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Motivation of the talk

Quark-gluon plasma: “The most vortical fluid”

doi:10.1038/nature23004

Global A hyperon polarization in nuclear collisions
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Motivation of the talk

e But: discrepancies exist between theory and experiments

1) longitudinal polarization vs ¢ 2) Transverse polarization vs ¢
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Outline

* Vorticity in heavy-ion collisions (HICs)

* From vorticity to spin polarization of hadrons

* Spin hydrodynamics

* Spin alighment and spin dependent hadron yields

* Summary



Vorticity in heavy-ion collisions



What is vorticity?
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Fluid vorticity

Vortex in a coffee cup (Angular velocity of fluid cell)



What is vorticity?

* Vortices: common phenomena in fluids across a very
broad hierarchy of scales

10%1m 102 — 10 2%m 107> - 10" 8%m 10~15m

camera
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Tornados, ocean vortices, ... Quark gluon matter



Why fluid vorticity in HICs?

Pz~ A\/’-E picture from UrQMD
Abn/s Z 18
Jo~—, ~10%h eB~yagy,;~10""G
Global angular momentum Strong Magnetic field

(RHIC Au+Au 200 GeV, b=10 fm)



Why fluid vorticity in HICs?
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(RHIC Au+Au 200 GeV, b=10 fm)



Vorticity by global angular momentum

Time dependence
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Energy dependence of initial vorticity
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(Deng-XGH 2016; Deng-XGH-Ma-Zhang 2020)

The most vortical fluid: Au+Au@RHIC at b=10 fm is 1020 — 102151
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Vorticity by fireball expansion
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Other sources of vorticity
1) Jet
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(Pang-Peterson-Wang-Wang 2016)

2) Magnetic field
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Main message:
1. Global AM induces strong vorticity in HICs

: w ~ 1071 — 1022 571

picture from UrQMD

2. Fireball expansion: quadrupoles in both xy and xz planes
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How to detect it experimentally? Spin polarization, Chiral vortical effects,



Spin polarization by vorticity
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How vorticity polarizes spin?

Early idea: Liang-Wang PRL2005; Voloshin 2004

Vorticity interpretation (at thermal equilibrium)

111 —»4- IHT

dN
e p—(Hy—w+S)/T
p— NT — Nl w
' Ny +N, 2T
More rigorous derivation (Becattini etal 2013; Fang etal 2016; Liu-Mameda-XGH 2020)

[ dZp? f' (%, p)@po (X)
fdz)lp/lf(xr p)

Valid at global equilibrium. f(x, p) is the distribution function (Fermi-Dirac)

- 1
Thermal vorticity @,, = (E) (aaﬁp — ap,Ba)
Spin polarization is enslaved to thermal vorticity, not dynamical
Friendly for numerical simulation (a spin Cooper-Frye type formula)

1
PH(p) = o~ €e"""p, +0(@*)
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Global A spin polarization

The global polarization (i.e., integrated polarization over kinematics):

Experiment = Theory
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Global A spin polarization

The global polarization (i.e., integrated polarization over kinematics):

Experiment = Theory
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between P,(4) and P,(4) is seen.
Magnetic field?
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Vorticity interpretation of global A
polarization works well!
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Global A spin polarization

The global polarization: Experiment = Theory (Deng-XGH 2016; Deng-XGH-Ma-Zhang 2020)
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Differential A spin polarization

The global A polarization reflects the total amount of angular momentum retained in
the (-1,1) rapidity region. How is it distributed in e.g. pr, 17, and ¢?
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Differential A spin polarization

The global A polarization reflects the total amount of angular momentum retained in
the (-1,1) rapidity region. How is it distributed in e.g. py, 17, and ¢?

dp,,

e Spin harmonic flow:

(Becattini-Karpenko PRL2018)
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Differential A spin polarization

Attack the puzzles from theory side:

Understand the vorticity (©)

Effect of feed-down decays (xia-Li-XGH-Huang PRC2019, Becattini-Cao-Speranza EPJC2019)
(Measured A may from decays of heavier particles)

Go beyond equilibrium treatment (spin as a dynamic d.o.f)

spin hydrodynamics

spin kinetic theory

Initial condition

(Initial polarization, initial flow, ... ... )

Other possibilities

(chiral vortical effect (Liu-Sun-Ko 2019), mesonic mean-field(Csernai-Kapusta-Welle
PRC2019), other spin chemical potential (Wu-Pang-XGH-Wang PRR2019, Florkowski etal2019),
contribution from gluons, ... ... )

