D Ising model. Hence, the two
models must show the same scaling behavior in the critical
region. The critical exponents of the 3D Ising model are
known through numerical simulations. Hence, by mapping
the parameters of the two systems in the critical region, it is
possible to extract the critical behavior of QCD near 7.
The mapping from the Ising model phase diagram (r, i) to
the QCD phase diagram (up, T') is done with the help of the
relations [31]

T-T
€ = w(rpsina; + hsinay),
Tc
WnZHC —y(—rpcosa ~heosay).  (31)
c

where a; (a,) is the angle between the horizontal axis for
constant 7 and the &7 = 0 (» = 0) Ising model axis. w and p
determine the overall and relative scale between r and #,
respectively. The size and shape of the critical domain in
the up — T plane depend on the values of these mapping
parameters. For the present study, we have used w = 1,
p =2, a =385 and a, = 90° — q;.
The Ising pressure in the critical region is given by
P1ging(R.0) = hoMoR*=*[0h(0) — g(0)].  (32)
where 71(0) =0(1+a6?+b6*) and g(0) = ¢y + ¢, (1 —62) +
C2(1 —92)2+C3(1 —92)3; ho, Mo, a, b, Cp, C1, Co, and C3
are constants, some given in terms of critical exponents.
The numerical values of these constants are same as
in Ref. [31]. (R,60) are related to (r,h) through the
transformations
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h = hoRPh(6), (33)
r=R(1-6%, (34)

where f and § are critical exponents. Hence, the coefficients
contributing to the critical part are determined through

. 1 anPIsing
en"™(T) = —T"—
n! Op'y

(35)

Hp=0

The Non-Ising coefficients are chosen in such a way that at
up = 0 the expansion coefficients must match the results
obtained from lattice QCD, i.e.,

THEAT(T) = T4 (T) 4 £(T, g = 0)ch ™ (T).

(36)

Having determined the Ising and Non-Ising coefficients,
the full pressure is then obtained as

2n
P T T4 Non- lsmg B
aco (T pp) Z < T
+ T‘C‘P‘““g(R(T,uB), O(T.pz)).  (37)

The procedure as detailed above gives various thermody-
namic observables as a function of 7T and ug. However,
for our numerical hydrodynamic code, we require pressure
(P) as a function of energy density (&) and baryon number
density (ng). To construct such a table, we follow a
procedure similar to that in Ref. [40]. The & — ny plane
is discretized with the following scheme:

0.002 if 0.001 <& < 1.001,

0.02 if 1.001 <e < 11.001,

Ae(GeV/fm?) = , (38)
0.1 if11.001 <e<61.001,

0.5 if61.001 <e<101.001.

0.0005 if 0 < ng < 0.15,

0.001 if 0.15 < < 0.3,
Ang(fn=3) = o=t (39)

001 if03<ng<l,

0.025 if 1 <np <S5.

A small value for discretization is chosen to correctly
reproduce the critical behavior and discontinuity in thermo-
dynamic quantities due to the first-order transition beyond
the critical point. For other values of (e, ng), the pressure
and other thermodynamic variables are obtained through
two-dimensional linear interpolation. For all those (¢, ng)
where 7 and up lie outside the range (5, 450) and
(0, 450) MeV, respectively, the thermodynamic variables
are put to zero.

D. Transport coefficients

Before providing expressions for the transport coeffi-
cients, we shall give an account of how the equilibrium
correlation length is obtained from the equation of state
with CP. The procedure of Ref. [41] has been followed to
calculate the equilibrium correlation length, &, which is
computed in the Ising model by taking the derivative of
equilibrium magnetization, M(r, h), with respect to & at
fixed r as follows:

)

Here, H, is a dimensionful parameter to get the correct
dimensions of £. We shall take Hy = 1 in our calculations.
In fact, the derivative of M(r, h) with respect to A is the
magnetic susceptibility (y,,) in the Ising model, which,
near a critical point, goes as £, where the value of #' is
found to be small (7' ~ 0.036). In this work, we have taken
' = 0. The equilibrium magnetization is parametrized in
terms of variables R and @ as

