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Pre-reaction QGP Hadronization Detection
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Probes of the quark gluon plasma

e Electric or flavor probes of quark gluon plasma (QGP)

* For example: Multiplicity of produced hadrons
Thermodynamics, chemical freeze-out, ... ...
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Probes of the quark gluon plasma

e Electric or flavor probes of quark gluon plasma (QGP)

* For example: Anisotropy in charged-hadron spectra
harmonic flow coefficients -> equation of state, transport properties

(O z direction
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Probes of the quark gluon plasma

e Electric or flavor probes of quark gluon plasma (QGP)

* For example: Anisotropy in charged-hadron spectra
harmonic flow coefficients -> equation of state, transport properties
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* These are the “electronics (flavortronics)” of QGP
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Probes of the quark gluon plasma

* Electronics vs. spintronics in condensed matter physics (and industry)

__Electronics _ __ Spintronics
-ﬂlﬂlﬂlﬂlﬂlﬂﬁ

FFFFF

\\ =
-




Probes of the quark gluon plasma

* Electronics vs. spintronics in condensed matter physics (and industry)

__Electronics __ Spintronics __
-ﬁlﬁlﬁl‘ﬂlﬁlﬁﬂ

* “Electronics” vs. “spintronics” in heavy-ion collisions?
* Charged hadrons multiplicity N,y * Hyperon spin polarization P, , ,
* Harmonic flows of charges v4, v,, ... * Harmonic flows of spin f5., 5 7, ...
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Magnetic moment

Spintronics

* How to polarize spin?

Angular momentum

Spin orbit coupling

Spin orbit coupling

10U

HZeeman - _fYS -B Spin-rotation = _SQ HSOC_E =—AS- (p X E) HSOC_U - TI; WS L
Magnetic field Rotation field Electric field External potential
Ry
33 A
g e
* An interesting example
(" Liquid fl‘:)w o rotv\ e
(o)
\~\\£& 4 Wi
= 55 = Vo |
\v ¢ ¢
\(Dm (Dm_’ s ) Takahashi et al. 2016
\ J \— / \ Spin voltage /

» To realize spin probes of quark gluon plasma (QGP): Rotation, Magnetic field, ...... ?
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Global angular momentum and magnetic fields

Global angular momentum Strong magnetic field

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

Initial B and E fields:

Fluctuations Event average
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Magnetic fields

If quark-gluon matter is insulating:

(XGH 2015)
10 Au+Au6\/1?0 ~200GeV Well fitted by
o =10m ¢B,(0
s 1 (eBy (1)) e — )
I B “ (1 + £2/t3)*"?
RN | S— | f . ,
< Life time of B field
@ 0.01; 1
2m
0.001=" £ ty =~ Ral(v:) @ =Ry
-1.0 =05 s
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More realistic evolution of B fields:
(Yan-XGH 2021)
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Magnetic fields

Landau spin polarization of charged particle in a chirality-imbalanced medium:
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Chiral magnetic effect (CME) See lecture by H. -U. Yee
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Vorticity by global angular momentum

* Angular momentum conservation

150f

before collision

Au+Au, +f s=200GeV

participants

after collision

K (10°R)
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b (fm)
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Vorticity by global angular momentum

* Angular momentum conservation

No rigid rotation*, but local fluid vorticity

1 L)
w=-VXv D

spectators & AT

2

(Angular velocity of fluid cell)

participants

before collision

\

Au+Au, +f s=200GeV

after collision

150f

-
o
o

(%))
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|| (Ax10%)

K (10°R)

* At low energy, there is a possibility that two colliding nuclei fuse into a compound high-spin nucleus 1o



Vorticity by global angular momentum

* Angular momentum conservation

e

spectators

No rigid rotation*, but local fluid vorticity

e —> 1 .
oM >
(DZEVXU D

participants

(Angular velocity of fluid cell)

before collision after collision

 Estimation at low energy /s = 2my

. . o ~ b \/§_sz~1022 -1
part of ]O~Ab(\/§ — ZmN) retained in the produced matter: RZ  2my
J=[d3xI(x)wx) ~ [d3xs(x)xt®w ~2my AR; @ for b < 2R, (b = Ry, /s =3 GeV)

« Estimation at high energy \/s > 2my

2

b (2m

5~—2( N) ~ 1019571
RZ\ s

J = [d3xy?(x)e(x)xiw ~s AyVs R; @w/(2my)? for b < 2R, (b = Ry, v/s =200 GeV)

part of /,~Ab +/s retained in the produced matter:

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



Vorticity by global angular momentum

Relativistic vorticities

Kinematic vorticity

Temperature vorticity

Thermal vorticity

1 Voo

Wpy = =5 @ty = dy) = W = =(1/2)¢" uywp,
1

a)# _E[a,u(Tuv) - av(Tu,u)]

1
a/ﬁv = _E[a/x(ﬁuv) - av(ﬁu/x)]

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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Numerical results for various vorticities
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oo

(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; ... ... )
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Vorticity by inhomogeneous expansion
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0.006
. . 0.000
Longltudlnal -0.008 (See also: Karpenko-Becattini 2017;
Peey Csernai etal 2014; Teryaev-Usubov
2015; Ivanov-Soldatov 2018; Fu etal

2020; Lei etal 2021; ... ... )
20




Other sources of vorticity

1) Jet

: flow velocity e (GeV/fm?)

10 6, =0 01 1GeV]
n=4.0 \\\ 0~01‘LG:?V] 10-2
>f -i : 0.5
T 2/ -0.5
- =5 0 5 10
X [fm]
(Betz-Gyulassy-Torrieri 2007) (Pang-Peterson-Wang-Wang 2016)  (Voloshin 2018; Lisa etal 2021)

2) Magnetic field

$ ¥
) £

Reaction plane

y = HH

X Einstein-de-Haas effect 21




Main message of this

part

1. Global AM induces strong vorticity in HICs

:w~ 101° —

picture from UrQMD

1022 S—l

(QGP: The most vortical fluid)

2. Inhomogeneous expansion: quadrupoles in both xy and xz planes
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) £
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9
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Global spin polarization




Global spin polarization

* Spin can thus be polarized by vorticity (at thermal equilibrium)
Angular momentum
dNS ~e—(H0—wS)/T
H Spin-rotation —5-Q dp
Rotation field ‘ ‘

P—NT_Nl w
Ny +N, 2T

Quark polarization:

) p= — it
2E(FE +m)

(Liang-Wang 2004)

; Z
- e : !
@ Local OAM: Ly, = —Ax Ap,

(Figure by J. H. Gao)
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Global spin polarization: Experiments

* First measurement of A global polarization (in rest frame) by STAR@RHIC

w
T

L

| Au+Au 20-50% % A Nature 548, 62-65 (2017) |

@ A Nature 548, 62-65 (2017)
JL A PRC76 024915 (2007)
O A PRG76 024915 (2007) |
B A STAR preliminary
ks A STAR preliminary

m 1@

2%
e )
T

_1_||||I

,LL

10 107

STAR, Nature 548, 62—65 (2017) \.'sNN (GeV)

itv-violating d f

In case of A’s decay, daughter proton preferentially
decays in the direction of A’'s spin (opposite for anti-A)

dN A~
= 1+ aPa -p:
dQ*  Am ( p)
a: N\ decay parameter (o , =0.732)
Pa: A polarization A — P + 7~
pp: proton momentum in A rest frame (BR: 63.9%, c7~7.9 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 o —
10+ ¢
é-zo»
. Pt+D
. S
(Lesnik etal 1975; Bunce etal 1976; -40r O Ws=36)

see e.g. review: Panagiotou 1990) 0o oz o4

p >0.96 GeV/c
L

s !
0.6 0.8

Useful for understanding e.g. single spin asymmetry,
proton spin puzzle, ...
o uud + g + sea
. 3 : :_ ++ p
3 ot
<(z-w i
Hi—
J Ay = do.pipan dapjpanX "?“
dop =X + do-p p~>7rX
1.0 -400 01 0.2 03 0.4 05 0.6 07 0.8 09 1 25
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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) ‘
2L K  smumono. | 4m Theory curves: Wei-Deng-XGH 2019 hyperon decay mode  QH e spin
. B = at 27 GeV ;RAC76.0022915 (2007) — N— prr- _
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of " = =-AT _
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i -4 :a'::&f(viadauggerz\:n) - EXp methOd 2'

T e 5{5’;;;;;é;;;);;;o’;’g;’"f’"”"’1"’5’;’3’;’50’&;}; T ) ) ) ) Useful to understand B-field,
r o = - _(”LE:‘ -0.401+0.010 P - . P i L il . . . .
B I A=Ca-APg Pi=0Cz-4P: but still big uncertainties
10 10 10 M[Gev]
. GIobaI polarlzatlon at low energy by STAR@RHIC 2021, HADES@GSI 2021
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8- XX STAR,20-50%, AutAu ,0.5<y<2 - Ar N | —v— P, - BES data 1
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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 = () _ 1 Tr (se_ﬂH+Bs'w) ~ stlw

