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Motivation of the talk

e But: discrepancies between theory and experiments

1) longitudinal polarization vs ¢
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Motivation of the talk

* To resolve the discrepancies, from the theory side, we
need to:

* Understand the properties of fluid vorticity itself

* Understand the magnetic field contribution, the resonance
decays contribution, ... ...

* Find other observables which are always helpful: spin-
alignment at central collisions, the chiral vorticity effects, ... ...

e Understand how vorticity polarizes spin and how the spin
polarization evolve: spin kinetic theory or spin hydrodynamics
(See talk by Taya)



Vorticity in heavy-ion collisions



Fluid vorticity

w=VX7v

Local angular velocity



Fluid vorticity

* Vortices: common phenomena in fluids across a very
broad hierarchy of scales
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Tornados, ocean vortices, ... Quark gluon matter
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Angular momentum in HIC

picture from UrQMD

Global angular momentum Local vorticity
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Velocity field in partonic model

* To calculate the vorticity, we need to know the velocity

Definition of velocity field in HIJING or AMPT model

.
tE) = » <I> e Z Di @? (z, 2;) = 75 " Particle flow velocity
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~ Energy flow velocity
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Smearing function Phi
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Parameters are so chosen that with hydro, it is
consistent with elliptic data (pang-wang-wang 2012)
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Velocity field in partonic model

* To calculate the vorticity, we need to know the velocity

Definition of velocity field in HIJING or AMPT model

.
tE) = » @ e Z Di @? (z, 2;) = 75 " Particle flow velocity

Z;Pg'@(éfﬁ 'r'-i) L T‘Da
Ze[p? 1 (pﬁg/ﬁ?]‘i)(ar_ x;) 700 4 Taa

~ Energy flow velocity

i(z) =

Definition of vorticity field (for each definition of v)

w; = V X, ~ nonrelativistic definition
wg = """ u,0,u,  ~ relativistic definition

@y = 5[0,(u,/T)— 3, (uy/T)]  «~ relativistic thermal vorticity
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Vorticity by global AM
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Vorticity by global AM

* Collision energy dependence
Deng-XGH 2016 _ | Jia,ng-Lijao 20.16
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Vorticity by global AM

* Event-by-event azimuthal fluctuation
1.0 e _

eFor small and very large b,
fluctuation so strong that {kite @7
correlation with PP is lost

o
o

e Moderate b, Gaussian around
pi/2

eSuppress the correlation with
the matter geometric plane
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Vorticity due to expansion
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Other sources of vorticity

1) Jet
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Main message:

1. Global AM induces strong vorticity in HICs

picture from UrQMD

cw~ 1021 — 10%2 571

2. Inhomogeneous expansion: quadrupoles in both xy and xz planes
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How the vorticity polarize spin?
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Spin-vorticity coupling

Early consideration: Liang-Wang 2004; Voloshin 2004
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Spin-vorticity coupling

More careful examination: Becattini-Chandra-Grossi 2013;
Fang-Pang-Wang-Wang 2016

s(s+1)
6m

S*(x,p) = = (1= np)e"" p,wpe(2) + O(w)*

where ng(pg) is the Fermi-Dirac distribution function and
po = \/p*+m?

. S
Rest frame of particle: s =g P D
po(po +m)
1 *k
Polarization in direction n: P,=-5"n

S

Assumption used: thermal equilibrium. Is spin degree of
freedom thermalized in HICs? Open question.



* Global spin polarization

Hyperon polarization
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Hyperon polarization

* pr, rapidity, and azimuthal dependence, theory vs expts.