M(R,0) = MyRP0, (41)
where R and 6 are related to r and & through Eqgs. (33) and
(34). Now, using the identity

(i), Ge), @)+ (30), (&),

and the expressions for (%) and (), given in Ref. [31],
we have

M, RP(1-9)

&= hy 2B50h(0) + (1 — ) (0)

1+ (2p-1)6%. (43)

Near the critical point, the transport coefficients are
expected to vary with the correlation length as follows:
{~E, n~ &0, Kr ~ €. (44)
We define the region in the up — T plane bounded by the
curve E(ug, T) = & as the critical region; i.e., for & < &,
the transport coefficients are regular functions of 7 and pup,
but for & > &, the transport coefficients must satisfy the
scaling laws as defined above. It may be pointed out here
that &, is a parameter which controls the size of the critical
region. It has not yet been calculated from the first
principles. Different values of &, have been considered
in the literature; e.g., it is taken as 1 and 0.5 fm respectively
in Refs. [42,43]. Here, we choose &, = 1.75 fm, but some
results for other value of &, are also shown below. In this
work, we only consider bulk viscosity ({) and shear
viscosity (). The critical behavior of these transport
coefficients can then be modeled as
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300

co e b b b b g Ly

100
100 150 200 250 300 350 400 450
ps (MeV)

FIG. 1. Trajectories traced by the fluid cell at x =y = 0 in the
T — up plane for different space-time rapidities for two colliding
energies (14.5 and 62.4 GeV) and for impact parameter
b =5 fm, for the purpose of illustration here. The critical point
is indicated in solid black dot at (T, up) = (350, 143.2) MeV,
and the boundary of the critical region is indicated by the solid

green line.
3 0.05
(=0 <§—i> .= (é) , (45)

where {, and 7, denote the values outside the critical region
which are chosen as [38,44]

no(up. T) = 0.08 (’3;”)

1 2
Colug. T) = 15n0(up. T) (g— C?) .

The relaxation times in Egs. (4) and (5) also diverge near
the critical point. This is included by using the following
expressions for the relaxation times of shear (z,) and bulk
(tpy) viscous effects,

B @ R @ (46)

where 70 and 7} are the relaxation times outside the critical
region, which we take as follows (with C, = 0.08) [44]:

C
=70 =1 47
Qi T (47)

W |§‘o

It may be noted here that 79 is five times larger than Y.

The critical domain is delineated in the uz — T plane by
setting &(ug, T) = & = 1.75 fm. The critical point indi-
cated by the black dot and the critical domain enclosed by
the green line are shown in Fig. 1. The trajectories of the
system in the up — T plane formed at two /sy with and
without CP have been displayed. The trajectories of the
fluid cells at lower ,/syy pass through the critical region,
but for higher ,/syy, the trajectories remain away from the
critical region. But for the event-averaged initial condition

¢ (fm)

250

300 ]
@@

350

s (Mev) 400 130

FIG. 2. Correlation length, &, plotted as a function of 3 and T.

used here at fixed collision energy, the fluid cell at larger
space-time rapidity, #,, lies closer to the critical point and
will feel the effect of EOS and enhanced values of transport
coefficients more. In other words, the fluid cells closer to
the boundary of the fireball encounter larger viscous effects
induced by CP. The evolution of fluid cell at (x,y,7,) =
(0,0,1.4) at \/syy = 14.5 GeV is displayed in Fig. 1. The
results clearly show that the trajectories at higher 7, get
attracted toward the critical point. The correlation length as
obtained in Eq. (43) is shown in Fig. 2 as function of y5 and
T. The drastic increase in the transport coefficients is
conspicuous due to the divergent nature of the correlation
length £.

