aps CHCRUS

physics

This is the accepted manuscript made available via CHORUS. The article has been
published as:

Vortical Fluid and A Spin Correlations in High-Energy
Heavy-lon Collisions
Long-gang Pang, Hannah Petersen, Qun Wang, and Xin-Nian Wang
Phys. Rev. Lett. 117, 192301 — Published 1 November 2016
DOI: 10.1103/PhysRevLett.117.192301


http://dx.doi.org/10.1103/PhysRevLett.117.192301

Vortical fluid and A spin correlations in high-energy heavy-ion collisions

Long-gang Pang,! Hannah Petersen,’?3 Qun Wang,* and Xin-Nian Wang® 6

! Prankfurt Institute for Advanced Studies, Ruth-Moufang-Strasse 1, 60438 Frankfurt am Main, Germany

2 Institute for Theoretical Physics, Goethe University,
Maz-von-Laue-Strasse 1, 60438 Frankfurt am Main, Germany
3GSI Helmholtzzentrum fiir Schwerionenforschung, Planckstr. 1, 64291 Darmstadt, Germany
4 Interdisciplinary Center for Theoretical Study and Department of Modern Physics,
University of Science and Technology of China, Hefei, Anhui 230026, China
SKey Laboratory of Quark and Lepton Physics (MOE) and Institute of Particle Physics,
Central China Normal University, Wuhan, 430079, China

b Nuclear Science Division, MS 70R0319, Lawrence Berkeley National Laboratory, Berkeley, California 94720

Fermions become polarized in a vortical fluid due to spin-vorticity coupling and the polarization
density is proportional to the local fluid vorticity. The radial expansion converts spatial vortical
structures in transverse plane to spin correlations in azimuthal angle of final A-hyperons’ transverse
momentum in high-energy heavy-ion collisions. Using a (3+1)D viscous hydrodynamic model with
fluctuating initial conditions from A MultiPhase Transport (AMPT) model, we reveal two vortical
structures that are common in many fluid dynamic systems: a right-handed toroidal structure around
each beam direction for transverse vorticity and pairing of longitudinal vortices with opposite signs
in the transverse plane. The calculated azimuthal correlation of the transverse spin is shown to
have a cosine form plus an offset due to the toroidal structure of the transverse vorticity around the
beam direction and global spin polarization. The longitudinal spin correlation in azimuthal angle
shows an oscillatory structure due to multiple vorticity pairs in the transverse plane. Mechanisms of
these vortical structures, physical implications of hyperon spin correlations, dependence on colliding

energy, rapidity, centrality and sensitivity to the shear viscosity are also investigated.

PACS numbers: 25.75.-q, 24.70.+s,47.32.Ef

Introduction. — The large orbital angular momentum
in non-central high-energy heavy-ion collisions can lead
to fluid shear and non-vanishing local fluid vorticity [1-
13]. In such a vortical fluid, the spin-vorticity coupling
polarizes the spin of fermions (quarks and baryons) [1-11]
along the direction of the vorticity.

The mechanism of fermion polarization in a vortical
fluid is very similar to the Chiral Vortical Effect [14-
19]. The axial current induced by vorticity leads to the
Local Polarization Effect [19] as a result of the spin-
vorticity coupling for chiral or massless fermions [20].
The spin polarization density for a massive fermions can
be shown to be directly proportional to the local vorticity
[21, 22]. Consequently, final state baryons such as hyper-
ons should also be polarized along the direction of the
local fluid vorticity at the freeze-out hyper-surface. Mea-
surements of the final-state hyperon polarization, which
are feasible through the parity-violating decay [23], will
shed light on the vortical structure and transport proper-
ties of the strongly coupled quark-gluon plasma (sQGP)
in high-energy heavy-ion collisions.

In this Letter, we investigate the vortical structure of
the sQGP in high-energy heavy-ion collisions in a (3+1)D
viscous hydrodynamic model with fluctuating initial con-
ditions from the AMPT model [24]. We show that the
transverse vorticity of the sQGP has a toroidal struc-
ture around beam directions due to radial expansion of
the fluid with large longitudinal flow velocity in addition
to the net vorticity along the direction of the global or-

bital angular momentum of non-central collisions. The
longitudinal vorticity, however, has multiple vortex pairs
with opposite signs in the transverse plane due to the
convective radial flow of hot spots. We propose to use
the spin correlation of two hyperons in azimuthal angle
in momentum space to study these vortical structures
since radial expansion of the system and spin-vorticity
coupling convert spatial vortical structures into spin cor-
relations in the azimuthal angle of final hyperons. We
will calculate hyperon spin correlations in the azimuthal
angle and study their dependence on collision energy, ra-
pidity, centrality and shear viscosity. We neglect the spin
polarization due to magnetic fields in this study.

