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Hydrodynamic simulations of directed flow for light hadrons in Au+Au and
isobar collisions at \/syy = 200 GeV*
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Abstract: Using a (3+1)-D hydrodynamic model, CLVisc, we study the directed flow (v) of light hadrons pro-
duced in Aut+Au, Ru+Ru, and Zr+Zr collisions at +/syy = 200 GeV. The evolution of tilted energy density, pres-
sure gradient, and radial flow along the x-direction is systematically investigated. The counter-clockwise tilt of the
initial fireball is shown to be a vital source of directed flow for final light hadrons. A good description of directed

flow is provided for light hadrons in central and mid-central Au+Au and isobar collisions at the RHIC. Our numeric-

al results show a clear system size dependence for light hadron v; across different collision systems. We further

study the effect of nuclear structure on the directed flow and find that v; for light hadrons is insensitive to nuclei

with quadrupole deformation.
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I. INTRODUCTION

High energy nucleus-nucleus collisions performed at
the Relativistic Heavy-lon Collider (RHIC) and Large
Hadron Collider (LHC) suggest that novel color-decon-
fined QCD matter (quark-gluon plasma, known as QGP)
is created in the reaction region. The azimuthal asymmet-
ric flows (collective flow) of the observed hadrons in
various collision systems [1-3] are important phenomena
in the study of the strongly interacting nature of QGP,
such as directed flow vy, elliptic flow v,, and triangular
flow vs3. Collective flows have been successfully de-
scribed by relativistic hydrodynamic models [4—24], and
the shear viscosity ratio (1,/s) extracted from experi-
mental data seems to be small [25, 26].

Directed flow (v;) is one of earliest observables for
investigating collectivity properties in heavy ion colli-
sions [27—29]. It is defined by the first-order Fourier
coefficient of the final-hadron azimuthal distribution and
has been widely investigated at both the RHIC and LHC
[30—37]. Many studies have suggested that directed flow
is generated at an early stage in nuclear collisions, whose

typical time scale is nearly 2R/y, where R and y are the
nuclear radius and Lorentz boost factor, respectively [6,
27, 38]. Such a time scale is even shorter than the produc-
tion time of the elliptic flow v,. Therefore, the directed
flow v, could be a useful probe to investigate the medi-
um distribution and nucleon flow at the initial stage of
nucleus-nucleus collisions [4, 30, 38—43]. Various mech-
anisms may contribute to the directed flow of light had-
rons. Model calculations suggest that vimay depend on
the deformation of the initial fireball geometry, initial ba-
ryon density distribution, flow velocity field, equation of
state of the QGP medium, external electromagnetic fields,
and final hadronic rescatterings [40, 44— 51], although
their exact quantitative contributions are still unknown.
The recent isobar run of the collisions of both ?éRu
and 97r" at syy =200 GeV by the STAR Collabora-
tion at the RHIC [52] had a special motivation: to search
for the chiral magnetic effect (CME) [53-56]. However,
the isobar blind analysis did not provide a predefined
CME signal but surprisingly found that Ru+Ru collisions
provided higher particle yields than Zr+Zr collisions, as
well as a larger elliptic flow (v;), albeit with a smaller tri-
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angular flow (v3) [57, 58]. The differences in the experi-
mental results at STAR indicate a difference in nuclear
structure (geometry shape), whose observable effects are
seemingly larger than those induced by the difference of
the electric charge between Ru and Zr [52] and have been
investigated from nuclear structure analyses in many
studies [57, 59—65]. Therefore, it is of great interest to
conduct a detailed comparison between Ru and Zr within
a uniform QGP evolution framework and identify the
main features of the nuclear structure (or system size) that
contribute to the directed flow v; of identified final-state
light hadrons.