E. Numerical implementation

We perform the hydrodynamical simulation on a 201 x
201 x 71 space grid such that Ax = Ay = Ap = 0.2 fm.
Also, the time step for the evolution is chosen as Az =
0.05 fm. This choice satisfies the Courant-Friedrichs-Lewy
(CFL) criterion for the stability of the code. Further, the
time-evolved quantities are written to a data file after
evolving for 0.5 fm time from the previous step. To prevent
instabilities due to large viscosity or due to large gradients
of u*, we follow the regularization scheme of Ref. [29],
which is to rescale ##¥ and Il whenever they exceed a
certain upper limit. As the fraction of cells encountering
large viscosity is small and mostly appears toward the
boundary of the fireball, this regularization scheme is not
expected to change the results significantly. We use the
CORNELIUS [32] code to find a constant energy density
surface within a computational (fluid) cell. The CORNELIUS
code provides the coordinates (zy,xs,y;.n,s) and area
elements d%, of the freeze-out surface. The quantities like
T, €, etc. at (rf,xf,yf,r]sf) are calculated through four-
dimensional linear interpolation using the values at the
corners of the cell. We shall analyze the effects of the CP on
the surface ¢ = 0.3 GeV/fm?, henceforth denoted as Zcpo.
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The aim here is not to compare and reproduce the
experimental data but to pinpoint the effects that CP will
induce on various hydrodynamic quantities, and hence on
the experimental observables.

To calculate the space averaged quantity, say transverse

velocity, vy = y/v? + v}, we use the expression

_ [ d’xe(z.x.y.ny)vr(z.x.y.1,)
[ dxe(z,x,y.15)

where (7, x,y,1,) is the energy density. The p; spectrum
of the hadrons, -“¥—, can be calculated by using the

{vr)(7) . (48)

&’ prdy’
Cooper-Frye formula as

dN; 9i
& prdy = (1) / do,p"fi(x. p), (49)
where f;(x, p) is given by
1
fi(‘x$ p) - (50)

e(P uu=pp.r)/Tr a; ’

Here, Ty and pp denote the temperature and chemical
potential on the surface Xcrg, @; = —1 for bosonic sta-
tistics, a; = +1 for fermionic statistics, and a; = 0 for
classical (Boltzmann) statistics. In Sec. III, the effects of
viscous correction (5f;) to the equilibrium distribution f;
are exhibited on the elliptic flow of pions.

The other experimental measurable quantities, like
flow coefficients, are calculated by using the following
expression:

dN
B Ja¢ dzprdycos(nq’))
vn(pT’y)_ fd¢ dN (51)
d’prdy
The pr-integrated flow coefficient is obtained as
PT,max
v, (y) = dpr vu(pPr, ), (52)
PT.min

e A B B B e
C T=1fm e 7 =2.08fm J
i Analytical s = = 3 04 fm- 7
100 & =
E seeeee 7=124fm 3
T S e \ ]
< 107! e =
5 : ™ ]
. r n...'..'.' ‘“"-n- q
107 R - .
3 A N\

/A P IR I IR I

—4 -2 0 2 4
z (fm)

FIG. 3.
Egs. (55) and (56).

where we take pr.i, = 0.2 GeV and pyp . = 3 GeV.
Similarly, the rapidity integrated flow coefficient is

obtained as
)7|T|aX
Uy (p T) = d
Ymin

where we have chosen y.;, = —1 and y.,, = 1.

YU, (Pr. ) (53)

III. RESULTS AND DISCUSSIONS

In this section, we present our results. As a test of our
code, we present a comparison of our numerical results
with the analytical Gubser solution in the next subsection.
We have compared our results with publicly available
MuUSIC code and with experimental data in Ref. [28].
We also display some results from our code, with and
without dissipative effects, to understand the evolution
history of the system but which are not directly measured
in experiments.

