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Introduction




Heavy ion collisions and quark gluon plasma
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Probes of the quark gluon plasma

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

* One example is the anisotropy in charged-hadron spectra:
harmonic flow coefficients
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* This is the “electronics (flavortronics)” of QGP



Probes of the quark gluon plasma

 Comparing to what happened in condensed matter physics (and industry)
* Electronics vs. spintronics in condensed matter physics (and industry)




Probes of the quark gluon plasma

 Comparing to what happened in condensed matter physics (and industry)
* Electronics vs. spintronics in condensed matter physics (and industry)

e “Electronics” vs. “spintronics” in heavy-ion collisions
* Charged hadrons multiplicity N,y * Hyperon spin polarization F;
* Harmonic flows of charges vy, v,, ... * Harmonic flows of spin f5,, ;, 92y 7, -
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Spin probe of QGP: Global spin polarization

* First measurement of A polarization by STAR@RHIC *
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In case of A’s decay, daughter proton preferentially
decays in the direction of A’s spin (opposite for anti-A)
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Spin probe of QGP: Local spin polarization

* How the spin polarization is distributed in different ¢, pr,n?
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Spin polarization by vorticity

 What is probed by spin polarization observables?
e Quite naturally: Vorticity (local rotation)
Angular momentum (at thermal equilibrium)

H . ==5-Q
Spin-rotation dNS ~e —(HO —(U'S)/T
Rotation field - dp

F P~ TR T
Ny + N, 2T
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Spin polarization by vorticity

 What is probed by spin polarization observables?
e Quite naturally: Vorticity (local rotation)
Angular momentum (at thermal equilibrium)

HSpin-rotation =-5-Q dNS Ne—(HO—(U'S)/T

Rotation field - dp

r T
Ny + N, 2T

* How vorticity emerges: Global angular momentum

J = Jd3x1(x)w(x)

Ab+/s
ol ) ‘ Jo~ 2\/_ ~10°h ‘ X
e - (RHIC Au+Au 200 GeV, b=10 fm) W = EV XV

e SR o o (Angular velocity of fluid cell)
Po~—" 11




Vorticity by global angular momentum

Global angular momentum Energy dependence
‘ oosi .’i. . .‘ . .
BT BN kinematic vorticity
B N .
Local fluid vorticity T0% {yqQmp Y .
£ Lo S~—n
1 = 0.04' ¢ \\
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10%! 102 — 1072 107° - (Deng-XGH 2016; Deng-XGH-Ma-Zhang 2020)
_

T 88 = The most vortical fluid: @ ~ 1020 — 10%1s~1

S+ I = Relativistic suppression at high energies

e -

Galaxies Water vortex Helium 4 Quark-gluon plasma
I (See also: Jiang-Lin-Liao 2016; Becattini-Karpenko etal 2015,2016; Xie-
. Vorticity Csernai etal 2014,2016,2019; Pang-Petersen-Wang-Wang 2016; Xia-Li-
' (S—l) Wang 2017,2018; Sun-Ko 2017; Fu-Xu-XGH-Song 2020; Guo etal 2021; ... ...
10716 1072 — 102 10 1022
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Vorticity by inhomogeneous expansion
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(See also: Karpenko-Becattini 2017;
Csernai etal 2014; Teryaev-Usubov
2015; Ivanov-Soldatov 2018; Fu etal
2020; Lei etal 2021;
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Quantitative understanding of spin polarization




Statistical mechanics description

» 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

Y {\/I T/ \i; ) 1 ) T 1 . T
N ) pLG = 7 — exp {— / d=,(y) [6“”(1;)6,,(,@) - §E“p“(y)upa (y)] }
LG = l l

k|
% . rh
Thermal flow vector Spin chemical potential

i

* The corresponding Wigner function
Wep) =T [puaW(e.)] =T pua [ d'se 5 (04 5) 99 (- )|
* The canonical spin vector in phase space

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

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

s=—Tr(plnp) with  n,Tr(p OH) = n,O"  and n, Tr(p SHPT) = ny, B



Spin Cooper-Frye formula

* Mean spin vector (on-shell, for particle branch) (Liuv-xcH 2021; Buzzegoli 2021)

1 11 1

S'(@,p) = =5 | 76" Puttap + 5" (&x + Dpun) ngpap” | np(1—np) + Oty 07)
P DT

(08, + 0,58,) :Thermal shear tensor

b

g,uv —

1
Appoe = phpo — Wpo  With  @Wpe = 2 (058, — 0,8-) : Thermal vorticity tensor

e Suppose = is the hypersurface on which both spin and particle number freeze out

dey(x)%—;S”(m,p)

Pho) = dE, (z) B np(z,p)

 Temperature and fluid velocity can be well simulated via hydro or transports models
but so-far no knowledge is known for spin chemical potential

e At which conditions, the spin chemical potential is known?