Fermion polarization in a vortical fluid. — Interactions
in a medium with local vorticity polarize a fermion’s spin
due to spin-orbital coupling [1]. In thermal equilibrium
such a coupling between spin and local vorticity effec-
tively shifts the energy level of fermions with different
spin states. This leads to different phase space distribu-
tions for fermions with different spin states and therefore
spin polarization along the direction of the local vorticity
[21]. One can calculate the spin polarization in thermal
equilibrium within a quantum kinetic approach [22].

In the quantum kinetic theory, the fermion distribution
in the absence of electromagnetic interaction is described
by the Wigner function W (z,p) in space-time = and 4-
momentum p,

Waptarn) = [ gz oo+ g)in(a—g0). (1)
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Figure 1: (color online) Transverse (arrows) and longitudinal
vorticity (contour) distributions in the transverse plane at n =
4 in semi-peripheral (20-30%) Au+Au collisions at /sy =
200 GeV with shear viscosity to entropy density ratio n,/s =
0.08. Dashed arrows indicate radial flow of hot spots. A
cut-off in energy density e > 0.03 GeV/fm® is imposed. The
direction of the beam (target) is out-of-plane ® (into-the-
plane ®). The orbital angular momentum of the collision is
along —7.

where 1(x) and () are fermionic fields, (---) denotes
the ensemble average. Using the Dirac equation for a
fermion with mass m, one can derive the quantum kinetic
equation for the fermion’s Wigner function [25, 26],

[w (p“ + %h@;‘) - m} W(z,p) = 0. (2)

The Wigner function is a 4 X 4 matrix in Dirac space
and can be decomposed into 16 independent generators
of the Clifford algebra. The coefficients correspond to
the scalar, pseudoscalar, vector, axial vector and tensor
components, respectively. The kinetic equation for the
Wigner function in Eq. (2) will lead to a system of equa-
tions for these components which can be solved through a
gradient expansion. The spin polarization is given by the
axial component of the Wigner function. At the next-to-
leading order in gradient expansion, one obtains [22] the
polarization density for on-shell fermions,

1" () 6/

where the vorticity is defined as wh = Q" u,, /B, Qv =
16107 9,(Bu,), fro(z, p) is the Fermi-Dirac distribution,

3fFD z,p) [1 = frp(z,p)],(3)

1

frp(z,p) = A 11 (4)
for fermions (—) and anti-fermions (+) on their mass-

shell with the chemical potential p, the temperature

T =1/ and the fluid 4-velocity u,. The energy splitting
between two spin states due to spin-vorticity coupling is
proportional to local vorticity. Therefore, the spin polar-
ization density is proportional to the vorticity vector and
the fermion number susceptibility at the next-to-leading-
order in gradient expansion.

In a hydrodynamic model of high-energy heavy-ion col-
lisions, one can calculate the average polarization vector
for final spin-1/2 hadrons with momentum p [21, 22|,

3
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where d¥, is the differential volume vector on the
Cooper-Frye hyper-surface at the hadronic freeze-out
temperature 7. We will work in the Bjorken-Milne co-
ordinate wtih X* = (7, z,y,n), where 7 = v/¢?> — 22 and
the spatial rapidity is defined as tanhn = z/t.

(3+1)D wviscous hydrodynamic model. — We use the
newly developed CCNU-LBNL viscous (CLVisc) hydro-
dynamic model with fluctuating initial conditions from
the AMPT model. The CLVisc hydrodynamic model [27]
is a viscous extension of an ideal (341)D hydrodynamic
model [28] that parallelizes the Kurganov-Tadmor (KT)
algorithm [29] for hydrodynamic evolution and Cooper-
Frye particlization on graphics processing units (GPU)
using OpenCL (Open Computing Language for parallel
programming of heterogeneous systems). In this study,
we use time steps A7 = 0.005 fm, the transverse spac-
ing Az = Ay = 0.1 fm and the longitudinal spacing
An = 0.1. The number of grid points are 301, 301 and
181 for the z, y and n direction, respectively.

The initial conditions for the CLVisc model are con-
structed from the AMPT model [24] at an initial proper
time 7y with Gaussian smearing in both transverse coor-
dinates and spatial rapidity. The overall normalization
of the initial conditions on the energy-momentum tensor
is adjusted to fit the final charged hadron multiplicity at
mid-rapidity in the most central collisions and kept fixed
for all other centralities [28]. The initial thermalization
time is set at 79 = 0.4 fm at the Relativistic Heavy-ion
Collider (RHIC) energies and 79 = 0.2 fm at the Large
Hadron Collider (LHC). The partial chemical equilibrium
EoS s95p-PCE165-v0 parametrizing lattice QCD calcula-
tions [30] is used in the CLVisc model. We also assume a
zero baryon chemical potential and a hadronic freeze-out
temperature Ty = 137 MeV. In the CLVisc simulations
presented in this Letter we have neglected the vorticity
term in the viscous stress tensor. We also neglect viscous
corrections to the final hadron spectra in the calculation
of hyperon spin polarization. Both of these higher order
effects can be included in future studies.