A. Space-time evolution of QGP

The numerical results from our code and the analytical
Gubser solution are displayed in Fig. 3. The Gubser
solution is given by [33,38]

80 (2qT)8/3
o) = 0 . (54
(z,r) A 422+ 172) + (22— )R (54)
npgo (2q7)2
) a0 . (55
ng(z,r) 2 [1+2(2+72) + (2 -r) (55)
2% tx
UX(T, r) = W’ (56)
2q%ty
wlen =T ary g o
1.0 — LA N AL BN o o S
7=1fm ”a %\""w R
Analytical
[URST 7=124fm
N 7 =2.08fm

00 v = 3.04 fm

Vg

[T B B

Comparison of the output from our code with analytic Gubser solution. The results are plotted at y = 0 after setting ¢ = 1 in
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FIG. 4. Time evolution of (left) average temperature and (right) transverse velocity using ideal hydrodynamics and EOS with (CP, red
solid line) and without (noCP, blue dashed line) the critical point for Au + Au collision at ,/syy = 14.5 and impact parameter b = 5 fm.
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FIG. 5. Time evolution of the x component of velocity (v,) of
the fluid cell at x =y = 0 and at different space-time rapidities
using ideal hydrodynamics for Au+ Au collision at \/syy =
14.5 and impact parameter b = 5 fm.

where r = y/x* + y?. The numerical solution is in perfect
agreement with the analytical result. Next, we show the
time evolution of the average temperature of the fireball
formed in Au+ Au collisions (y/syy = 14.5 GeV  at
impact parameter » = 5 fm) in Fig. 4 using ideal hydro-
dynamics (all transport coefficients set to zero) and EOS

va
&)
k2
|

7 e ideal, noCP J
—— ideal, CP

Lo b b by

2 4 6 8 10
™= (fm)

Uy
=
o
S
T T T
~
sS4y

i

<
=)
S

with (red solid line) and without (blue dashed line) the
critical point.

For a given initial condition, the addition of the critical
part to the regular pressure leads to a larger value of the
net pressure and hence a large gradient of the pressure with
respect to the vacuum outside. This leads to a faster
expansion and a faster rate of cooling as shown in the
left panel of Fig. 4. Higher pressure introduced by the CP
leads to higher flow, too, as reflected in v, as shown in the
right panel of Fig. 4.

In Fig. 5, we show the time evolution of v, of fluid cells
at two space-time rapidities for Au 4 Au collision at
V/Syv = 14.5 GeV and impact parameter b =5 fm. The
results indicate that a gradient of v, along the 7, direction is
generated, which is due to our choice of shifted initial
condition. The presence of CP marginally increases this
gradient.

Similarly, the transverse and longitudinal expansions
with averaged initial condition also increase marginally due
to the presence of the critical point for ideal hydrodynamics
as shown in Fig. 6. It should, however, be noted that the
profile is mostly monotonic.

Now, we discuss results with the inclusion of the viscous
effects in the QGP fluid. As the viscous fireball of QGP

0.20 1

7o' (fm)

MRS W I |

00— —eees ideal, noCP

[ —— ideal, CP ]

B0 0 P E I R I B
2 4 6 8 10

T—T) (fm)

FIG. 6. Time evolution of v, (left) for the fluid cell at y = 0, 5, = 0 at different x and time evolution of v, (right) for the fluid cell at
x =y = 0 at different space-time rapidities for Au + Au collision at ,/syy = 14.5 and impact parameter b = 5 fm.

074042-8



EFFECTS OF THE QCD CRITICAL POINT ON THE SPECTRA ...