Spin Cooper-Frye formula

* Global equilibrium
1
8#/81/ + ar/ﬁ,u =0 Hpo = Wpe = 5 (80/810 o 8)060)
* The above mean spin vector becomes (Becattini etal 2013; Fang etal 2016; Liu etal 2020)

1
SH(x,p) = —EEWaﬁpywagnp(l —np) + 0(0?)
p

Valid at global equilibrium.

* Spin polarization is enslaved to thermal vorticity, not dynamical
Friendly for numerical simulation

e Surprisingly good in describing global spin polarization

17



Global spin polarization: Theories

A hyperons: Experiment
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(Li-Pang-Wang-Xia 2017; Sun-Ko 2017; Wei-
Deng-XGH 2019; Xie-Wang-Csernai 2017;
Karpenko-Becattini 2016; Shi etal 2017; ... ... )

Vorticity interpretation of global
spin polarization works well!
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Global spin polarization: Theories

=, (1 hyperons: Experiment

STAR, PRL126, 162301 (2021)
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Vorticity interpretation of global
spin polarization works well!

19



p, [GeV]

Local A spin polarization

The global A polarization reflects the total amount of angular momentum retained in
the mid-rapidity region. How about local polarization?

e Spin harmonic flow:

1) longitudinal polarization vs ¢

(Becattini-Karpenko 2018)
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-3 -2 -1 0
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2) Transverse polarization vs ¢
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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 (©) (xia-Li-xGH-Huang 2019; Becattini-Cao-Speranza 2019)
(Measured A may come 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 2019),
choice of spin chemical potential (Wu-Pang-XGH-Wang 2019; Florkowski etal 2019),
contribution from shear flow (Becattini etal 2021; Fu-Liu-Pang-Song-Yin 2021; Yi-Pu-Yang 2021;

Florkowski etal 2021), contribution from gluons, ... ... )
21



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

A calculation

7 =

Thermal model

spin direction

spin direction

mother daughter

Spin polarization transfer (xia-Li-xGH-Huang 2019, Becattini-Cao-Speranza 2019)

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= = 1/2170~ 1/(4m) Pp 1
strong decay 3/2F > 1/2170~ 3[1—2A/3 —(1—2A)cos?>6*] /(87) Too long to be 1
strong decay 3/27 —1/2170~ 3 [1 —2A/3 —(1—-2A)cos? 6*| /(87) shown: see ref. -3/5
weak decay 1/2 —-1/2 0 (1+oPpcosO) /(4m) (2y+1)/3
EM decay 1/27 —1/2%1~ 1/(4m) — (Pp-p*) p* -1/3

Some decay channels can lead to spin-polarization flip!
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The feed-down effects

Longitudinal polarization

0.002-

0.001r

P2($)

—0.001r

—0.002r

(Xia-Li-XGH-Huang 2019)
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1 |
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0.006
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<

~—

[
0.002
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P. = fsin(2¢)

(Becattini-Cao-Speranza 2019)
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 Feed-down effects suppress ~10% A
primordial spin polarization
Do not solve the spin sign problem
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Temperature vorticity as spin chemical potential

e Recall

111

S (,p) = —— | 3¢ putta

1
2 né’“‘mﬁ (Eon + Ay ngpap™ | np(l — np) + O(Mﬁm %)

* Relax the global equilibrium condition (1)

0,8, +0,8,=0 oo = 575 100 (Tup) — Op(Tue )]
p w 2T
0.25
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;,_\ 0.0005 <015
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(Wu-Pang-XGH-Wang 2019)



Shear tensor contribution

e Recall

111

S (,p) = —— | 3¢ putta

2 né’“‘mﬁ (éox + D) ngpap™ | np(l — np) + O(1i2,, 0°)

* Relax the global equilibrium condition (2)* (Becattini-Buzzegoli-Palermo 2021, Liu-Yin 2021)