In this study, we utilize a (3+1)-D viscous hydro-
dynamic model (CLVisc) with a tilted initial condition
[66—68] to investigate the origin of the directed flow of
light hadrons produced in Au+Au and isobar collisions at
vsvy =200 GeV, with nuclear structure parameters for
Ru and Zr from energy density functional theory (DFT)
calculations [69—71]. The correlation between the fire-
ball structure of the initial state and the directed flow
coefficient of the final state light hadrons is presented.
Our numerical results indicate that the tilted initial en-
ergy density profile for different nuclei (Au, Ru, and Zr)
yields different nonzero average pressure gradients
—(0,P) at forward/backward space-time rapidity, which
further induces a negative slope for the average flow ve-
locity (v,) with respect to the space-time rapidity n, and
eventually the same size and sign of v; vs. , which is
consistent with experimental data on AutAu and isobar
collisions at +/syy =200 GeV [52, 72, 73]. Our calcula-
tion shows a clear system size dependence for light had-
ron v; across different collision systems. In the end, we
compare the directed flows (v;) of three different nuclear
structures with quadrupole deformation (3,) for Ru and
Zr nuclei.

The remainder of this article is organized as follows.
In Sec. II, we present the rapidity-dependent energy dens-
ity distributions in Au+Au and isobar collisions and their
impacts on the pressure gradient and flow velocity with
respect to time during hydrodynamic simulations. In Sec.
111, we present the directed flow of light hadrons from our
hydrodynamic calculation and study its dependence on
the nuclear structure. We present a brief summary in Sec.
IV.

II. MODEL FRAMEWORK

A. Parameterization of longitudinal profiles for
energy density

To investigate the directed flow of light hadrons in
AutAu and isobar collisions, following our previous
studies [74—77], we start with the initial energy density
distributions of the nuclei Au, Ru, and Zr. Their impact
on the pressure gradient and flow velocity with respect to

time is investigated using the (3+1)-D hydrodynamic
model CLVisc.

Based on the Woods-Saxon (WS) distribution, the
nucleus thickness function is defined as

— ” o
T(x,y)—Ide {r_RO(Hﬁng(@))}’ @
1+exp

d

where r= +/x2+y?+72 is the radial position, x, y, z are
the space coordinates, € is the polar angle in their rest
frame, d is the surface diffusiveness parameter, 3, is the
quadrupole deformity of the nucleus, Y)(0)= i ;x
(3cos?6- 1), and Ry is the radius of the nucleus, which
depends on the nucleus species. The values of the para-
meters used for Au, Ru, and Zr in the current study are
listed in Table 1. At present, the nuclear density distribu-
tions of Ru and Zr are not accurately confirmed because
there are a number of setups for parameters (Ry, d, and
B2) from different experiments and models. In this study,
following the pioneering research [69—71] and STAR ex-
periment [52], we first adopt the nuclei sets from recent
calculations based on DFT [69-71, 78] to study light had-
ron directed flow. The other two sets are discussed later
when we investigate the effect of nuclear structure on the
directed flow v; of final light hadrons.

Considering the projectile and target nuclei propagat-
ing along the +% direction with the impact parameter b,
the corresponding thickness function can be written as

Ti(xr)=T(xr=b/2), T-(xr)=T(xr+b/2), (2)

where xr = (x,y) is the transverse plane coordinate. The
density distributions of the participant nucleons are then
given by

A

Ti(xr) = T+(xT>{1—[1—%-("”] } 3)
A

Ty(xr) = T_(xT){l—[l—w} } (4)

Table 1. Nuclear parameters used in the Woods-Saxon dis-
tribution for Au, Ru, and Zr [52, 79].

Nucleus no/(1/fm3) Ro/fm d/fm B
197 Au 0.17 6.38 0.535 0.0
2Ru 0.17 5.067 0.500 0.0
oZr 0.17 4.965 0.556 0.0
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where 4 is the nucleus mass number, and oyy =42 mb is
the inelastic nucleon-nucleon scattering cross section at
\svy =200 GeV [79]. The centrality bins in different
nuclear collisions are determined by the impact paramet-
er b [79].