The AMPT model uses Heavy-Ton Jet INteraction
Generator (HIJING) [31] for the initial parton produc-



tion from both incoherent semihard scatterings and co-
herent string formation. A string-melting mechanism is
used to convert strings into partons which undergo par-
ton transport processese before hadronization through
parton coalescence. Therefore, the AMPT initial con-
ditions for CLVisc simulations at the initial proper time
7o contain fluctuations in both transverse and longitu-
dinal direction. The longitudinal variation of the initial
energy density leads to decorrelation of anisotropic flow
of final hadrons with large pseudo rapidity gaps [32, 33].

Convective flow and vorticity distribution. — The initial
conditions constructed from the AMPT/HIJING model
contain fluctuations in the local fluid velocity [32] due to
string-breaking and mini-jets. These fluctuations in fluid
velocity and the energy density lead to non-vanishing lo-
cal vorticity as well as global net vorticity along the or-
bital angular momentum of non-central collisions [13].

According to the definition of the vorticity w*, it has
contributions from convection (spatial gradient of the
fluid velocity), acceleration (temporal gradient of the
fluid velocity) and conduction (spatial and temporal gra-
dient of the temperature). Within the CLVisc calcula-
tions, we find that the vorticity is dominated by convec-
tion. The system develops large longitudinal fluid veloc-
ity quickly along the beam directions in the early time
while transverse gradient in the initial energy density also
leads to a build-up of a radial component of the fluid ve-
locity. This convective fluid velocity field gives rise to a
transverse vorticity distribution that has a right-handed
toroidal structure (ring-like) around each beam direction.
Shown in Fig. 1 as arrows are distributions of &, (x, )
in the transverse plane at a spatial rapidity n = 4 and
proper time 7 = 3 fm/c in a semi-peripheral (20-30 %) Au
+Au collision at /sy = 200 GeV from the CLVisc sim-
ulations. One can clearly see the right-handed toroidal
structure (module fluctuations) around the beam direc-
tion (out of the transverse plane). The total net vorticity
(>~ wy) projected to the reaction plane is nonzero for non-
central collisions. The magnitude of the local transverse
vorticity (Jw,|) and the net total vorticity (3 w,) should
both increase with centrality, spatial rapidity and with
decreasing energy [13].

Similarly, collective flow of hot spots (denoted by
dashed arrows in Fig. 1) can also lead to convective flow
in the radial direction. Because of approximate local
boost invariance of the fluid, this leads to the pairing of
positive and negative longitudinal vorticity w;,, or vortex-
pairing, in the transverse plane at a given spatial rapidity,
shown as colored contours in Fig. 1. Such vortex-pairing
is essentially a 2-D manifest of a 3-D toroid of vorticity
elongated in the longitudinal direction. Since the lon-
gitudinal vorticity is caused mainly by transverse fluc-
tuations, its magnitude and structure should depend on
centrality but not on colliding energy and rapidity. The
average value over the entire transverse plane (> wy),
however, should vanish.
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Figure 2: (color online) (a) Transverse and (b) longitudinal
spin correlation of two A’s as a function of the azimuthal angle
difference (of their momenta) in different rapidity regions of
semi-peripheral (20-30%) Pb+Pb collisions at /sy = 2.76
TeV with shear viscosity to entropy density ratio 7, /s = 0.08
(solid) and 0.0 (dashed). Shaded areas indicate statistical
errors with 200 hydro events

Hyperon spin correlation. — Since the spin polarization
is directly proportional to the local vorticity, the spatial
structure in Fig. 1 is expected to show up in the az-
imuthal correlation of A spin polarization due to radial
expansion which correlates the spatial azimuthal angle
of the fluid cells to the azimuthal angle of final hadron’s
transverse momentum. Therefore, we propose to use the
spin correlations of two A’s to study the vortical struc-
ture of the expanding fluid in high-energy heavy-ion col-
lisions. Shown in Fig. 2 are the transverse and longi-
tudinal spin correlations of two A’s , (P (¢1) - Py (¢2))
and (P, (¢1)P,(¢2)), respectively, as functions of the az-
imuthal angle difference |¢1 — ¢2| of their momenta. In
our CLVisc hydro simulations of semi-central (20-30%)
Pb+Pb collisions at /syy = 2.76 TeV, we have set the
shear viscosity to entropy density ratio to 7,/s = 0.08
(solid lines) and 0.0 (dashed lines). As expected, the
transverse spin correlation in azimuthal angle has an ap-
proximate cosine form due to the toroidal structure of the
transverse vorticity around the beam direction plus an
offset due to the global spin polarization. Both the am-
plitude of the oscillation (local polarization) and the off-
set (global polarization) increase with rapidity as well as