1
aﬂﬁv"‘auﬁu # 0 Hpo = Wpo = 5(805)0_80/60)
(Fu-Liu-Song-Yin 2021) (Becattini—BuzzSegoIi—PaIermo—lnghirami—Karpenko 2021)
x10~
0 P, (1/1000) ;\
WY —m
. // ¥ kS \'\\‘
ER \ A
s PSRN
L S o " £
N R PR
3} & 24 "i\\ j {/
i I N2
1f T R STAR T .~
00 1 A rest2 A Iali)3 ; TFI/Q !
& [racl ¢ — Ugp

(See also Yi-Pu-Yang 2021; Florkowski-Kumar-Mazeliauskas-Ryblewski 2021)

* Can also be considered as being derived using a local Gibbs state with vanishing spin tensor (Belinfante gauge)



Local spin polarization puzzle

* Spin chemical potential is very essential!

* We need a dynamical theory for it!



Spin hydrodynamics




Spin hydrodynamics

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

 Widely used in non- SR T,
relativistic spintronics, Iy, ax r -
micropolar fluid, ... ... <

Q> SO
@ °l ) J

(Takahashi etal 2016)

Micropolar
Fluids

Theory and

Applications

Grzegorz tukaszewicz

* Hydrodynamics: low-energy effective theory for conserved quantities

* Hydro modes relax at Thydro = 1/whydro(k) — o0 when k& — 0

* Hydro is constructed by gradient expansion

e Typical hydro modes: energy density, momentum density, baryon density, ...

28



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 Y1 expanded order by order in gradient giving constitutive relations
J' =nut + 0O(0),
0" = (e + p)utu” + pn"” + O(9),
YHP = g"Pyut 4+ 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)
D, JHP =0,  JHVP = gV QHP — pP@MY 4 TIHVP = 0,51 (1) = OFY — @¥F

* The conversion between spin and orbital AM is dissipative in general



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)|
A —— |Wshear (k)

-_— |wspin,J_(k)|
“““““ |wspin,||(k)|

Spin hydro regime ' g——A="-------------——--.

Pure hydro regime () b = wave number

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



Ambiguity in definition of spin current

* The definition of spin current is ambiguous

l l ;
* 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 + 56)\ ((I))\,u,l/ . (DM)\I/ . (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; Fukushima-Pu 2020; She etal 2021, ... ... )

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

* The stress tensor and spin current

1 55 2 05
M — ZFL = —
Ofal) e(x) de(x)| () e(x) dw,*(x)|
* For QCD
1
O = 5@(7’“Ba — Ba’y“)q + 2tr (G”pGap) + EQCDQCLM,

?
Euab — _iqeuc{767 Ea,b}q
* Equations of motion (Ward-Takahashi identities for diffeomorphisim and

local Lorentz invariance)( G, =1",,,)

' 1
(D/«L o G/«b)@yja, — _@MbTbua, + 52% CRbc,ua + FCLMJM?

(Du — GM)Z“’Gb = —(Oab — Opa)



Construction of spin hydrodynamics

 Step 1: Identify (quasi-)hydro modes

)

Eight (quasi-)hydro variables: €,n,u", 04 (or o, = grbedy o, i/2)
with constraints ©> = —1, 0%, = oapu’ = 0.

Local first law of thermodynamics: s = B(e + P — pun — jtapo®’/2)
and T'ds = de — pdn — p“ Ao o /2.

: . . 0s
Conjugate variables: inverse temperature 3 = e chemical
- P ] — e
tenti | dJs ab 1 0Os
otentials y = 1Y = —— = .
P / on’ / 2 004

Power counting scheme

(B,n,u" e} =0(d") and {u, JCI_b?w;'b} = 0(0)

* Step 2: Tensor decomposition

OF = eufu, + pAL + udq, — 0q¢"uy + 0O,
¥t o=¢", (04 dou®)
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Construction of spin hydrodynamics

 Step 3: Calculate the entropy production rate
(V,—G,)s" =(V, —G,)(6s" + BudJ") — 0+,
— sor

(DB = T%,3")
() (DuB® = TB° = B,") = 6J*[V u(Bu) — Flu 8] + O(8°)

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

nov

5@%‘ = -n", b(Dyub — Tbyc’u,c), (Hongo-XGH-Kaminski-Stephanov-Yee 2021)

(s)
00, (@) _(nS);Lan(Dvub - Tbucuc - du’z/b)

1 L 154 1 4 14 4 14
1, = 2 (iwmab FALAY) — gagab) +CALAY,
1

(1)1, = J1e(A" Ay — ALAY).

with 7 > 0 shear, ¢ > 0 bulk, and ns > 0 rotational viscosities.