Because the right/left-moving wounded nucleons (as
shown in Fig. 1) are expected to emit more particles at
forward/backward rapidity, we assume this can be con-
structed by introducing a deformation mechanism into the
weight function Wy [74], in which a tilted fireball is in-
troduced to describe the observed charged particle direc-
ted flow in the RHIC and LHC energy region [74, 80]. In
our earlier studies [74-76], a monotonic function (T (x, y)+
T>(x,y)) was modified to obtain the asymmetry between
the forward and backward nuclei, as shown below.

Wy (x,y,n5) =T1(x,y) + T2(x,y)

+Ht[Tl(x’y)_TZ(xsy)]tan(%)’ (5)

t

where H; reflects the strength of imbalance at the for-
ward and backward rapidities, the function tan(n,/n;) pro-
duces the deformation of the initial energy density distri-
bution along the longitudinal direction, and n,=8.0 is
utilized for all collision systems [74]. In different central-
ity classes, the baryon stopping effect is different; hence,
the contribution from the forward and backward nuclei
are imbalanced. In our model, the parameter H, reflects
the strength of the baryon stopping effect and depends on
the centrality. The value of H; is extracted from the ex-
perimental data.
The total weight function W(x,y,n;) is defined as

W(x )= 0.95Wx(x,y,n5) +0.05npc(x,y) ©)
Y2115 = 10.95Wn(0,0,0) +0.05750(0,0)] Ip=o

Here, the number of binary collisions npgc(x,y) is defined
as [67, 79]

npc(x,y) = onn T+ (6, 0)T-(x, ). (7
The initial energy density &(x,y,n;) is given by [67]
g(xsya 775) = K W(-x9y’ né)H(né)s (8)

where K is a normalization factor and determined by the
multiplicity density distribution (dNcy/dnp) of soft
particles. The function

(|77s| - le)2

20_721 9(|77s| - 77w) (9)
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Fig. 1. (color online) Tilted initial energy density on the 7,-x
plane at 7o = 0.6 fm/c in 50%-80% AutAu (b = 11.4 fm),
RutRu (b = 9.3 fm), and Zr+Zr (b = 9.6 fm) collisions at
vswy =200 GeV. The dotted line (white) shows the counter-
clockwise tilted initial condition with respect to the x =0 axis

-10

5.0

in the n,-x plane, and the arrow (green) indicates the motion at
forward and backward rapidity.

is introduced to describe the plateau structure of the
rapidity distribution of emitted hadrons at mid-rapidity, in
which n,, = 1.3 determines the width of the central rapid-
ity plateau, whereas o, =1.5 determines the width
(spread) of Gaussian decay from the plateau region [67].

In Table 2, we summarize the parameters of the ini-
tial conditions that are tuned to provide reasonable de-
scriptions of the charged particle yields in the most cent-
ral collisions [67], as shown in Figure 6. These include
the overall normalization factor (K), initial time of hydro-
dynamic evolution (1), impact parameters (b), and tilted
parameters (H,).

In present study, we set the initial fluid velocity in the
transverse and space-time rapidity directions following
the Bjorken approximation, that is, vy=v,=0 and
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Table 2.  Parameters used in hydrodynamic simulations
between different nuclei [67, 74, 75, 79].

Parameters AutAu RutRu Zr+Zr
KAGeV/fm?) 35.5 23.0 23.0
To/(fm/c) 0.6 0.6 0.6
b/fm 2.4 2.1 2.1
H 1.0 1.0 1.0
v, =z/t.

B. Tilted energy density, eccentricity, and pressure
gradient

Using the tilted initial condition above, we first
present the energy density profile for different nuclei (Au,
Ru, and Zr). In Fig. 1, we show the energy density pro-
file for 50%—80% Au+Au, Ru+Ru, and Zr+Zr collisions
at +/syxy =200 GeV in the 5, —x plane. Here, the model
parameter H, = 4.5 is taken for the Au+Au collisions (top
panel), H; = 3.9 is taken for the Ru+Ru collisions (middle
panel), and H, = 3.1 is taken for the Zr+Zr collisions (bot-
tom panel). H, is extracted from experimental data to de-
scribe the directed flow v, of charged particles and pro-
tons/anti-protons. From Fig. 1, the energy density distri-
bution for different nuclei is not only shifted in the for-
ward/backward rapidity direction but is also tilted
counter-clockwise with respect to x =0 [74, 80].