An estimate for static spin: =
P S s/ 3 T

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

[ dzap*f' (x, P)@po (%)
J dZap*f (x, p)

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

. 1
Thermal vorticity @w,, = (E) (aaﬁp — pﬁa),ﬁﬂ =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 w@,, = @,, — 28unl,,

1
PE(p) = — o €""P%p,

2
8F, + 0(@*)
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A spin polarization formula

* Boost into the rest frame of the particle

Py=0 t’ AN
P"=P —

p- P E,B) ooty (m,0)
Ep(Ep +m) - 2 ¢

* For the global polarization: project onto global AM direction
Pr=P"j

* With these equipments, one can calculate primary spin polarization by calculating
temperature, fluid velocity, magnetic fields, and so on.

* But not all the As are primary, feed-down decay of heavy hadrons produce many A

28



The feed-down effects

* About 80% of final A's are from decays of higher-lying particles

0.30;
0.25¢
0.20}
0.15}
0.10;
0.05}
0.00

spin direction

Thermal model

A calculation ] spin direction
| -———
50
’ . mother daughter

e Spin polarization transfer  (Xia-Li-XGH-Huang 2019, Becattini-Cao-Speranza 2019)

Il

spin and parity (1/N)dN /dQ* Pp (Pp)/Pp
strong decay 1/27 - 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 - 1/270~ 3[1—-2A/3—(1—2A)cos?>8*] /(8) 1
strong decay 3/27 = 1/270~ 3[1—-2A/3—(1—2A)cos?>8*| /(8) Too |OrTg to be -3/5
weak decay 1/2 —-1/2 0 (1+oPpcos6™) /(4m) shown; see ref. (2y+1)/3

EM decay 12 5 1/2+1- 1/(47) — (Pp-p*) p* -1/3




The feed-down effects

 Some decay channels can lead to spin-polarization flip, e.g., EM decay
Angular momentum conservation requires that the daughter A to be polarized opposite

O 5 A+

e ForA
N; /Ny Spin and parity Decay channel

A I 1/2% -
A(1405) 0.236 1/2- 20n
A(1520) 0.265 3/2” 20r
A(1600) 0.098 1/2+ 20x
A(1670) 0.061 1/2- 7, An
A(1690) 0.112 3/2° 0

x0 0.686 1/2+ Ay

0 0.533 3/2+ ATm

et 0.535 3/2% A, 2%

T* 0.524 3/2F An, 2n
¥(1660) 0.068 1/2+ An, 2n
¥(1670) 0.125 3/2° An, 20n

=0 0.343 1/2* ATm

O 0.332 1/2+ AT

z*0 0.228 3/2* En

B 0.224 3/2+F Ex

‘ Feed-down decays suppress
primary Pp by about 10%

1\ " 1\ "
-] ==z 1
(z) =)
e For=Z—,()~: (Xia-Li-XGH-Huang 2021)

Feed-down contribution for Q is negligible.

Feed-down contribution for Z is mainly:
Spin-3/2

5
Nz- + 5N=(1530)-2-

P=- (primary+feed-down) = Pz-(primary)

Nz- + N=z(1530)-z-

~ 1.25 Pz (primary)

‘ Feed-down decays enhance

primary P, by about 25%
30



Global spin polarization: Vorticity

A hyperons: Experiment

—— T T I T T T T T T T I T
?_9; 4 Au+Au 20-50%, B A Nature 548, 62-65 (2017) |
T @ N Nature 548, 62-85 (2017)
o+ A A PRCT6 024915 (2007) -
3l O N PRCG76 024915 (2007) |

W A STAR preliminary

= g A STAR preliminary -

2 o _
IC

B ‘1 4' i -= T

e
Hy
+Hp

1+
0 U PP
L STAR
preliminary
-0 ! L]
10 107

STAR, Nature 548, 62—65 (2017) 1F5NN (GeV)

!