* With equation of state p = p(e, . 0u1) , the equations are closed



(Quasi-)hydro modes

Perturbation about global static thermal equilibrium

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

€ = €y + b€
ut* = (1,0) + du*

0t =0+ db0"

(e One pair of sound modes : wsouna(k) = £c|k| — %7||k2 + O(k?),
¢ One longitudinal spin mode : wgpin, (k) = —il,
e T'wo shear modes : wgpear (k) = —iv L 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
Co=—, = +-n), L=
e = i (C 3n> L= T

Ao 7s 21)s
551" = —, Ve = : FS . .
Xs0ij BN / 2(co + po) Ye Spin relaxation rate

(Hongo-XGH-Kaminski-Stephanov-Yee 2021) 35



Spin relaxation rate




When spin relaxes slowly

* Spin relaxes slowly when the spin-orbit coupling is suppressed

* One situation for this to happen is when heavy fermions exist in the system

Hsoc = —ﬁW(B o)y

* Let us consider the heavy-quark limit of QCD

£ =~ My + 11 Do — 57=(D) - Db+ 550 (B 0 + Lgon + O(1/M?)

* Equations of motion for spin density (note that, to distinguish with the
relativistic case, we change the notations)

HJP+V-J, =0, (a=1,2,3)

. lean _ g T pb_c
"o (—ﬁ[w’“%&?w - (Dwaaw]) SRS



Kubo formulas for spin relaxation

e Constitutive relations at homogeneous limit

A is rotational viscosity (i.e.,
Oy = —As (/ua o ba) N, in the relativistic case)

* Solving the EOM at linear order in external field b, gives retarded Green functions

JOJ? 1xsl's . Xs 2
GR b(w):w+irséab: XS—I-ZLUF—S —l—(’)(w/FS) 5ab at w <L I
.2
1wyl
G%@b (w) = ﬁdﬂb = [z'wXSFS + xsrﬁ + O(Fs/w)} dab at Iy <w< Tl
S

* Kubo-type formulas

T, = Oab lim lImG@aQb (w) = Oab lim GO (w) Source-source correlator
3Xs Ms<kw< w 61 xs Tskw<l
5 b 1 JOJO (5 JOJO
;! == lim —ImG3 = lim ~ReG. in-spi
s 3yt lm —Im b(w) = 3y, lim = ra ”(w) Spin-spin correlator

(Hongo-XGH-Kaminski-Stephanov-Yee 2022)



Leading-log results for QCD

* For the spin-spin correlator at strict hydro limit

0 70 ,
SR R T L
r T
p+k p+k
" "e
ki() L k(i()
=) _ o N

* The heavy quark spin relaxation at leading-log approximation:

Hongo-XGH-Kaminski-Stephanov-Yee 2022

I's = Co(F) 75— 5 1og(1/9)

* Also checked by solving the linearized Boltzmann equation for heavy quark
(Li-Yee 2019; Hongo-XGH-Kaminski-Stephanov-Yee 2022)
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Leading-log results for QCD

e Above calculation at strict hydro limit is very tedious
* Interestingly, calculating the source-source correlator is much simpler

p+q

1 ab 0,0 92 ab 1s 1 Qﬁ
ZG—T(S GlQa‘ b(11,,<<k:°<<1“): 0% lim Tr | --2-- - - @ TTTTTTTTTTTTTT G — — — — — — —

12M2T " 1050 iyijq 07 —ieprgto!

Xsl's

P

* There is no pinching singularity and it is straightforward to get

g*m%T
6m M2

s = Co(F) log(1/g) (Hongo-XGH-Kaminski-Stephanov-Yee 2022)

* All the calculations are at weakly coupled limit. Hope holography provides a
calculation at strongly coupled limit.
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Summary

* Spin polarization of hyperons are observed at heavy-ion collision experiments
* It seems a dynamic theory for spin d.o.f is necessary to have a full understanding of
the data: spin hydrodynamics + spin Cooper-Frye formula

* Causal and stable (e.g. Israel-Stewart) 2" order spin hydrodynamics
e (Calculation of rotational viscosity using e.g. holographic methods

* Formulate spin hydrodynamics with magnetic field and anomaly

e Spin hydrodynamics above a globally rotating equilibrium state

* Derive spin hydrodynamics from kinetic theory
(Shi-Jeon-Gale 2020; Peng-Zhang-Sheng-Wang 2021)

* Application: numerical spin hydrodynamics for e.g. A polarization

- Thank you
M
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Back up



 How to manipulate spin?