To quantify the asymmetry strength of the initial en-
ergy density for different nuclei at the initial state, we
first present the first-order eccentricity coefficient &, as a
function of space-time rapidity in Fig. 2. The first-order
eccentricity vector &) is defined as [15,47]

_ fdzr??’ewg(r,@ns)
& =ei(n)et ) = - ., (10)
fd2r738(r,¢,ns)

where the angular distribution is calculated with respect
to the energy density weighted center-of-mass point
(x0(m5),y0(175)) in every rapidity slice given by

fdzrxs(r, d,15)

xo(ns) = S, (11)
f &re(r,¢.ny)
f &rye(r,¢.ny)

(12)

yo(s) = S,
f d*re(r,¢.15)

where 7(x,y,775) = V(x—x0)?> +(y—y0)* is the transverse
radius, and ¢(x,y,n,) = arctan[(y — yo)/(x — xo)] is the azi-
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) -1 0 i p)
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Fig. 2.  (color online) First-order eccentricity coefficient
e1(ns) in 50% —80% nuclei-nuclei collisions at +/syy =200
GeV.

muthal angle. Note that &, in Eq. (10) presents the first-
order eccentricity coefficient, and W, gives the corres-
ponding participant plane angle. &, with respect to 7
quantifies the amount of tilt a fireball requires to produce
light hadron v;.

In Fig. 2, we present &, as a function of space-time
rapidity in 50% —80% Au+Au and isobar collisions at
Vsny =200 GeV. g is an odd function of space-time
rapidity n, and is positive/negative in the +/-n, region.
The slopes of &, for three nuclei are positive at mid-
rapidity but flip sign within |r5| > 1.5. This further affects
the evolution of the nuclear medium in the hydrodynam-
ic simulation.

In addition to the initial energy density profile along
the rapidity direction, we also present the initial pressure
gradient —J,P in the transverse plane, which directly
drives the radial flow of nuclear matter. In Fig. 3, the ini-
tial -9, P distribution in the x-y plane at a fixed forward
rapidity n, = 1.2 is presented for the nuclei Au, Ru, and
Zr, where the parameter values of H, and b are the same
as those used for Fig. 1. One may clearly find the posit-
ive/negative value of the pressure gradient —9,P in the
+/—x direction leading to the outward expansion of the
nuclear medium. From the top to bottom panels, we see
that at n; = 1.2, the center (zero pressure) regions of these
distributions are shifted toward +x owing to the counter-
clockwise tilt of the initial energy density. Whether the
average x-component of the final-state hadron mo-
mentum will be positive or negative at a given rapidity
depends on the average magnitude of —d,P in the corres-
ponding transverse plane and how it evolves with time.
This is explored later in this paper.

C. Hydrodynamic evolution of QGP

We utilize the viscous hydrodynamic model CLVisc
[66-68, 81, 82] to simulate the evolution of the QGP me-
dium. The hydrodynamic equation satisfies [22, 83—-86]
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Fig. 3.  (color online) Pressure gradient —d,P on the x-y
plane at the initial proper time 79 =0.6 fm/c in 50% —80%
Au+Au and isobar collisions.

8,T" =0, (13)

where T#¥ is the energy-momentum tensor and takes the
following form:

T = sut'u” — (P + IDA® + 7. (14)

Here, ¢ is the energy density, u* is the fluid four-velocity
field, P is the pressure, 7*¥ is the shear stress tensor, and
I1 is the bulk pressure. The projection tensor is defined as
A" = g — !y, and the metric tensor g#” = diag(1,-1,-1,
—1). In this study, we utilize the lattice QCD equation of
state (EoS) from the Wuppertal-Budapest group (2014)
[87], and the shear viscosity ratio is set as n,/s = 0.08 (1,
for the shear viscosity) for all collision systems. Follow-
ing recent studies [74, 75], the bulk viscosity and net ba-

ryon density are ignored at this moment but will be con-
sidered in our future studies [88, 89].