PHYS. REV. D 107, 074042 (2023)

0.40 :
0.35

0.30
0.25
0.20
0.15
0.10
0.05

000 v 1 v 0 Ly 1w 0 L1
0 2 4 6 8 10

T—T) (fm)

ol b bl

Uz

AR RARAN R AR LR AR RN RAR s L
sS40
AR R P |

o
o

L
|

FIG. 7. Time evolution of v, at different x for the fluid cell at
y=,n,=0for \/syy =145 GeV and b =5 fm.

expands, the fluid cells toward the boundary, which are
closer to the critical region, undergo slower expansion due
to enhanced viscosity. The expansion of the fluid cells in
the bulk is not strongly affected by the critical point. This
leads to the buildup of matter somewhere in between, due
to which the expansion results in a nonmonotonic profile
for the initial condition used here. This is reflected in

vy =145GeV ,b=5fm
0.14 S
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0.12
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9
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4 ~
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0.08

— Uz
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FIG. 8.
14.5 GeV and b =5 fm.
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the variation of v, with 7 for different values of x (Fig. 7)
and 7, (left panel of Fig. 8). The variation of zv, with 7 for
different values of 7, displays similar nature (right panel of
Fig. 8). The nonmonotonicity is prominent for larger values
of 5,, which corresponds to the evolution trajectory closer
to the CP (see Fig. 1). The effect of CP on v, atn, = 1.4
gives rise to a hornlike structure. We will check below
whether such structure survives in the space-time integrated
observables. It is to be stressed further that as the critical
point is approached these effects get enhanced. To further
confirm this argument, we also show the velocity profile for
V/Syv = 62.4 GeV in Fig. 9. The trajectories in this case
are far away from the critical region, and thus the effects of
EOS and enhanced viscosities are small. Therefore, the
nonmonotonicity observed in the time evolution of v,
and 7v, can be attributed to the CP. However, it will be
interesting to examine whether such effects of CP survive
in experimental observables like py spectra and various
flow coefficients which are obtained by integrating over the
entire space-time history of the fireball. This exercise has
been carried out below.

VSvy =145GeV,b=5fm
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=
I
-
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Time evolution of v, at different values of x (left panel) and 7v, at different 7, for the fluid cell at x =y = 0, for /syy =

Vsyny =62.4 GeV ,b=5fm
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FIG. 9. Same as Fig. 8 for /syy = 62.4 GeV.
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B. Effects of CP on the spectra and flow coefficients

In this subsection, we display the effects of CP on
quantities which are commonly measured in experiments.
These quantities are the p; spectra and directed and elliptic
flow coefficients of pion and proton, which are estimated
by including the effects of CP on the EOS and transport
coefficients. The p spectraof z* and proton are displayed in
Fig. 10 for two colliding energies, i.e., \/syy = 14.5 (left
panel) and 62.4 GeV (right panel). The rapidity distribution
of the pion and proton are shown in Fig. 11 for two colliding
energies, i.e., VNN = 14.5 GeV and VSNN = 62.4 GeV;
no distinguishable effect of CP is found. The results
displayed in Fig. 11 demonstrate the change in dN/dy
due to differential change in viscosities induced by CP.
The fluid cells toward the boundary of the fireball, which are
closer to the CP, encounter larger dissipation compared to
fluid cells in the bulk. On the other hand, the gradient of
pressure becomes steeper due to the addition of critical
contribution to pressure. This results in matter being
pushed from the bulk toward the boundary, for example,
from midrapidity to forward rapidity. This suggests that the

/sy =145GeV,b=5fm

——
0% ot T noCP |
: —cP 3
Tl o 4
% 2 E
i [ ]
s W0'F E
3T E E
= . |
=S F ]
107" =
) N R R B

10 0.0 0.5 1.0 15 2.0

pr (GeV)

entropy density is carried away from midrapidity, resulting
in a decrease of dN/dy around midrapidity and a corre-
sponding increase at forward rapidity. These effects
are clearly visible when the simulation in performed in
1 + 1 dimensions (Ref. [41]). However, in the present
(3 + 1)-dimensional case, the increase in forward rapidity
might not even be visible due to the tiny fraction of cells
encountering enhanced viscosity at the fireball boundary.
Consequently, we observe a slight decrease in dN/dy at
all rapidities. Moreover, the effects of CP on the spectra
are found to be insignificant because both the py and y
distributions are obtained by integration over the space-
time evolution history of the fireball produced in these
collisions; i.e., results are a superposition of all the temper-
atures and densities through which the system passes, and
results do not depend on the point (up,., T.) alone.