Magnetic moment

HZeeman = _'YS -B

Magnetic field

Angular momentum

Spintronics

Spin orbit coupling

Spin-rotation

=-5-Q Hsoc_g = —\S - (p X E)

Rotation field

.,

* An interesting example

Electric field

=
e
AR
i?
<
~

-

N

Liquid flow
v

®=rotv

<

NS

Spin voltage

J

To realize spintronics in quark gluon plasma (QGP):
Rotation, Magnetic field, ......

, in heavy-ion collisions?

Spin orbit coupling

10U

Hsoc—u=n-—--S"-L
r Or

External potential

[

Takahashi et al. 2016
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Other sources of vorticity

1) Jet

10 —

_10 || | . ~1.0
-10 -5 0 5 10

*~

(Pang-Peterson-Wang-Wang 2016)

i i

Einstein-de-Haas effect

Reaction plane
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Phase structure under rotation




Rotation induced phase transitions

Analogy and difference between rotation and density

Hor=H—-w],

H,=H — uN

* This indicates w /, plays similar role as chemical potential term u/N. However ... ...
* Uniformly rotating system must be finite!

- -

-'—-———_-_-

Causality: Vegge = WR <1

Figures drawn by Mameda

/

pz:

Excitation gap due to finite size: J, /R
Effective chemical potential: w/, </J,/R
Pure uniform rotation does not excite
any modes

(Chen-Fukushima-XGH-Mameda 2015,
Ebihara-Fukushima-Mameda 2017)



Rotation induced phase transitions

To see uniform rotation effect, we need T, u, B, ...... Figures drawn by Mameda
“‘ > > O
B: Chen etal 2015, Liu-Zahed {: XGH-Nishimura-Yamamoto 2017, T: Jiang-Liao 2016, Chernodub-
2017,Chen-Mameda-XGH 2019, Cao-  Zhang-Hou-Liao 2018, Huang etal Gongyo 2017, Wang etal 2019,
He 2019, Tabatabaee etal 2021... 2018, Nishimura etal 2020,2021... Luo etal 2020, Jiang 2021, ...

Rotation disfavors spin-0 condensates, e.g., chiral condensate =
Jiang-Liao 2016

IIIIIIIIIIIIIII

0.32+ r=0.1Gev’

028— T=30MﬂT=1OMEV .
[} 4
I
. m
I
1

M[A]

0.3 b= ":_"--._"-__'-_-": SN 4 . __0.24-
R=10° [A™] < 0.201

Q, 0.16 -

=
0.12 1
0.08 +
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0.2}
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0
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Does rotation influence confinement?

Does strong rotation catalyze deconfinement?
Yes, in model studies

T

8“ LOp-m=mmmeee Quark-gluon plasma

0.25}

0.20}

0.15}

— =01 *% 0.2} Hadronic phase
0.10} — =015 0o :
0.2 0.4 0.6 0.8 1'0(0 0.0 0.2 0.4 0.6 0.8 1.0
| | | ' | 1/ Pe,oc
Holography Compact 2D QED
(Chen-Zhang-Li-Hou-Huang 2020) (Chernodub 2020)

No, in lattice study for pure gluons |-

Note that lattice simulation works s
for imaginary rotation. Wy,

0083 240 260 20 300 320
T (MeV)

340 360

0.1

0.1

Tc [GeV] 0.1

0.1

0.0: 0.01

Q\
. (=
0.20 \C;

0.2
ol [GGI/] 03
04 030

Hadron resonance gas model
(Fujimoto-Fukushima-Hidaka 2021)

(Braguta etal 2021)



Rotation induced phase transitions
A possible phase diagram of QCD matter

&

Temperature

Quark-Gluon Plasma
X Symmetry Restored

- Hadronic Matter

Rotation e Spin-1 Color Superconductor?. \\

Chen-XGH-Liao 2021
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