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Introduction
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Vorticity by global angular momentum

* Angular momentum conservation
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Vorticity by global angular momentum
Angular momentum conservation

No rigid rotation*, but local fluid vorticity
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* At low energy, there is a possibility that two colliding nuclei fuse into a compound high-spin nucleus



Vorticity by global angular momentum

* Angular momentum conservation No rigid rotation*, but local fluid vorticity

spectators o
i !
& w = §V><v

(Angular velocity of fluid cell)

participants

before collision after collision

 Estimation at low energy \/s = 2my

_ b ys—2my 22 o—1
part of J,~Ab(y/s — 2my) retained in the produced matter: O~ ame 10
A
J=[d3xI(x)w(x) ~ [d3xs(x)xfw ~2my AR; @ for b < 2R, (b = Ry, \/s =3 GeV)
 Estimation at high energy +/s > 2my ) i(sz)z oo
part of J,~Ab /s retained in the produced matter: @ Ri\ /s >
J = [d3xy?(x)e(x)xfw ~ s A\s R @w/(2my)? for b < 2Ry, (b = Ry, /s =200 GeV)

* At low energy, there is a possibility that two colliding nuclei fuse into a compound high-spin nucleus



Vorticity by global angular momentum

Relativistic vorticities

1
Kinematic vorticity CUEV = —5(5uuv —oyu,) = Cl)lf( = —(1/2)6Wpa”vw§a
- 1
Temperature vorticity wgv — _E[a“(T”V) — 0,(Tuy,)

W, =

Thermal vorticity v

1
=5 10u(Buy) = 0y(Buy,)]

Numerical results for various vorticities
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Relativistic vorticities

Vorticity by global angular momentum

Kinematic vorticity

Temperature vorticity

Thermal vorticity
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(Deng-XGH 2016)
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(See also: Becattini-Karpenko etal
2015,2016; Xie-Csernai etal
2014,2016,2019; Pang-Petersen-
Wang-Wang 2016; Xia-Li-Wang
2017,2018; Sun-Ko 2017; lvanov
etal 2017-2020; ... ... )



Vorticity by inhomogeneous expansion
‘ {( | N " " Kvu
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0.012
0.006
0.000
o (See also: Karpenko-Becattini 2017;

e Csernai etal 2014; Teryaev-Usubov

2015; lvanov-Soldatov 2018; Fu etal
2020; Lei etal 2021; ... ... )
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Other sources of vorticity

1) Jet

: flow velocity e (GeV/fm?)
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(Betz-Gyulassy-Torrieri 2007) (Pang_Peterson_Wang_Wang 2016) (VOlOShin 2018, Lisa etal 2021)

2) Magnetic field
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Summary of this part

1. Global AM induces strong vorticity in HICs

picture from UrQMD

:w~ 101° — 1022 571

(QGP: The most vortical fluid)

2. Inhomogeneous expansion: quadrupoles in both xy and xz planes
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3. Vorticity (i.e., rotation of local fluid cell) can polarize spin

£
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Global spin polarization



Global spin polarization

* Spin can thus be polarized by vorticity (at thermal equilibrium)
Angular momentum dN

I <0 S ~e—(H0—wS)/T
Spin-otation dp

Rotation field ‘ ‘

Ny — N
.9 p— ) in
| NT+N¢ 2T

* The original idea was proposed by Liang and Wang

Quark polarization:

= e _ TUp
& =l ‘ P=—
Local OAM: L, = —Ax Ap,

(Figure by J. H. Gao)

(Liang-Wang 2004)
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Global spin polarization: Experiments
* First measurement of A global polarization (in rest frame) by STAR@RHIC
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STAR, Nature 548, 62—65 (2017) VS (GeV)

itv-violati I f 1
In case of A’s decay, daughter proton preferentially
decays in the direction of A’s spin (opposite for anti-A)

dN 1 ~
= 1+ aPA - p*
dQY*  Ar ( p)
a: N\ decay parameter (o ,=0.732)
Pa: A polarization A — P + 7 -
pp: proton momentum in A rest frame (BR: 63.9%, c T~7.9 cm)

