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Spin Polarization

Einstein-de Haas effect Barnett effect

spectators

participants

before collision after collision

Non central collision creates fireball with large OAM
Some part can be transferred from orbital to spin

Conservation Jini — Lini — Lﬁnal + Sﬁnal ~ 106h

T T I

AMPT, primary A
AMPT, all A
Nature, 2017

Phys. Rev. C, 2018
This study, 27 GeV

% { This study, 54.4 GeV
.
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Spin alignment with angular momentum of
the emitting system

Measurable through weak decay of A

Experimentally observed global A polarization.
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Global Polarization

Spin enslaved by thermal vorfticity @,, =

AP. 338 (2013) 32-49 ; PRC94 (2016), 024904

pi(p) = Lewpap [ d\p? f (@, p)w e (x)

Y deAp)‘f(CE,p)

~ 8m

AMPT, UrQMD, PICR hydro, CKT+collisions

PRC 96, 054908(2017): EPJC 77, 213(2017):
PRC 95, 031901(2017); PRC 96, 024906 (2017)

AMPT, primary A

AMPT, all A

Nature, 2017

Phys. Rev. C, 2018
e This study, 27 GeV

This study, 54.4 GeV

,,":— Au+Au
—  STAR preliminary

Spin Polarization

% (805/0 o 8/050)

O(w?)

Local polarization

"Spin sign

. STAR  Au+Au \s,, =200 GeV
! 20%-60%

fit: p_+2p sin(2¢-2¥ )
. *A p_=0.016:0.003 [%]
A P,=0.015:0.003 [%]

| I | | | | | | | | | l | | | | I | |

0 1 2 3
o-W [rad] PRL123, 132301 (2019).
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Shear-induced polarization : Correct trend

PRL 127, 142301 (2021) ; JHEP 07, 188 (2021);
PRL 127, 272302 (2021) ; PLB 820,136519 (2021);

Eos, initial condition sensitivity
PRC 104, 064901(2021); PRC 105, 064909 (2022)

Non-equilibrium effect : collisional




Shear flow : particle redistribution

boundary plate
(2D, moving) velocity, u

Shear tensor -> redistribution of particles f — f+ of

-> off-equilibrium contribution to energy-momentum tensor

P. B. Arnold, G. D. Moore and L. G. Yaffe,

-> shear viscosity JHEP 01, 030 (2003)
JHEP 11, 001 (2000)
)

JHEP 05, 051 (2003

1
LHS: ~of Of+Dp-Vf=C2< 2 ~e*lne '5f N;(Sf RHS :  Of
fof+6f

QED plasma with /N, flavor massless fermions in a shear flow

(Ot +D - Vi) fp =Ccoul.f12 < 2] + Ccomp. £|2 ¢ 2| + Canni, 7|2 <> 2]

(O +p- vx)fp =Ccomp,v|2 <+ 2| + Canniy |2 < 2] . .
0ij = 5(0iBj + 0;8:) — 5040 - B
redistribution of quark & photon to leading logarithmic(LL) order !

I} = pibj — §5¢j

of, = f,(1 =)o, 52)°

+
shear stress, 1

: fﬁJt’(
gradient, =—
= (i.\'

boundary plate (2D, stationary)

L Ap> Vp X _
o, = J,(1+ [ ) oy, e*Ine”!
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Quantum transport theory

D.L.Yang, K.Hattori and Y.Hidaka, JHEP 07, 070 (2020)
S.Lin, PRD 105, 076017 (2022)
Y.Hidaka, S.Pu, Q.Wang and D.L.Yang, Prog.Part.Nucl.Phys127, 103989 (2022)

Dyson Schwinger equation

——— — >

S(z,y) = S%x,y) + /d4zd4w50(x,w)2(w,Z)S(z,y)

Keldysh contour

Eugene Wigner Leo Kadanoff Gordon Baym

to- 1P

. o in-u U
Wigner transformation S(X,p) = / dtue /S (X + 5

-
Kadanoff-Baym equation 5 ~ — IS AReSp+ 5 (2<As> - v~ As<)
‘ Y

—




Development in recent years
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A. Derivative term is not enough

derivative

included in phenomenology

? ¢ .

A = 2m5(P2 — m?) (@ fa + S, @i + B0 = 35,0 )

K.Hattori, Y.Hidaka and D.L.Yang, Phys.Rev.D 100, 096011 (2019)




A. Derivative term is not enough

J.Y.Chen, D.T.Son and M.A.Stephanov, Phys.Rev.Lett.115, 021601 (2015)
Massless  .igaka, s.Pu and D.L.Yang, Phys.Rev.D 95, 091901 (2017)

Lorentz covariance + Angular momentum conservation

* ‘ Helicity )
side-jump + 2-by-2 collision PK - P'K’ praf p.
. Spin fensor AS;Y = A i

* 2P -n

5 . . p C* =|MPP@2m)*(P+ K — P — K') :
orentz covariant current in frame n 5
<[PV (1= FAP)(1 = f2(K) = (PK & P, K')]

J§ = PY fx +ASEYO, f + A/

KK'P’

v

Axial-vector current A" = J! — J~

A = 276(P?) (P fa + B (Do fy + 53, fv = 55, Fv))