(w) = (T(Pr + PR)) /s=7—200Gev
~(9+1) x 104171

Theory

6*

5 ‘ ® ASTAR CKT

5 — AMPT

- O RSTAR —  PICR

4 —  UrQMD+VHLLE
S
' 3k
n.>. L

2

7 )

0 ——

10 20 50 100 200

s (Gev)

(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)

P—(7.7)=7.34x3.02 [%]

Zat27 GeVL
(STAR preliminary)

}

—
=D
o—1

IS
—Y

IIII|\\\I|IIII|II

STAR Au+Au 20%-50%
Nature548.62 (2017)
oA OA
PRC76.024915 (2007)
AA AR
PRC98.014910 (2018)
mA OA

ALICE Pb+Pb 15-50%
PRC101.044611 (2020)
+A @A

STAR Au+Au 20%-80%

v * E'+§: (via daughter A P,)
* ¢ E‘+§_+
EF@ + Q +Q (via daughter A P,)
= | a, = 0.732 = 0.014
i %AEIKPRCQQ' %439 5 (2019) o =-0.758 = 0.012
- I} N - 0 = -0z =-0.401= 0.010
*Illl 1 1 |J||||| - _Illl 1 Il 11 |
10 10 10°
\'syn [GeV]

(Wei-Deng-XGH 2019)

Au+Au 20-50%

B Xk
Rl 2 -

Y|<1 —m—A&A
—o—="° ]
- _*_ Q' -
F
*.
A !1_*‘*\ i

”10 .. 1(30
Vs, (GeV)

Theory

Ph (%)

N
T T

(Li-Xia-XGH-Huang 2021)

—_
T

LB | T T L B | T
| AMPT Au+Au 20-50% STAR Au+Au 20-50%

- —&— A (primary + feed-down) ® A & A
- —®— Z-(primary + feed-down) STAR Au+Au 20-80%
. —e— Q- (primary) o E-+E*
o O+ Q¢
L 1 l L L 1 1 ' L L L I
10 100

Vsnn (GeV)

Vorticity interpretation of global spin polarization works well!
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Global spin polarization: Magnetic field?

Magnetic field distinguish particles and antiparticles

T o, Isobar collisions: same vorticity but 10% different B field

L] Anavzoso x A s c2os o)
D-I> ;‘:P;g;Zizigizf;?:Oﬁ%”)* 2»www‘\‘\‘ T ] 2_'{'xww'|'|'|'|‘
3 o Aoty ] TR ety IR - vt !
ol e Imlf y | : . L o=x gl 1 4 1
Vs = | o=l | B fommm
% S :m$$: by 1]
" # o'jii'l'*; ,,,,,,,,,, 1t o;ﬁﬁ_* te !l o1t
0 __ e . . u STAR2022| | | ]
_‘JT/IAF\ Zr +  Zr Ru +  Ru 1‘_Ml__mﬂ. J T
1k Iplltl‘ :Tlnaly L 0 10 20 Cseomrgltysf/]so 70 80 0 10 20 C?ntr‘g)litysg’/o]eo 70 80
10 107
STAR, Nature 548, 62-65 (2017) S (GeV) Isobar collisions: No significant difference within error bar
‘ e Omega may be more sensitive to B: to- = —2.02un
Though with big error bar, a * Rotation can induce magnetic field in a
difference betl\"/‘l’ee” 5 y(/lf) TQS charged fluid (Barnett effect) (Guo-Liao-Wang 2019)
P,(A) is seen. Magnetic field- - : :
vy 9 * Finite baryon chemical potential(rang-pang-
By <2|T |(PA B PA)> Wang-Wang 3016), spatial dependent hadronization
a V/E=T—200GeV of A and A (vitiuk-Bravina-Zabrodin 2019; Ayala etal 2021),
~ 17 . . ~
~ (6.0£5.5) <107 G mesonic potential(csernai-kapusta-Welle 2018), -

— _0.613 ------
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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 ¢ ?

dpP 1
: : Y,z i
* Spin harmonic flow: id  2m [Py, + 2f3,,5in(2¢) + 29,, ,c08(2¢) + -]
Azimuthal angle ¢ f2,g>: Spintronics analogue of elliptic flows
dN,
dg;h x 14 2vy cos (¢ — Wq) + 2vycos [2(¢p — Wo)] + - -
& '\ T / @ >‘oAz.s e ﬁ\/s;,ﬁé.onev é,:
@/ «® 2@ et rd ., b
® \: L‘— - 'ig » 0.1;—'0'. e S —
® 7 R Pl
@ 7 direction - / V \ 4 05 1 2 a4s6 10 20 S%T[G%({/;



p, [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,,
dp 2mlre T2 2y,zSIN(2) + 2g3y,,€05(2¢) + -]

1) longitudinal polarization vs ¢ 2) Transverse polarization vs ¢
(Becattini-Karpenko 2018) (We| Deng-XGH 2019)

e Spin harmonic flow:

0.001

3 PZ: \/m =200 GeV RHIC ¢Q Au+Au MSNN =200 GeV 4r o O STAR 200 GeV
‘ : ‘ ‘ | 0.016 % I 10%-60% i A”"'Au ?i:]flio 1/ - - -19.6 GeV 1
0.0005 B - - —-62.4 GeV -
0.012 \8/ I 3 - - -200 GeV
0.008 [ NI
- o 2t .
0.004 0 oS ST
0.000 VS A oo
L - Y
—0.004 ~0.0005 i eem T SRR
— B 7 [ T~ RN
0.008 - YA S'.STLARRZOES_ ObZ - Do l2 -
-0.012 0 001- PR Y Y W W AW W N ?ré frn‘m\a‘ry. [ STAR2018
-0.016 e 0 1 2 3 B T P R S
oW [rad] 05 10 15 20 25
2
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-l/Z fermions® (Zubarev etal 1979, Van Weert 1982, Becattini etal 2013)

Canonical stress tensor Canonical spin tensor

{
3 = 0 T T
$ \
<INy

1 1

AN PLG = —— exp {— / A=, (y) [@‘“’(y)ﬁy(y) — =M% (y) e (y)] }
o Z1.G = | 2 |

/4 Thermal flow vector Spin potential

8
5. /.
=
—d

* The corresponding Wigner function

W(x,p) ="Tr [ﬁLGW(iC,p)} = Tr [ﬁLG /d486_ip-3£ (a: + %) ® 1 (m _ f)]

e The canonical spin vector in phase space

1 1
SH(z,p) = —ée“”p"ilupa(w,p) = —ﬂd“”""TrD {7y, Zpo } Wiz, p)]

* Obtained by maximizing Von Neumann entropy under local constraints of stress and angular momentum tensors:

s =—Tr(plnp) with  n,Tr(p OM) = n, O  and n, Tr(p SIHPTY = n, 2P 38



Revisit spin polarization formula

* Mean spin vector for Dirac Fermion(on-shell, for particle branch) (Liu-xcH 2021; Buzzegoli 2021)
Py O
€,Uu1/p0.];n [px(f” +AMVA) _|_8Va]}

_ _ 1
S.(p) = S5,(p) — STd= p nr

: Thermal shear tensor

_ np(l—n y
/d:h-p F(E F){e,uuoaﬂp Maﬁ—l_z
p

a = —pu : Baryon chemical potential

1
g,uu = 5 (a,u,ﬁu + 3y:8p,)
1
Alpe = oo — @Wps  with Tpo = 5 (058, — 0,85) thermal vorticity tensor
St is the polarization induced by finite chirality

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

Stp) =
Recall Cooper-Frye formula for
number spectrum: E T s
T #'f:% % 1
: .5
10 10%

Vs (GeV)
39
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— pV
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Revisit spin polarization formula

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

S =5+ Sw +580) + 51 + S

i 2,1 7
i H P4 —H-PP ; _

« Spin potential: Siy(x,p) = {3 — o np(l1—np) With np=np(a+fE,)

(Buzzegoli 2021, b

Liu-XGH 2021) p p2wi W - ppz’ )
* Vorticity: ()T P) ="y nr(l —np) with  w = (V xv)/2

(Becattini etal 2013, Fang p

etal 2016, Liu etal 2020) ' ciik pjpl - . _ 5 250 2 /2
e Shear tensor: S%cr)(‘r? p) — ST B2 nF(l — nF) with Oy = ( iVj + 0V + 204 V - 'U/ )/

(Becattini-Buzzegoli-Palermo p

2021, Liu-Yin 2021) ( VT)i
P X

° 1 . S@ - — 1 —
T gradient: ()@, P) 7 E, np(l—nr)
(Becattini etal 2013, Fang
etal 2016, Liu etal 2020) v ;
. . : X
¢ Chem|ca| pOtentIa|: S%a)(l‘, p) = %n}“(l — 'TZF)
(Fang etal 2016, Liu-XGH 2021, p

Yi etal 2021, Fu etal 2022)
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Temperature vorticity as spin chemical potential

e Recall

1 |1

S (,p) = —— | 7€ putta

2 né’“’aﬁ (Eox + D) ngpap™ | np(l — np) + O(1,, 0°)

* Relax the global equilibrium condition (1)
1

0,8, +0,8,=0 Hpo = 575 100 (Tup) — 0p(Tuy)]
7 I 2T
0.25
« thermal vorticity * STARA
kinematic vortici 'y
0.0010 :T—vorticity v STARA 0.20 -« thermal vorticity
" « kinematic vorticity
= T=vorticity
nnnnnn lativistic
;,_\ 0.0005 § 015
<& oy
o ¢ o
G 0.0000f¢ L 010 ——— e —
V' n s Py
—-0.0005| 0.05
-0.0010 0.00!
0 1 2 3 4 5 6 0.0 05 10 15
@y (rad) @y (rad)