When the local temperature of nuclear matter drops
below the freeze-out temperature (we set Tg, = 137 MeV)
[67], the Cooper-Frye mechanism [90] is used to calcu-
late the spectra of hadrons on the freeze-out hypersurface.
Contributions from resonance decay are taken into ac-
count according to our previous study [74, 75].

D. Evolution of average pressure gradient and flow
velocity with respect to proper time

The hydrodynamic simulation presents how the im-
balance of the initial energy density distribution is de-
veloped to the anisotropy of the final-state hadron mo-
mentum. In this subsection, we present how the fluid ve-
locity (v,) develops with respect to time at the opposite
rapidity n,. This will help us observe the development of
the directed flow v, and how it depends on the tilted ini-
tial geometry of the energy density.

As presented in Fig. 3, the tilted initial energy dens-
ity leads to asymmetry of the pressure gradient along the
x direction. In Fig. 4, we present how the average pres-
sure gradient —(d,P) evolves with time at a given 7,
(£0.9 here) in 50%-80% Au+Au and isobar collisions at
vsnvy =200 GeV. We clearly observe that the evolution
of —(d,P) is significantly affected by the tilted initial en-

0.020
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< === Ru+Ru
£ 0.015{ - zr+zr e
= 7’
S \\ ’//
8 0.010f ~~__ -
A
a 0.005 . . -
L L =
V. 0.000f T T =
! 200 GeV @ ns =-0.9
003 3 5 &
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0.005
— 200 GeV @ ns = 0.9
E 0.000zzszzrmrzmrn oo
S [T T~
(5
o —0.005
2 —0.010( o777 T
S / S
\ —0.015{ == Au+Au \\
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Zr+Zr
—0.020; 375 &
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Fig. 4. (color online) Time evolution of the average pres-

sure gradient in the x direction at n, =—-0.9 (upper panel) and
ns = 0.9 (lower panel) in 50%—-80% Au+Au and isobar colli-
sions at /syy =200 GeV.
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ergy density distribution. The evolution of the average
pressure gradient -(d,P) is anti-symmetric. We find that
—(0,P) remains positive with time at ; = —0.9 and negat-
ive at 7, = 0.9, leading to a continuous force that acceler-
ates QGP medium outward expansion toward the +x dir-
ection at n, =—0.9 and toward the —x direction at n, =
0.9. Little difference in the evolution of —(d,P) is ob-
served between the isobar Zr and Ru. Note that unlike the
higher-order components of anisotropy, the first order ec-
centricity coefficient £; and pressure gradient —(J,P) are
not necessarily positively correlated to each other.

Owing to the tilted deformation of nuclear matter,
medium expansion contributes to an overall force toward
the +/—x direction at backward/forward rapidity. A dir-
ect outcome of such force is the asymmetric flow velocit-
ies in the corresponding direction. In Fig. 5, we present
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(color online) Space-time rapidity dependence of the

Fig. 5.
average flow velocity in the x direction at different evolution
times in 50%—80% Au+Au and isobar collisions at +/syy =
200 GeV.

how the average flow velocity (v,) develops with time.
The average flow velocity at a given proper time and
space-time rapidity is defined as [16, 45]

f dzrvxys(r, d.15)
vx(n5)) =

, (15)
f d*rye(r,¢,n5)

where y =1/ /1 -vi—vi—v; is the Lorentz boost factor.

In Fig. 5, the average flow velocity (v,) is positive/
negative at backward/forward rapidity. The magnitude of
(vy)y increases with time owing to the non-zero pressure
gradient —(d,P). We find that a larger |- (9, P)| leads to a
larger (v,) at || around the || ~ 2 regime than around
the |ns| ~ 1 regime. Here, the average flow velocity (v,)
will directly produce the directed flow of light hadrons.