* Using A to study spin physics in p+p, e+p, e+e collisions has a long history

A polarization w.r.t production plane °

\
(Lesnik etal 1975; Bunce etal 1976;

see e.g. review: Panagiotou 1990)
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Global spin polarization: Experiments
e« =7, global polarization by STAR@RHIC, A global polarization by ALICE@LHC

STAR, PRL126, 162301 (2021)
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A spin polarization formula

* Global polarization is (mainly) due to global angular momentum (AM)
* Vorticity: a bridge connecting initial AM and final global polarization

P = (s) _ 1 Tr (se_ﬁH+5S'“> ~ stlw

An im for [ in: —
estimate for static spi S s7 3 T

Covariant extension to moving spin-1/2: (Becattini etal 2013, Fang-Pang-Wang-Wang 2016, Liu-Mameda-XGH 2020)

fdz/lplf’(x' p)wpa(x)
[ dZap?f (x, p)

Valid at global equilibrium in lab frame. f(x, p) is Fermi-Dirac distribution

. 1
Thermal vorticity @w,, = (E) (a(,ﬁp — GP,BG),,BH =u, /T
Spin polarization is enslaved to thermal vorticity, not dynamical

Friendly for numerical simulation (A Cooper-Frye type freeze-out formula)
When magnetic field is present: w = w+ s 'uyB and @, = @,, — 28upF,;

1
PE(p) = —8?6‘“”001?1/
D

+ 0(@?)
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Global spin polarization: Vorticity

A hyperons: Experiment

= T ' L '
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(Li-Pang-Wang-Xia 2017; Sun-Ko 2017; Wei-Deng-XGH
2019; Xie-Wang-Csernai 2017; Karpenko-Becattini 2016)

(See also: Sun-Ko etal 2019; Xie-Wang-Csernai etal 2018-
2021; Ivanov etal 2017-2019; Liao etal 2018-2021; Deng-
XGH-Ma 2021; ......)
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=, (1 hyperons: Experiment

P,, [%]

Global spin polarization: Vorticity

STAR, PRL126, 162301 (2021)
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: o Q- +Q*
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Vorticity interpretation of global spin polarization works well!
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Local spin polarization



Local A spin polarization

The global A polarization reflects the total amount of angular momentum retained in
the mid-rapidity region. How is it distributed in different ¢ ?

e Spin harmonic flow: dq}; =5 [Py, + 2f3, ,S5in(2¢) + 293, ,c08(2¢) + -]
Azimuthal angle ¢ f2,9>: Spintronics analogue of elliptic flows
dN,

dg;h x 14 2vycos (¢ — W)+ 2vgcos [2(p — Wo)] + - -
e 1 7 o o L P
®/ «® 9/7‘ P 001: ./. '-... e
@ | !—'- o | @ » 0_1;_'.0' o, o{'*_._ _;
O z direction @ v y N @ 05 1 2 34s6 10 20 32T‘[(;eé({‘/:]



py, [GeV]

Local A spin polarization

The global A polarization reflects the total amount of angular momentum retained in
the mid-rapidity region. How is it distributed in different ¢ ?

dP
: : v,z i
* Spin harmonic flow: o =5 [Py, + 2f3, ,Sin(2¢) + 293, ,c08(2¢) + ---]
1) longitudinal polarization vs ¢ 2) Transverse polarization vs ¢
(Becattini-Karpenko 2018) 0.001 (We| Deng-XGH 2019)
: _ = = 4
5 P% Vswv =200 GeV RHIC . e Au+Au @0%2_23 cyc:n-:‘v _ Au+Au 20 500/ _D ?;22230 Gev_
0.012 \§/ 0.0005 3r M= _:::gﬁi:g:\y |
0.008 i ' o7
A 10,004 of X 2r TN, ]
- o.ooo VS o’ ' - o ]
| || 000 ~0.0005/- L PP S \\
~0.008 — STAR2018 ) A=
~0.012 » _ STRipreliminany _ STAR2018
-0.016 -0 1 2 3 1 NS S SR S
¢_1p2 [rad] 05 10 15 20 25
exp ¢
f ther

gz, <0,g;, >0
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How to resolve the local spin polarization puzzles

Attack the spin sign problem from theory side:

Understand the vorticity (©)
Effect of feed-down decays is not enough (©)