(Wu-Pang-XGH-Wang 2019)



Shear tensor contribution

e Recall

1 [1
SH(@,p) = = | 7€ puttap +

7 |1 P (En + Apr) ngpap™ | np(l — np) + O(1,, 6%)
p

2p-n

* Relax the global equilibrium condition (2) (secattini-Buzzegoli-palermo 2021, Liu-Yin 2021)

1
0.8, + 0,8, # 0 Hpo = Wpo = 9 (8050 - 8/050)
(Fu-Liu-Song-Yin 2021) (Becattini—l%tézzegoli—PaIermo—lnghirami—Karpenko 2021)
Liu- i e
10 2
-Pz(1/100?) 47\\/‘::-\\. _____
s LN
el AT
o T TR
-2 ’.{s\\ /.’/
e sk A STAR'NY=77
e R STAR 2 7
0 7rl/2 T
¢ — VYrp

(See also Yi-Pu-Yang 2021; Florkowski-Kumar-Mazeliauskas-Ryblewski 2021; Alzhrani-Ryu-Shen 2022)
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Spin hydrodynamics

* A dynamic theory for spin potential is promising: spin hydrodynamics

Micropolar

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

Applications

Grzegorz t ukaszewicz

* Hydrodynamics: low-energy effective theory for conserved quantities

 Hydro modes relax at Thydro = 1/whydro(k) — 00 when k& — 0
* Hydro is constructed by gradient expansion
* Typical hydro modes: energy density, momentum density, baryon density, ...
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Ideal spin hydrodynamics?

* |f spin current is conserved, hydro equations would be
Charge conservation : 9,J"(z) =0,
Energy — momentum conservation : 0,,0""(z) = 0,
Spin conservation : 0,2 (z) = 0,
with J#, O and XH"P expanded order by order in gradient giving constitutive relations
JH =nut + O(0),
0" = (e + p)uru” + pn"” + O(9),
YHP = g¥Put + O(0)
where O(1) terms usually correspond to ideal hydrodynamics (Florkowski etal 2018)
e But spin is not conserved in general (and thus not strict hydro mode)
6MJMVP =0, JHVP — pVQHP _ pPQHY 1 THVP = 8MEWP(;U) — Y — VP
* The conversion between spin and orbital AM is dissipative in general
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Spin hydrodynamic regime

* Even though spin is not conserved, when spin relaxation rate is much
smaller than other non-hydro modes, we could formulate a hydro+ for spin:
Relativistic dissipative spin hydrodynamics

|w(k)| = frequency scale

fast modes

Non-hydro regime "
E— |wsound(k)|
~~ — |wshear(k)|

E— |wspi11,J_(k)|
“““““ |(Uspin,||(k)|

Spin hydro regime [ g t————A==="--mmmmcceeo oo

Pure hydro regime () k = wave number

(Hongo-XGH-Kaminski-Stephanov-Yee 2021)



Ambiguity in definition of spin current

* The definition of spin current is ambiguous

l I ;
* The pseudo-gauge transformation: preserves total conserved charges and
conservation law (Becattini-Florkowski-Speranza 2018)

r L L
SHVP _y SHVP _ HHVP

1
QMY _y QK + 58/\ ((I)}\,u,l/ . (I)y,}\l/ . (DI/)\[,L)

* Formulation of spin hydro depends on the pseudo-gauge choice

(Florkowski etal 2017; Montenegro etal 2017; Hattori etal 2019; Gallegos etal 2020; Bhadury etal 2020; Li-Stephanov-Yee 2020;
Hu 2020-2022; Fukushima-Pu 2020; She etal 2021; Weickgenannt etal 2022; Cao-Hattori-Hongo-XGH-Taya 2022; ... ...)

* Fix the pseudo-gauge by coupling spin to torsion (or spin connection)
(Hongo-XGH-Kaminski-Stephanov-Yee 2021; Gallegos etal 2020; 2022) 46



Stress tensor and spin current

* The stress tensor and spin current

1 5S 2 35S
o — Elu’ = —
O'al2) e(x) de(x) w’ () e(r) dw, **(z) .
* For QCD
1
O = iq(q/”Ba — 3a’y“)q + 2tr (G”pGap) + EQCDQCLM,

b c
Eujab — _§qeujc{7 ;Eab}q

e Equations of motion (Ward-Takahashi identities for diffeomorphisim and
local Lorentz invariance)( G, =1",,)

. 1 )
(DM - GM)GMa — _@MbTbua + 52% Rbc,u,a + FGJ)UJJle?
(Du — Gu>zﬂab = —(Oab — Opa)



Construction of spin hydrodynamics

 Step 1: Identify (quasi-)hydro modes

4

Eight (quasi-)hydro variables: €, n,u®, 04, (or 0, = Eﬂbc{{’l{,b(fcd/2)
with constraints ©?> = —1, 0%u, = oapu’ = 0.