1.6 T T ¥ T g T T T . 4 i J ! 4 -----------
AutAu L Au+AU [ 57AR 200 GeV (20-60%N | AutAu 20-50 % [ STAR200GeV
- O STAR 200 GeV (20-60%) , — = 19.6GeV (20-50%) V<1 - -19.6 GeV
- = 7.7 GeV (20-50%) 7 3F - - 624GeV (20-50%) 3t - - -624GeV
1.2 | - - 19.6 GeV (20-50%) S — — 200GeV (20-50%) == =200 GeV
- — 62.4 GeV (20-50%) s i 1 I 27 g
— = = 200 GeV (20-50%), ~ — — — i 5
D\D - - - 4 4 EJE 2 4 ¥ A ~ o\o‘ 2 -~
<~ 08} S S - Nt L P £’ mommame e N " x—f}‘ | - = -
= -~ i =
o | 7 iy ¥ o 1 ‘.7 - S~ %Y o 1 ‘ ~
» JEve e - - P X
= - = [ o T T I . e - \
04t/ " 4T g Q--"0  dT--g e )
,,,,§ R 0 B S = T .. |
P - T
A v = & 2
",
0.0 * - * - * . * : * -1 " L 1 L " 1 . -1 F PSR SR TR S S N
p, (GeV/c) Y

¢

* Theory consistent with experiments in pr and rapidity
dependence.

* Puzzle: opposite ¢p dependence in theory and experiment.
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Transverse spin harmonic flow

 How to test the local structure of vort|C|ty?
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Longitudinal spin harmonic flow

* Longitudinal vortical quadrupole.  Becattini-karpenko 2017
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The sign problem
* Longitudinal sign problem:
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Spin alignment

26



¢-spin alignment
 Vorticity can also polarize spin of vector mesons, e.g. ¢
* Consider recombination q + q — ¢, the density matrix of q:

¢ L ( 1+PF, O
= = |

* The density matrix of ¢ is obtained from p?®p? in basis of
| TT), | Td)- |1T), and (I |

(14+Py) (14 Py) . .
:ﬂjqupq ) U 0

pl = 0 +§ g, 0
1-Fy)(1—-F4
0 0 )
* Suppose P, = Pg, )
priree) — i Liang-Wang 2005
00 — 9 lang-vwang
3+ P

Smaller than 1/3



¢-spin alignment

* @ decay via strong process, no parity violation, it is not
easy to determine its spin polarization states, but
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¢-spin alignment

* @ decay via strong process, no parity violation, it is not
easy to determine its spin polarization states, but
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¢-spin alignment

* Spin configuration for vector mesons:
P11~ 1TT) (TT1, p_1—1~ 1) (W |, poo~ [ITL)- IUDII(TL]- (LT]]

2
1— P

I I I R - Poo = o Pyz Liang-Wang 2005

i

1—P; + P¢ +F/

3 + P2
X.L.Xia-XGH, in preparation
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¢-spin alignment

* Predictions for central collisions:
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¢-spin alignment

* Predictions for central collisions:

Noncentral collisions:
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Summary

 Most vortical fluid created in HICs.

* Global polarization can be understood: vorticity induced by
global AM

* Inhomogeneous expansion leads to quadrupolar vortical
structure in transverse plane and reaction plane

* Sign problem in the azimuthal-angle dependence of both
transverse and longitudinal polarizations

* Resonance decays don’t solve signh problem

 New observables: rapidity dependent spin harmonic flows,
spin alignment in central collisions
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Subatomic spintronics

* Spin hydrodynamic generation in Hg (takahashi, et al. Nat. Phys. (2016))

30

20 +

10

0

10}

20+

-30

4 Liquid flow ol v\
\(D\m~ =
\ J

Au+Au b=9 fm

—8— 19.6 GeV
—A—62.4 GeV

—k— 200 GeV

-1.6 —0.8 0. O 0.8

Y

0

14 4

—21

N

Q_J#?
k w (0]

Te—h— */

*\4—4—4/‘

/

®— 9o —o—0o—°

\

0.345
0.340
R
X 0.335f
®
> 0.330F

=
< 03251

0.315f

0.310

flow

4 Fluid N

Spin voltage
\ i ¥ %

e Subatomic spintronics in HIC: a new probe for QGP

o 0.320f

1 1 1 1 1 1 1
-3 -2 -1 0 1 2 3
¢ w.r.t. x-axis