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 2019),
other spin chemical potential (wu-Pang-XxGH-Wang 2019, Florkowski etal 2019), contribution
from shear flow (Becattini etal 2021, Fu-Liu-Pang-Song-Yin 2021, Yi-Pu-Yang 2021), contribution
from gluons, ... ... )
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Revisit spin polarization formula

e Consider a local Gibbs state for Spin-1/2 fermions*® (Zubarev etal 1979, Van Weert 1982, Becattini etal 2013)

Canonical stress tensor Canonical spin tensor

<E7 1 g i
N1 fLG = 5— exp {— / d=p(y) [@‘“’(y)ﬁu(y) = —E“”"(y)upa(y)} }
A % e | Z1.a = i 2 l
. N !
/4 Thermal flow vector Spin potential

* The corresponding Wigner function
W(z,p) =Tr [ﬁLGW(CEaP)] =Tr [ﬁLG /d486_ip'stz (33 + %) ® 1P (93 — %)]
* The canonical spin vector in phase space

1 1
SH(z,p) = —ge”””"zum(w,p) = —ﬂe“”""TrD {7, Zpo} Wz, p)]

* Obtained by maximizing Von Neumann entropy under local constraints of stress and angular momentum tensors:
s=—Tr(pln p) with  n,Tr(p OH) = n,©"  and n, Tr(p SIHPTY = n,, XHP7 24



Revisit spin polarization formula

* For Dirac fermions (on-shell) at local equilibrium (Liu-xcH 2021; Buzzegoli 2021)
_ 5 B 1 = np(l—ng) v af 5,u1/pappn0 v VA v
Su) = $5u(0) ~ g | B PN a0 2 [ (6 4 ) 4 0]

: Thermal shear tensor

a = —fu : Baryon chemical potential

1
f,uu - 5 (8/.1,/61/ + au/B,u)
1
Alpe = fhpo — Wpe  with Wpo = 5 (058, — 0p85) thermal vorticity tensor
Sk is the polarization induced by finite chirality

* This is a Cooper-Frye type formula for spin polarization
T(z),u™(z), p(x), pap ()

Stp) =
Recall Cooper-Frye formula for
number spectrum: €. T el
a3 Smevesen]
4 % :
d&i% |
. _ 7
1 \;;im(GeV)

N = [ 2,5 @) 0 @), )




Revisit spin polarization formula
* |t is worth writing down different components in non-rel. form in phase space:

S =S+ Sw) +50) + 51 + S

1

206 .
fﬂ)(%P)Z{M——pM H pp]’nF(l—?’LF) with nr=nr(a+ BE))

Spin potential: 5 YoP
(Buzzegoli 2021, P
Liu-XGH 2021) p p2wi W - ppz‘ )
Vorticity: Sty (@:P) = =5 nr(l —np) with  w = (V xv)/2
(Becattini etal 2013, Fang b
etal 2016, Liu etal 2020) ' L pjpl o ]
Shear tensor: S0 (@,P) = —57m (1 = np) with 04 = (9; + 0jvi + 265V - v/3) /2
(Becattini-Buzzegoli-Palermo p
2021, Liu-Yin 2021) ( o VT),L-
. ; P
T gradient: S(ZT)(% p) =— T2 np(l—nr)
(Becattini etal 2013, Fang p
etal 2016, Liu etal 2020) ( - )l
' ial- i p X Vo
Chemical potential: (o) (@, P) = Wnp(l —np)

(Fang etal 2016, Liu-XGH 2021,

Yi etal 2021, Fu etal 2022)
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e Recall

S

Temperature vorticity as spin chemical potential

“(:E,p) -

1 |1
—— | =€

E, |4

g mﬁpuﬂaﬁ +

2p-n

P (En + D) nppap™ | np(l — np) + O(1i2,, 0°)

* Relax the global equilibrium condition (1)

0.0010

0.0005

<cos(6p")>

-0.0005

OuBy + 0,8, =0

0.0000}edde

o thermal vorticity

+ kinematic vorticity

= T-vorticity
non-relativistic

* STARA
STARA

-0.0010

(Wu-Pang-XGH-Wang 2019)

1

Hoo = 55 [00(Tup) = 9,(Tuo)]