Other observables for vorticity and spin polarization

Vector meson spin alignment (Liang-Wang 2005; STAR and ALICE)

Vorticity dependent hadron yield (ExHIC-P Collaboration 2002.10082)



Feed-down effect
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0.00'

One important contribution
About 80% of N's are from decays of higher-lying particles

Thermal model
_ calculation

spin direction

spin direction
% - - B ->

daughter

ZO

mother

Some decay channels can flip the spin, e.g., EM decay:

0 5 A 44

B

The angular momentum conservation, requires that if 2 is polarization
along the vorticity, its daughter A must be polarized opposite to the

vorticity

Let us examine the decay contribution

23



Spin transfer

* Consider the decay process

P—D+X

* The parent P is spin-polarized along z, the daughter D moves
along p* in P’s rest frame

Density matrix

f )= Y ' T
pl Ay :AlA! (9 7¢*) B HA'D)-XQMPpilp;M' HM' ALAL
Pyp

f) =1070"ApAx) <mmmmm i) = |SpMp)
The spin polarization of D:

Po =t (B, ) /00 (1)

D _ f
Paviay, = X (p lnlx:lz’)%’c)
24



Spin transfer
* For example, consider the EM decay 1/2% —» 1/2% 1™

Initial density p;dP_ijzdiag( > 3

1+Pp 1— Pp)
matrix: ,

1+PpcosB* 0 0 —PpsinO*

‘ f 1 0 00 0
PivixsabAl = g 0 00 0
—Ppsin@* 0 0 1—PpcosB*

- p _ 1 (1+Ppcos6” 0
Pipidt, = 37 0 1 — Ppcos 6%

First derived by Gatto 1958
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The feed-down correction

(Xia-Li-XGH-Huang PRC2019)

spin and parity (1/N)dN /dQ* Pp (Pp)/Pp
strong decay 1/2v = 1/270" 1/(4m) 2(Pp-p*)p" —Pp -1/3
strong decay 1/2= = 1/270~ 1/(4m) ) Pp 1
strong decay 3/2t = 1/2%0~ 3{1-2A/3—(1-2A)cos“0*| /(8r) |
strong decay 3/2- = 1/20" 3 {1 —2A/3— (1—2A)cos2 6*] /(87) Too long to be 3/5
weak decay 12 —1/2 0 (1+aPpcos8*) /(47) shown; see ref. (2y+1)/3
EM decay 1/2t 5 1/2+1- 1/(47) —(Pp-p*)p* 13

Longitudinal polarization

(Xia-Li-XGH-Huang PRC2019)

=== primordial
¢ after decay

PEM = f,sin(2¢)
0.002

T
\
/
\

0.001}

£ 0.000}

a.
—0.001}

-0.002

T

6 n}? n 3r;/2 2!n

Transverse polarization

PEAM = + focos(2¢)

- pnmordial
¢ after decoy

0.0061

0.004

Py()

0.002r

0.000

P. = f. sin(2¢)
(Becattini-Cao-Speranza EPJC2019)

0.070

o
Sole A, 7

0,010 ‘\ ,,’ T.=03GeV" /' pr=2GeV
0o 05 10 15 z0
@l

P, = fo + f2cos(2¢)

Conclusion:

Feed-down effects suppress ~10% A
primordial spin polarization

Do not solve the spin sign problem



Spin hydrodynamics
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Spin hydrodynamics
Framework for collective spin dynamics. Spin as a (quasi-)hydrodynamic variable

* Widely used in non-relativistic spintronics, micropolar fluid, ... ...

W o A 4 Liquid flow )
o oy ®=rotv
3 o 4 Micropolar
%) 4 'Isoc\, o N % p =
: e ’ Fluids
-y ) Iheory and
9 * \ Applications
(D(D_, *0‘ \(Dw v
= J \_ J

(Takahashi etal Nat.Phy.2016)

* Relativistic ideal spin hydrodynamics  (Florkowski etal PRC2018)

8MT“V =2 THY = (e + P)uu” — Pg"”
X
AV — A v wu v
oS 0 S — —4( W

(See also: Florkowski etal PRD2018,PPNP2019; Motenegro etal PRD2017, PRD2017) 28



Spin hydrodynamics

Relativistic dissipative spin hydrodynamics  (Hattori-Hongo-XGH-Matsuo-Taya PLB2019)

 ldentify (quasi-)hydrodynamic variables: T and u* (4 for translation), "V =
—w"*(spin chemical potential, 3 for rotation, 3 for boost).
* Derivative expansion. Apply 2"d law of thermodynamics.