Local first law of thermodynamics: s = 3(e + P — pin — jtap0®/2)
and T'ds = de — pdn — ;.z..“b doay /2.

: . . . 0Os .
Conjugate variables: inverse temperature 5 = 30 chemical
o L ge
t t . | ('_)eS a b, j ('_) e"
potentials t = —, p*” = ——- .
f on / 2 004

Power counting scheme

(B,n,u% e} =0(d") and {u, Jab?w;‘b} = 0(0)

e Step 2: Tensor decomposition

OF = euuq, + pAL +utoq, — 0¢"uy + 00",
¥ro=¢, (04 dou”)
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Construction of spin hydrodynamics

e Step 3: Calculate the entropy production rate
(Vp—GL)s" =(V, —G,)(6s" + udJ") — o0+,
— 56+

o (DB = T2, 8%)
(DB = T8" = Bu, ) = 87V u(Bu) — Fluu 8] + O(8°)

* Step 4: Second law of local thermodynamics (V,, — G,)s"* > 0

60%,| oy = =15 (D’ = T5,u%),  (Hongo-XGH-Kaminski-Stephanov-Yee 2021, 2022)

5®Ma|(a) - _(nS)MaVb(Dyub o Tbucuc o fu’l/b)
) 1 1
it = 2 (58 + ALAY) - TALAY )+ CALAY,

1 5 5
(ns)ﬂa b — §ns(AM Aab _ AgAa,)

with 1 > 0 shear, ¢ > 0 bulk, and 1, > 0 rotational viscosities.

* With equation of state p = p(e, n.041), the equations are closed
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(Quasi-)hydro modes

Perturbation about global static thermal equilibrium

perturb
ut = (1, 0)
g% =0

€ = €y + b€
ut* = (1,0) + du*

c*=0+ 660"

(e One pair of sound modes : Wsound (k) = tes|k| — %f}/”kQ + O(k?),
e One longitudinal spin mode : wgpin, (k) = —i,
e T'wo shear modes : wgpear (k) = —ivL k? + O(k*),

e Two transverse spin modes : wspin, 1 (k) = —il's — iv.k* + O(k?).

where we introduced a set of static/kinetic coefficients as

op 1 4 n
2 pr— ) pr— —|— J— ~ p—
“ = Be /”_eo—l—po (C 377)’ =

60_@ _ 778 _ 2778

Xs0ij = a—ma Vs = 2(c0 + po)’ I's = X Spin relaxation rate

(see Hongo-XGH-Kaminski-Stephanov-Yee 2022 for pQCD computation of spin relaxation rate) 0



Spin hydrodynamics

* If you are interested in numerical spin hydrodynamics for A polarization
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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 Pgay) _ % (1 —I—OPy 1 OPq>
oty

Do | —

p? =

* A spin-1 particle (e.g. ¢ meson), SDM is 3 X 3 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

53



Spin density matrix

 Consider recombinationg + g — ¢

» p"is obtained by p?®p? projected onto spin-1 subspace

(14+Py) (1+Py)
3+Plp} 0 ) 0
Sl B
)
0 0 31 PIpE

- . 1

* Vorticity dominance: B, = Pz, pop < 3
e : 1
Magnetic-field dominance: F, = —P5, poo > 3

* The results of A polarization suggests vorticity dominance

(Liang-Wang 2004) £00

* Spin alignment: pgo —%

1-P; 1 4
S 3+P2 T3 9

Expectation: spin alignmentisa 10~* level phenomenon
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Spin alignment

 Main decay channels, parity-even strong decay: ¢ —» KK, K*® - Kn

* Global spin alignment Puzzle: p-meson pyo > %and too big!