III. NUMERICAL RESULTS

In this section, we present the numerical results for
light hadrons yield and directed flow in Au+Au and
isobar collisions at +/syy =200 GeV using the above
tilted initial condition and the hydrodynamic model
CLVisc. In particular, we investigate how the directed
flow depends on the effect of the nuclear structure of the
isobar Ru and Zr.

In Fig 6, we show the pseudorapidity distributions of
the charged particles in Au+Au, Ru+Ru, and Zr+Zr colli-
sions at +/syy =200 GeV. As discussed in Sec. IIA, the
hydrodynamic model parameters summarized in Table 2
are adjusted to describe the charged light hadron distribu-
tions in the most central collisions. As shown in the fig-
ures, our calculation presents reasonable descriptions of
PHOBOS data on the dN.,/dn distributions for Au+Au
collisions in several centralities at +/syxy =200 GeV. In
addition, note that the parameter H, only affects the de-
formation of the medium geometry and has a weak im-
pact on the dN.,/dn distributions [75]. This provides a re-
liable baseline for further investigations on light hadron
directed flow. We define centrality bins utilizing the im-
pact parameter, and the contribution from the centrality
fluctuation is not included in the current study. In the fu-
ture, it will be necessary to use the multiplicity distribu-
tion with the given experimental data to characterize the
centrality bins.

We then present the identified particle directed flow
v; as a function of pseudorapidity. Following our previ-
ous research [74, 75], vi(n) is calculated via
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Fig. 6. (color online) Pseudorapidity distribution of charged

light hadrons in Au+Au and isobar collisions at +/syy =200
GeV, compared between the CLVisc hydrodynamic calcula-
tion with three nuclei and PHOBOS and STAR data [52, 91].
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where W, is the first-order event plane of the collision
[45]. The directed flow v; is analyzed using soft hadrons
within 0 < pr <3.0 GeV in our current hydrodynamic
model. Moreover, because the analysis usually uses
0.2 < pr <2.0 GeV for charge particles, we will use this
pr range in future studies. Here, we use the optical

Glauber model to construct the initial energy density dis-
tribution of nuclear matter, and the initial event-by-event

vi(n) = {cos(p— 1)) = (16)

fluctuations are neglected [45, 74]. As a result, the event
plane is the same as the spectator plane determined using
deflected neutrons in realistic experimental measure-
ments. The Monte Carlo Glauber model contributes the
effect of event-by-event fluctuations, which enhances the
directed flow at large forward and backward rapidity. A
more consistent study will be conducted in future after
event-by-event fluctuations are taken into account.

Using the above setups, we show light hadron v, in
AutAu collisions for different centrality classes at
vsvv =200 GeV in Fig. 7; the upper panel for charged
particles, and the lower for protons (p) and anti-protons
(p). Our calculations for charged particle v, within
—4.5 <n<4.5 are consistent with STAR data. As expec-
ted, the distribution of the identified particle v; is consist-
ent with that of the average flow velocity v, of nuclear
matter.

For isobar collisions, as illustrated in Fig. 8, within
our hydrodynamic framework, we are able to describe the
directed flow v; of protons (p*) at either Ru+Ru or
Zr+Zr by adjusting the H, parameter. The difference in
the v; value between the two nuclei is less than 0.001
within |y| < 1.5. If the value of H;is decreased, the slope
of v vs. y decreases near the mid-rapidity region and fur-
ther deviates from the experimental data. This implies the

20 — = Au+Au, 0-5%
— = Au+Au, 5-40%
“"& @ STAR, 0-5%
10 N ¢ STAR, 5-40%
(J A .
; L 4’ "‘.‘ ~—o
N,‘o O ...................... :::; .......
S '~ .&\
1o Mty
N
20 AutAu @ 200 GeV, charged (p, K, ) \
—4 -2 0 2 4
n
= = Au+Au, p+p
10 -4 STAR, p+p
o
~
5 \\\\ A
— S~ ~A
> sS4l
”’O 0 L g
- B ON
~
=5 SN
N\
™
_10] AutAu@200 Gev 50-80%