272

- thermal vorticity

0.20 « kinematic vorticity
= T-vorticity

_ non-relativistic
X 0.15
>
0 — .
~= 0.10] :
o . . <

0.05

0.00

0.0 0.5 1.0 1.5

¢p (rad)
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Shear tensor contribution

* Recall
QK _ 1 1 praf 1 prap A A 1 O 2 82
(z,p) = TE, 1€ PrHas + %t (€vx + Appr) ngpap” | nF(1 —nr) + O(uy,, 07)
* Relax the global equilibrium condition (2) (Becattini-Buzzegoli-Palermo 2021, Liu-Yin 2021)
1
auﬁv+8uﬁu7é0 Hpo = Wpo = 5(80/8/0—0/360)
_ _ (Becattini-Buzzegoli-Palermo-Inghirami-Karpenko 2021)
(Fu-Liu-Song-Yin 2021) x10°*
1B, (1770003 ) %\’ \ _____
LTSNS

= 29
E RO N e,
s 20 N e T e
| 0 Tew,
s Pt
L2 N / Fa
> // 3 N UA
g T K A STARNT =7/
AN STAR ™
0 7TI/2 m
¢ — Wgrp

(See also Yi-Pu-Yang 2021; Florkowski-Kumar-Mazeliauskas-Ryblewski 2021;
Sun-Zhang-Ko-Zhao 2021; Alzhrani-Ryu-Shen 2022) -



Dynamic description of spin polarization

* Local spin polarization is still a puzzle.
* Dynamic theories for spin transport and polarization are needed

~ » Spin hydrodynamics: Fluid velocity, temperature, and spin density evolve together

_ » Spin kinetic theory: Particle and spin phase-space distribution functions evolve together

* A lot of theoretical progress since 2019
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Spin alighment of vector mesons




Spin density matrix

 Spin state is conveniently described by spin density matrix (SDM)
* Choose a direction (e.g. y-axis in lab frame ) to quantize spin.
* For spin-1/2 particles (e.g. quarks), a state with only polarization in y-direction:

q
(1 N PgUy) _ % (1 —|—0Py 1 OPq)
Sty

N | —

p? =

* A spin-1 particle (e.g. ¢ meson), SDM is 3X3 matrix in basis [1), [0), |—1)
P11 P10 P1-1
pV= pPo1  Poo  PO-1
-1 P-10 P-1-1

* Hermiticity and unit-trace constrain that only 8 elements are independent:
3 form a vector and 5 form a rank-2 spherical tensor
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Spin density matrix

* Consider recombinationg +q — ¢

* p”is obtained by p?®p? projected onto spin-1 subspace

* Vorticity dominance: B; = Pz, poop <

Magnetic-field dominance: B, = —P5, poo > -

(14+P3)(1+PJ)
3jpgpg ’ 0 0
0

1-PIP]
3—{—ng§
0 0

0

(1—PJ)(1-Pf)
3—|—P§pg

1

; 1

3

* The results of A polarization suggests vorticity dominance

(Liang-Wang 2004) P00

L 1
* Spin alignment: pgg — 3

2
=P 1 4,
3+P2 3 9V

Expectation: spin alighmentisa 10~* level phenomenon
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Spin alignment

 Main decay channels, parity-even strong decay: ¢ - KK, K** - K«

p00

0.4

0.25

0.35

0.3

T T T T T T T T T T
* 0 (|y|<1.()&1.2<pT<5.4GeV/c)f

I oK (lyl<1.08&1.0<p <5.0GeV/c) |
—CY = 1109 + 143 fm®

| filled: Au+Au (20% - 60% Centrality)

| open: Pb+Pb (10% - 50% Centrality)

dN

1l 1 | 1 |

10 10° 10°

sy (GeV)

d(cosO’ )

poo>1/3:= ,ﬂ:‘ |

=N, x[

A recent theory
0.40 T -
—e&— Qut-of-Plane
0.38f
-=e-= |n-Plane
& 036}
0.34
0.32 : : : :
10 20 50 100 200
SNN 1GeV

— Poo +(3p00—1)cos 6 :|

L 1 :
* Global spin alignment Puzzle: ¢-meson pyo > 3 and too big!