5 x10°5 (a) IYI€[2,3], 1,/s=0.08
L5t 1
N
€
—
19_4\ I 4
€
—
19_‘/0.5 L i
0Fr ]
10 X106 (®) IYI€[0. 1], n,/s=0.08
Au+Au 62.4 GeV 20-30% 0-5%
Au+Au200GeV —— 20-30%--- 0-5%
= 5L\ Pb+Pb2.76 TeV ---- 20-30% 0-5% |
€
-
é -
aT OF |
-5 L L L L
0 n/4 n/2 3n/4 T

Ap=ld1 — ol

Figure 3: (color online) (a) Transverse (|Y] € [2,3]) and (b)
longitudinal (|Y| € [0,1]) spin correlation of two A’s as a
function of the azimuthal angle difference (of their momenta)
in semi-peripheral (20-30%) and central (0-5%) Au+Au col-
lisions at /sy = 62.4,200 GeV and Pb+Pb collisions at
Vsyn = 2.76 TeV with 7, /s = 0.08. Shaded areas indicate
statistical errors with 200 hydro events

with 7, /s. The longitudinal spin correlation on the other
hand has a different behavior. The oscillation in |¢1 — @2
is the result of vortex-pairing in the transverse plane as
illustrated in Fig. 1. The sign change at |¢1 — ¢2| = 1 in-
dicates the typical opening angle of the vortex pairs from
the convective radial flow due to transverse geometry and
fluctuations. The rise of the correlation at large angles is
the result of spin correlations from different vortex pairs
in the transverse plane. The amplitude of the longitudi-
nal spin correlation increases slightly with rapidity but
decreases slightly with 7, /s.

In Fig. 3, we show (a) the A transverse spin correlations
in the rapidity range Y € [2,3] and (b) the longitudinal
spin correlation in Y € [0, 1] in semi-peripheral (20-30%)
and central (0-5%) Au+Au collisions at /sy =624,
200 GeV and Pb+Pb collisions at /syn=2.76 TeV for
7y/s = 0.08. Both the amplitude and the off-set of the
transverse spin correlation increase with decreasing col-
liding energy because the transverse vorticity is bigger
due to larger longitudinal fluctuations at lower beam en-
ergies or larger rapidities. They also have a strong cen-
trality dependence and become very small in central col-
lisions. The longitudinal spin correlation in the central

rapidity region, however, does not have a strong energy
dependence because of the geometric and fluctuating na-
ture of its origin. It has a strong dependence on the
centrality. In non-central collisions, the vortex-pairing
is dominated by the dipole structure of the elliptic flow
and the opening angle A¢ ~ 37/8 indicates the scale of
the vortex pair. In central collisions, the vortex-paring
is dominated by hot spots and the angular structure of
the longitudinal spin correlations indicates the size and
distance between these hot spots.

Summary and discussions. — We have studied the vor-
tical structure of the sQGP fluid in high-energy heavy-
ion collisions using the CLVisc hydrodynamic model with
fluctuating initial conditions from the AMPT/HIJING
model. The transverse vorticity has a right-handed
toroidal structure around each beam direction in addi-
tion to the average net vorticity along the reaction plane
due to global orbital angular momentum in non-central
collisions. The longitudinal vorticity has a vortex-pairing
structure in the transverse plane. We propose to use the
A spin correlations to measure these vortical structures.
We predict both the transverse and longitudinal spin-
correlation as functions of the azimuthal angle difference
of two As’ momenta. Measurements of these spin corre-
lation functions can give us a detailed picture of the flow
and vortical structure and provide important constraints
on the initial condition and the transport properties of
the dense matter in high-energy heavy-ion collisions. We
limit our predictions to high-energy heavy-ion collisions
where one can neglect the finite baryon chemical poten-
tial. For collisions at the beam scan energies at RHIC,
one has to include baryon number conservation and an
EoS with finite baryon chemical potential in hydrody-
namic simulations. Our simulations indicate, however,
the magnitude of the local spin polarization will increase
at lower beam energies. We also did not include the vor-
ticity term in the shear stress tensor and viscous correc-
tions to the phase-space distribution of final hadrons. We
have neglected the effect of the magnetic field on the spin
polarization which should be small during the hadronic
freeze-out following equilibrium hydrodynamic evolution.
These effects can be addressed in more accurate studies
in the future.
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