-1.5 -1.0 =05 00 05 1.0 15
y
Fig. 7. (color online) Pseudorapidity and rapidity depend-
ence of the directed flow of identified hadrons in 0 —5%,
5%—40% (upper panel), and 50%—-80% (lower panel) Au+Au
collisions at +/syy =200 GeV, compared between the CLVisc
hydrodynamic calculation with STAR data [72, 73].
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!
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y
Fig. 8.  (color online) Rapidity dependence of the directed
flow coefficient in 50%-80% Ru+Ru and Zr+Zr collisions at
Vsyy =200 GeV, compared between the CLVisc hydro-
dynamic calculation with the Case-1 nuclear structure and
STAR data [73].

importance of the tilted initial energy density distribution
in understanding the rapidity dependence of light hadron
vy observed in experiments. Based on Figs. 7 and 8, we
find that with a different H, for isobar and Aut+Au colli-
sions at the same centrality bins, a clear system size de-
pendence is observed for directed flow. Smaller nuclei
have a smaller H,, which leads to a smaller directed flow
at mid-rapidity.

Thus far, we have focused on the discussion of spher-
ical nuclei (from DFT) in which the quadrupole deform-
ity parameter8, =0 (as listed in Table 1). As noted in
Refs. [57, 59-65], elliptic flow in the most central colli-
sions is sensitive to nuclear deformation because de-
formed nuclei colliding at the impact parameter b =0 can
induce a large eccentricity on the collision orientation. To
study the effect of nuclear deformation on light hadron v,
within our hydrodynamic framework, the extended WS
parameters of nuclei listed in Table 3 are utilized. The
two sets (Case-2 and Case-3) have the same R and a para-
meters and different deformations, which are constrained
by e+ A scattering experiments and calculations based on
a finite-range droplet macroscopic model [92, 93] and the
folded-Yukawa single-particle microscopic model [94].
Because of the additional protons in Ru, the charge radi-
us of Ru is larger than that of Zr. Other parameters dur-
ing QGP evolution are the same as those of spherical nuc-
lei (Case-1).

Figure 9 shows the proton v; in Ru+Ru/Zr+Zr colli-
sions at +/syy =200 GeV with various combinations of
Ru and Zr deformities. The comparison between the three
nuclear structures shows that 8, deformations may not be
essential to change the v, slope and magnitude at the
central pseudorapidity (|y| < 0.5). We see that the slope of
v; changes insignificantly due to finite 8, between Case-
2 and Case-3 for both Ru+Ru and Zr+Zr collisions. The
impact of the different parameters R, d, and 3, on proton
vy implies that the nuclear structure with quadrupole de-

Table 3. Nuclear structure parameters for Ru and Zr from
Ref. [52].
Case-1 Case-2 Case-3
Parameter
Rut+Ru  Zr+Zr Rut+Ru  Zr+Zr Rut+Ru  Zr+Zr
R/fm 5.067 4.965 5.085 5.02 5.085 5.02
d/fm 0.500 0.556 0.46 0.46 0.46 0.46
B2 0.0 0.0 0.158 0.08 0.053 0.217
= = Case-1, Ru+Ru
10 == Case-2, Ru+Ru
= Case-3, Ru+Ru
5f 4 STAR, Zr/Ru p+p

—101 RutRu @ 200 GeV 50-80%

-15 -1.0 =05 00 05 1.0 15

y
== Case-1, Zr+Zr
10 = Case-2, Zr+Zr
== Case-3, Zr+Zr
4 STAR, Zr/Ru p+p
St
=i
s '\Q"\L‘ A
- 0 [ Ty Y .
=) A=
2 e
A '~
-5 .