The rapidity distribution of v of the proton and pion are
displayed in Fig. 12 as a function of y for \ /sy = 14.5 and
62.4 GeV. The effects of CP on both z and the proton are
seen to be insignificant as expected. The elliptic flow of both
protons and z" increases marginally around py ~2 GeV

Jsyy =624 GeV,b=5fm

———T T
102 O noCP _|
—or ]
0] E 3
L [ ]
& 100? -
= E 3
SE E 3
—|& r 1
1071; =
e I R B R
10 0.0 0.5 1.0 1.5 2.0

pr (GeV)

FIG. 10. Transverse momentum spectra of 7z~ and proton are obtained by integrating over ¢ and rapidity (y) (for —1 <y <1 for

/Synv = 14.5 (left panel) and 62.4 GeV (right panel).
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dN/dy

O ol b by by 1
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FIG. 11.

VSvy =62.4GeV,b=5fm
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AN /dy

The rapidity distribution of pion and proton for /syy = 14.5 (left panel) and 62.4 GeV (right panel).
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FIG. 12. Rapidity dependence of directed flow for two colliding energies, 14.5 (left) and 62.4 GeV (right) for b =5 fm.
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FIG. 13.

compared to the case when there is no CP (left panel of
Fig. 13) for /syy = 14.5 GeV. For /syy = 62.4 GeV,
there is no shiftin v, due to the inclusion of CP (right panel of
Fig. 13), which is expected because the trajectory in this case
remains away from the critical domain.

A faster expansion leads to a rapid fall in temperature
and chemical potential, which leads to a slight reduction in
the yield of both z* and protons as shown in Fig. 10. These
effects will definitely get enhanced as we approach the
critical point. However, within the current model, the effect
is only marginal and might not even be detected exper-
imentally. As has been shown in Ref. [28], the thermal
vorticity which depends on the velocity gradient of the
fluid is suppressed by the presence of CP. Consequently,
the rapidity dependence of the spin polarization of the A
hyperon was shown to be drastically affected by the CP due
to the coupling of the spin with the thermal vorticity.
The CP may be detected by measuring the rapidity
distribution of the spin polarization by tuning the beam
energy. Therefore, one expects that those observables
which depend on the gradient of velocity to be efficient
signatures of the CP.

Next, we study the sensitivity of some of the results on
the critical domain size, determined by the value of &,

Vny = 62.4GeV, b=5fm
0.20 TT [ TTT [ TTT [ TTT [ TTT ' TTT [ TTT [ TTT [ TT
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——cpP

T T T

=
=
3
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)
3
coaa b NN
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=
o
Ut
T
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T
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Lo b b b s b b

0.8 1.0 12 14 16 L8 20
pr (GeV)

1

0.00 NI A
0.2 04 06

The pr dependence of elliptic flow for two colliding energies, 14.5 (left) and 62.4 GeV (right) for b = 5 fm.

and on the viscous corrections to phase-space distribution
function. The results displayed below are obtained for
V/Swv = 14.5 GeV. In Fig. 14, the multiplicity distribution
of # as a function of rapidity is depicted for &, = 1.75
and 1.2 fm. The &, dependence of 1 (cx (£/&)*%) and
¢ (x(&/&))?) indicates that the dissipation increases with
the decrease in &. This leads to the reduction of multiplicity
due to enhanced dissipation confronted by the system.