II| T T \II\\II T T ll\\\ll T T T
*0 (lyl<1.0&12<p_<5.4 GeVc) -

04 o K® (lyl <1.0 & 1.0 <p_ <5.0 GeVic) | A recent theory
o 5 0.40 ‘ : - b \2
. —C.”=1109 + 143 fm : p00<x’ O) X <(g¢Bx(y)) >
L ’ —&— Qut-of-Plane
0.35 ! ==e== |n-Plane ] ( E¢ )2
ST 99 Ha(y)
O-O
0.3
| filled: Au+Au (20% - 60% Centrality) ] X ‘ . ‘ . :
0.5 oPen: Po+Pb (10% - 50% Centraliy) ] "0 20 50 100 200 (Sheng-Oliva-Liang-Wang-Wang 2022)

sy (GeV) 55



Spin alignment

* Global spin alignment

o
o

* Global spin alignment of J /i — (1~

>

<

0.4

0.38

0.36

0.34

0.32

0.5

0.4F

0.3

02f

0.1
0

-0.1F

_O'ZOI 10 20 30 40 50 60 70 80 90 100

T
_ ] STAR Preliminary ]
< | |
lyl<1.0, 1.0<p_<5.0 GeV/c
E _ : E
- Isobar 200 GeV, 20-60% A
= KOTK T V(K +K ) .
HH *K? =K? o(K%K?) ]
T Au+Au 200 GeV, 20-60% |
—  STAR 2022 (KO+K™®) arxiv: 2204.02302  —|
i N R N B
50 100 150 200 250
( Npart )

TT 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 T T TTTT [T

ALICE Prellmlnary Pb—Pb ﬁ =5. 02 TeV
£ Inclusive Jiy — piu” _
o 2<pT<6GeV/C,2.5<y<4 3

: ALICE 2022

________________________________________ __+__ _____

[ ¢ Stat. uncert. N

DSyst uncert Event plane ]
i L

Centrality (%)

Puzzle: charge sensitive but K** (us) larger
than K*°(d5s), opposite to B-effect

1 ) ) 1 2 A
11 Agcos 6 w-3=3
347 (| T Rec0s0)

W(0) o 3 33+ M\

Puzzle: A polarization at LHC is very small
but a big J /1 spin alignment
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Local spin alighment

e Centrality dependence
O ——— D

' a)o "afiorderEP | | b) o e orderEP ] c)q»l ' * ' ' d) o

N $ | i | _

&% i §

w-gﬂ. * - # [ E.. 1

B — *--_:%";:E-‘*" -ﬁ"_:;ﬁﬁ'g'ﬁ'ﬁ‘ """ wﬁﬁﬁﬁ‘ """" _ Central: P00 < 3

Au+Au 27 GeV Au+Au 39 GeV Au+Au 62.4 GeV Au+Au 200 GeV 1

p00

N e g N T Noncentral: oo > 3
Toy<10 ! $ 1 1 ]

1.2 <p <54 GeVic

K'0|1y.|0<<1;'>0<5.0GeV/c ....... .@ﬁ ........... n?'b"'g ........ ¢. ..... @ ...ﬁ...a...ﬁ.... . . . .
: I g ! ] More significant at higher energies

STAR 2022 Au+Au 39 GeV Au+Au 54.4 GeV Au+Au 200 GeV

1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
0 20 40 60 80 O 20 40 60 8 O 20 40 60 80 O 20 40 60 80
Centrality (%)

* Local spin alignment

P7 = (PY7, P, PT)

o

Quark spin density matrix:

1]

1 ( 1+ P31 Pg’q—iPﬁ"_])

P = a.q |, pdd a4
2\pta4iptt 1 _pt

Central collisions

More significant at higher energies -



Local spin alighment

* Vector meson spin density matrix element

PLI(AY) = F_ sin(Ay)

PYUAY) = —F cos(Ay) ) P00 =

PH(AY) =0

1 - PP+ PIPI 4 pApI

3+P7.Pa

(Xia-Li-XGH-Huang 2020)

* More experimental verification of this scenario is needed

1) Measure azimuthal angle dependence

0.339

0.336|

0.333

0.330

0.327

Poo

ol

1 l 1
/2

e
AQIJ:Lﬁ’vec_kl’}RP

1 I L L L
3m/2

~
~

1

3

F2 F2
FL = ?l cos(2Ay)

2) Measure pgo W.r.t other plane, e.g., yz plane

0.339

0.336

0.333

0.330

0.327

Poo

] Local spin alighment
1 unchanged, but

i global one may
change significantly

1 I 1 1 1 I 1 1
/2 M2

Aw — 77bvec — lijz

1 I 1 1 1
3m/2
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Summary

Global angular ‘

momentum :
, n Vortical

strongly

Inhomogeneous
expansion

interacting
matter

Thank you

huangxuguang@fudan.edu.cn

Hyperon spin Vector meson
polarization | spin alighment

Global hyperon polarization ©

Local hyperon polarization ®

Vector meson spin alighment ®
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