* Constitutive relations up to 0(9)

TH = eutu’ + m 4+ utuV
(0) P o
heat current shear viscosity  pulk viscosity

T4y, = —2K (Dul® + BaY'p=1) u) — 250 u"> — §(8,ut) AR
—22 (—Dult + paY' g1 + 4u,w) ul — 2y (9w — 24543 wP?)
boost heat current rotational viscosity

* Hydrodynamic equations

v uv 2 _ — a ap 2 = ap
a, (T(o) +Tf}) +0(d )) =0 0, (uts™) = T() — T3 + 0(3%) p = p(e s™)
Energy-momentum conservation Angular momentum conservation Equation of state

* Israel-Stewart type theory

v

7, (Doy’) L + oy = 21/8'(1'11"3', T (Dg") | +q" = A(Du* + B3| T — 40" u,),

pv

TC(D(Téw)I_ +(TC — é"’f)A}ll" T"(<D¢}“’)-L +¢;11' = 2’)’(6.‘!111] _+_20}i1'),

(See also: Florkowski etal 2020; Shi-Gale-Jeon 2020)



Spin hydrodynamics

* Possible consequences: (1) New collective modes

w = —2iD,, 4@=m | ongitudinal spin damping

w = —2iDy, ¢== | ongitudinal boost damping
r_QiDS — k2 + Ok, &= Transverse spin damping

i ﬁ\—irylkf + O(k),, === Shear viscous damping

. Jicskz - 7%]«2 + (’)(kf), == Sound and bulk viscous damping
| —2iDy — 2ic2Nk? + O(k2). <= Transverse boost damping

 (2) Polarization: azimuthal-dependence puzzle
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Spin hydrodynamics

Future:

» Causal and stable (Israel-Stewart) 2"9 order spin hydrodynamics
* Flow frame choice and pseudo-gauge choice,
especially for Belinfante gauge
e (Calculation of rotational viscosity and boost heat
conductivity (insight to QCD)
* Formulate spin hydrodynamics for large vorticity
at 0(1) and with magnetic field
* Derive spin hydrodynamics from kinetic theory or holography
* Application: numerical spin hydrodynamics for A polarization




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

o L LB @
/)1__ 1

* The density matrix of ¢ is obtained from p?®p? in basis of
|TT), | T!)- |{T), and |{])

(1+4+P4)(1+Pg) :
34_1/)(1 I’q . 1 IU l ()
% —P. P )
= o mRR

: y (=P)(1-Py

() U 3""1)(1 1)(,1,
* Suppose P, = Pg, i P2

pg(()rcc) — ({) Liang-Wang 2005

&+ I

Smaller than 1/3



-8 - Au+Au 200 GeV
0.38— 12<p, <54 GeVie
¢ meson (1st order EP)
0.36— - .
o ‘ r
+ }fz
034 +. |
e 1"
032} .
- Zhou, Quark matter 2018
0.3 STAR preliminary
0_28-....1A.. 1 $g b t-p ol pig o d Boip gy prBigityry g Bebity iy

¢-spin alignment

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

dN
a’(cos@ ) [

= O +(3p00—1)cos 6 ]

>
Poo>1/3: 8 Poo=1/3: O Poo<1/3: @

" ""10 20 30 40 50 60 70 80

Centrality (%)

Puzzle: for most centrality, pgg

is far above 1/37?

Magnetic field contribution?
Mesonic field (sheng-Oliva-wang 2019)?
Gluon contribution?



¢-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~ 11TT) (TT1, p_1—1~ 1) (|, poo~ [1TL)- IUDII(TL]- (LTT]

2
1— P

I I I , » Poo = 31 Pyz Liang-Wang 2005

it oo

1— P74+ P¢ +Pf

3 + P?
Xia-Li-XGH-Huang, to appear
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¢-spin alignment

* Predictions for central collisions:
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¢-spin alignment

* Predictions for central collisions:
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Spin dependent hadron yields
Vorticity is the “spin chemical potential” (ExHIC-P Collaboration 2002.10082)
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Heavy-ion physics: electronics era to spintronics era

Puzzles, challenges, but opportunities
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Subatomic spintronics

* Spin hydrodynamic generation in Hg (takahashi, et al. Nat. Phys. (2016))
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e Subatomic spintronics in HIC: a new probe for QGP
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Angular momentum in HIC

Kl (10°A)