35xwxx{xwxx{xxxx{xxwx[xwxw[xwxw
30

25
20
15

dN™ /dy

—_— 5() =1.75fm
mmmee & =1.20 fm

FIG. 14. The variation of multiplicity with rapidity for different
values of & (&, = 1.75 and 1.2 fm) at /syy = 14.5 GeV.
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correction to the equilibrium distribution function.
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FIG. 16. The elliptic flow of pions is shown as a function of
transverse momentum at ,/syy = 14.5 GeV for £, = 1.75 and
1.2 fm.
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FIG. 17. The variation of directed flow with rapidity at \/syy =
14.5 GeV for &y = 1.75 and 1.2 fm.

We have estimated the elliptic flow of pion with
viscous correction to equilibrium phase space distribu-
tion, of [38]. It is found that v, reduces due to viscous
correction and the reduction is more at higher p; (Fig. 15)
as found in Ref. [38] also. The effects of 6f on v, of the
proton are found to be smaller than that of the pion.
For smaller &, the elliptic flow of pions is found to be

larger (Fig. 16), whereas the effect on directed flow is
negligible (Fig. 17).

IV. SUMMARY AND DISCUSSIONS

We have developed a computer code to solve the
relativistic viscous causal hydrodynamics in (3 + 1) dimen-
sions. The effects due to the QCD critical point have been
included in the code through the equation of state and
scaling behavior of the transport coefficients. We study the
evolution of the fireball of quarks and gluons formed at
two colliding energies, |/syy. The py spectra and directed
and elliptic flow coefficients of pions and protons have
been evaluated to understand the effects of CP on these
quantities. We find that the integration over the entire
space-time history of the fireball mostly wipes out the
effects of CP on the spectra and flow coefficients, which
indicates that the detection of CP by using the hadronic
spectra may not be useful. The effects of viscous correc-
tions to equilibrium distribution functions have been
estimated and found to be negligible on the p; spectra
of hadrons and directed flow. However, a non-negligible
effect of 0f on v, is seen at higher p;. However, it is shown
in Ref. [28] that the CP has the potential to substantially
alter the rapidity distribution of spin polarization of
hadrons; therefore, the measurement of spin polarization
as a function of rapidity can be considered as an efficient
tool to detect the CP.

Some comments on the scope of extension of the
present work are discussed below. It is well known that
the fluid dynamics becomes invalid near the CP because
the fluctuating modes do not relax faster than the time-
scale of changes in slow/conserved variables due to
which the local thermal equilibrium cannot be main-
tained. However, the results obtained in this work may be
considered reasonable because of the following reasons.
First, the validity of the fluid dynamics can be extended
by adding a scalar field representing the slow nonhy-
drodynamic modes connected to the relaxation rate of
the critical fluctuation (see Refs. [45,46] for details).
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In a simple picture describing the evolution of a system
near the CP, it has been explicitly shown that the
modes associated with the scalar fields lag behind the
hydrodynamic modes, resulting in backreactions on
the hydrodynamic variables; however, it was found that
the backreaction has negligible effects on the hydro-
dynamic variables [42]. Second, one may recall that if
a system is not too close to CP then hydrodynamics
can still be applied in a domain around the CP [47].
Regardless of these arguments, the investigation of the
effect of the scalar field on (3 4 1)-dimensional hydro-
dynamic evolution near the CP will be useful for future
study in its own right.

In the present work, the EOS is obtained by mapping the
3D Ising model in (r, &) plane to the QCD in (g, T) plane,

as they belong to the same universality class [31]. It is
assumed here that both the chemical potentials correspond-
ing to strangeness (u,) and electric charge (uy) are zero.
However, this mapping cannot be used if uy #0 and
s # 0 (constrained by strangeness neutrality [48]). The
roles of u and pp on the EOS near CP are ignored here for
simplicity, although they may have interesting effects on
the critical behavior of the system.

In this work, the hydrodynamic equations are solved
for event averaged (nonfluctuating) initial condition. Under
these conditions. the effects of CP on the transverse
momentum spectra and flow coefficients are not significant.
However, the signature of CP through these observables
may emerge for an event-by-event fluctuating initial con-
dition, which we leave to future work.
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