=101 Zr+Zr @ 200 GeV 50-80%

-1.5 -1.0 =05 00 05 1.0 15
y
Fig. 9. (color online) Rapidity dependence of the directed
flow coefficient in 50%—-80% Ru+Ru collisions (upper panel)
and Zr+Zr collisions (lower panel) at +/syy =200 GeV, com-
pared between the CLVisc hydrodynamic calculation with
three nuclear structure setups and STAR data [73].

formation only slightly affects the directed flow of final
state particles. We note here that v, between Ru and Zr at
a large rapidity may be sensitive to the shape of the nuc-
lei. Furthermore, many low energy experiments have
shown that Zr has a large octupole deformation corres-
ponding to a large value of B;. Theoretical studies have
found that the average of the first-order eccentricity coef-
ficient & is proportional to the average of 82, and the oc-
tupole deformation should affect the v; of soft hadrons
[59, 95]. The effect of octupole deformation will be in-
vestigated in an upcoming study.

Note that because we use the optical Glauber model
(smooth initial condition), our calculation is restricted to
the rapidity-odd component of light hadron v,. The rapid-
ity-even component vi**", including its non-trivial pr de-
pendence [96-98], is beyond the scope of this study and

034104-8



Hydrodynamic simulations of directed flow for light hadrons in Au+Au and isobar...

Chin. Phys. C 47, 034104 (2023)

will be investigated in the future.

IV. SUMMARY

In this paper, we present a systematic investigation of
how the initial medium profile of nuclei evolves to light
hadron directed flow in heavy ion collisions. Three differ-
ent nucleus-nucleus collisions (Au+Au, Ru+Ru, and
Zr+Zr) are compared for the tilted initial energy density
distribution, and their subsequent space-time evolutions
are simulated utilizing the hydrodynamic model CLVisc.

Using our (3+1)-D hydrodynamic model CLVisc, we
calculate the directed flow v; for light hadrons as a func-
tion of (pseudo-)rapidity and centrality for Au+Au and
isobar collisions at +/syy =200 GeV. Our model can give
a good description of light hadron v; in central and peri-
pheral Aut+Au and isobar collisions measured by the
STAR Collaboration. Our results show that light hadron
v has a strong system size dependence, that is, v; is lar-
ger for small systems, owing to a weaker nuclear stop-
ping effect. The system size dependence is also observed
from the centrality dependence: v; becomes large when
moving from central to peripheral collisions, which is
clearly observed in Aut+Au collisions and can be tested
by future experiments. We further find that the Aut+Au
and isobar semi-central collisions generate an imbalance
between a forward/backward moving nucleus, induce a
counter-clockwise tilt of the initial medium profile in the
x-ng plane, and generate a non-zero average pressure
gradient —(9,P) with respect to time at backward/for-
ward rapidity. A comparison to RHIC-STAR data indic-
ates that the tilted initial energy density profile (or fire-
ball geometry) is an essential factor in generating the ob-
served light hadron v; in Aut+Au and isobar collisions at

Vsnny =200 GeV. We finally find that the effect of nucle-
ar structure with quadrupole deformation insignificantly
affects the light hadron directed flow at mid-rapidity.

Our study provides a step toward understanding the
origin of light hadron directed flow in AutAu and isobar
collisions. However, in addition to the effect of tilted ini-
tial energy density, other sources also contribute to the
size and sign of directed flow. See the following ex-
amples: (1) The extremely strong electromagnetic field
produced in non-central nucleus-nucleus collisions res-
ults in directional drift of charged quarks (u,d,s) and in-
fluences the charged particle v; [99-101]. Although this
effect is suggested to be smaller than the effect of the ini-
tial tilted geometry, it is important to understand the split-
ting of v; for identified light hadrons in isobar collisions
[99]. (2) The fluid velocity field could provide an addi-
tional contribution to light hadron directed flow [48]. In
particular, it could affect the initial baryon density distri-
bution and thus nuclear matter properties [45]. (3) Light
hadron v; can also be affected by the nuclear stopping ef-
fect and hadronic cascade after QGP evolution, espe-
cially at lower collision energies [47, 48, 51]. (4) The
light hadron elliptic flow v, and triangular flow v3 could
set more constraints on the nuclear structure; however,
we do not discuss this here because we limit ourselves to
a smooth initial condition without the contribution of
event-by-event fluctuations. These should be investig-
ated in our future studies for a more exact understanding
of directed flow.
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