1
:000(377 O) _§ X <(9¢Bi(y))2>

(Sheng-Oliva-Liang-Wang-Wang 2022)
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Spin alignment

* Global spin alignment

04 I STAR Preliminary B
i lyl<1.0,1.0<p <5.0 GeV/c | _
0.381 — ] Puzzle: charge sensitive but K** (us) larger
C Isobar 200 GeV, 20-60% ] %0 — .
S o g KK K ] than K*¥(ds), opposite to B-effect
H * KO #K® 0 (K%K ]

0.34—

i Au+Au 200 GeV, 20-60% ]
032~ STAR 2022 (KO+K™®) arxiv: 2204.02302  —|

ol e e b
50 100 150 200 250

<Npart>
* Global spin alignment of J /i — [*1~
e 0.5 . . —
h C reliminar San = e 1 1 L 2 >‘9
0.4F I/;Z:USEN:J,'W%MYM% P =502 TV E W () o< (1 + A cos? 9) Poo = 3 =330 y

3+ Ag

03F 2<p . <6GeVic,25<y<4 ]

. ALICE 2022
0.2 : _*_ 3

0.1f ; Puzzle: A polarization at LHC is very small

o ---------------------------------------- —+— ----- » but a big J /1 spin alignment

_0_1_ ¢ Stat. uncert. ]
|:|Syst uncert Event plane

_ . L Ll il
0'20 10 20 30 40 50 60 70 80 90 100

Centrality (%) 34




Local spin alighment

* Centrality dependence

T T T
b) 0 *2™-order EP

04_' a)¢‘-15'-o‘rder E‘P $I “I
W e
I . . %%Eémﬁ

0.3

_w_

Jae $
o #

|

P

ﬁ.a.!;.’;.?.ﬂ..

Au+Au 27 GeV Au+Au 39 GeV Au+Au 62.4 GeV Au+Au 200 GeV
8 I A o
e) K 02" order EP fK° g) K?®
0.4+ 1
o lyl<1.0
1.2<p.<54GeV/ic
. T <}
KOl <1.0  Fewsaes T S . g.......ﬁ..ﬂ...@...ﬁ....
1.0 <p_<5.0 GeV/c g g g
0.3~ T T 8 T T
Au+Au 39 GeV Au+Au 54.4 GeV Au+Au 200 GeV

STAR 2022

Centrality (%)

* Local spin alignment

Central collisions

&

L L L I L 1 L I I L Ll 1 1 L 1
0 20 40 60 80 O 20 40 60 80 O 20 40 60 80 O 20 40 60 80

18]

Central:

Noncentral:

pPoo < o

1
3

L£o0 >

1

3

More significant at higher energies

P = (PY%, P, PEY)

Quark spin density matrix:

o

4

More significant at higher energies

1

2

(

1+ P;”q
P4 4+ iptA

q’q : q’c_]
_ p9d
1 - P
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Local spin alighment

e Vector meson spin density matrix element

PZ’q(Aw) = F, sin(Ay) 1 — PqPq n PqPq + P‘]Pq 1 F2 E2

PIAS) = —F cos(A — Y T T Tt x - L L cos(2AY)
v (AY) L Cos(Ay) » P00 3+ Pa . Pi 3 ¢ 3

P(Ay) =0

(Xia-Li-XGH-Huang 2020)
* More experimental verification of this scenario is needed

1) Measure azimuthal angle dependence 2) Measure pyo W.r.t other plane, e.g., yz plane

F 1 T T T T T T T T T T T T T T T T - T T T T T T T T T T T T
0.339 T I I T I

0.336}

0.333

0.330

0.327

= Poo 7] 0.339F—— 500

I

ol

AllJ = wvec -Ygrp

0.336|

0.333

0.330

I

0.327

1 Local spin alignment
1 unchanged, but

{ global one may

1 change significantly
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Global angular
momentum

Inhomogeneous
expansion

y
B oo e ——
T

Thank you

huangxuguang@fudan.edu.cn

Vortical
strongly
interacting
matter

Summary

Hyperon spin Vector meson

polarization spin alignment

Global hyperon polarization ©

Local hyperon polarization ®

Vector meson spin alighment ®

|

Exotics in a vortical fluid?




Global angular momentum

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