Masswe K.Hattori, Y.Hidaka and D.L.Yang, Phys.Rev.D 100, 096011 (2019) Ge’rermine bO’|'h dynamical and COI“SiOI’ICll QFFQC)

AP = 276(P? — m2)(¢a“fA + Srr’f,'iz(f)ufv + 37, fv — Zéyf\/)) a’fqa dynamical
Dynamical _,,  €***P,ng Non-dynamical ShimOufv  included in phenomenology

Pauli-Lubanski vector “»™ ~ 9(p . + m) Magnetization current e - .
Determine from kinetic equation Depends on collisional effects Ksﬁf,m(zvyfv — Xy, fv)  collisional effect /
7




B. Collisional effect

> collisional effect vanishing for vorticity, non-vanishing for shear due to the redistribution
2 2 r
A = 215(P? = m?)(a¥ fa + Sh (O fv + S, v = B5,0v))

dissipative l

does not depend on relaxation time

_ 1
Yo fv — XS, fv ~ eflne '6f ~ ;5f

1
Of TR X T

coupling cancels out l

[ayf and Xy, fv — X3, fy are comparable]




B. Collisional effect

Evaluate
Probe fermion

m>el
P,K~T

/\

mebfp =Xy, fr— Xy, fp

1

. o4 .
Coulomb LL: e ln; (2) Eq probe + non-eq medium

(D Non-eq probe + non-eq Medium

I Eq probe + eq medium
Compton suppressed: e*In — Medium fermion S Eqp g

m
m =0
P.K' ~T

1
e (@)

M (fp fpfrfr — frfr frfx)

« redistribution of

1
= ¢*(2r)’ / o M N (T = Tagxer) + (Tag™™ = L") e i fic ficr o™
K/ P/

Non-eq Medium Non-eq probe




B. Collisional effect

AP = 216(P? — m?) (a“fA + Sk (Oufv + 55, fv — Evyfv))

vaps P u’
A) =2mbp S0’ fp = 2mop LB L Py o £ Ng

vasPou”
AZ =2mSp ST £y — g, 2;2“ P ¢0" Ny

Derivative

Collisional effect
Ratios: Ns/N,

Non-eq probe + non-eq medium Eq probe + non-eq medium Eq probe + eq medium

medium and probe fermion redistribution

mebfp Yy, fp— Xy, fp
=0

plT>1, Ns/Ny— 1/2 p/T>1, Ns/Ny— 0O




C. Dynamical Part

collisional effect

From non-equilibrium medium and/or probe fermion

derivative, included in phenomenology —l l

A = 276(P? —m?) (@ fa + St Oy + 5,0 =35, )

1

dynamical: from frame dependence & kinetic equation

P




C. Dynamical Part - 1

» Fix the dynamical part from frame dependence &/ is frame independent

Massless ~ A* = 276(P?)(P" fa + S4"D, fv )

D, fv = 0, fv + Svufv

Frame dependences in spin and orbital cancel

frame ny,n, @ P*(fy — fa) = (55" — S5 )Du fv

euyaﬁuVPan[ngaMg Ag
2P - n P-u

In frame n,: f4 =

In frame Uy: fa =0

Massive A" = 2r8(P? — m?)(a* fa + St Dy fr )

Ny
Correct N,: f4 has the correct massless limit

a* satisfies the constraint P-a = P2 —m? =0

Fix dynamical part in frame u” to leading order of m :

fpPtoe, + O(m?)

QTgcp) E'uyaﬁpc)ﬂ/ﬁ
2(P - u)?

a’ fa = m(l

Determine full solution of a*f, from kinetic equation




C. Dynamical Part - 2

> The static dynamical part — detailed balance

A = 275(P? — m?)(a* fa + S Do fv )

NH
_—— 1 _— m _— _—

p-OA, = —pp XAV + puXap VY + mEs Ay + pp Xy A = 5 €upo (0750)VP + T €ponn B VA+ S eponn (X4 + 2457V

Z‘>/va — Zéufv ~ 64 1H6_15f ~ 8f

was neglected

same order considering redistribution in shear

Find the solution for N* that eliminates the collision term

subtracting orbital part S}7,

< fv . giving the dynamical part a”f,




C. Dynamical Part - 3

probe fermion
m>el;, PK~T
soft photon

Leading Logarithmic:
O<<P

medium fermion
m=0; P,K'~T

P-0A, :—/ {M[?ul (foP’fK’ +foP'fK’)NSrob(P)+M,fy2(fP'fK'fP—|-fP'fK'fP)N§mb(K) diffusion
K.Q,K' P’

+HMAS (fofPfK 1 fK,fpr>Nr’;led(P’) + M (fPffPfK + fP’fPfK>NrI;1ed(K/) polarization

HM (foPffo + fop/fo)D”fp + MS (fp/fofp 1 fp/fofp)D”fK} (known)




C. Dynamical Part - 3

probe fermion
m>el;, PK~T
soft photon

Leading Logarithmic:
O<<P

medium fermion
m=0; P,K'~T

P-0A, :—/ {M[?ul (foP’fK’ +foP’fK’)N;rob(P)_l_M/fVQ(fP’fK’fP‘|‘fP’fK’fP)N1§rob(K) diffusion
K.Q,K' P’

i M:‘f (fofPfK + fK,j_‘pr>Nr’;led(P’) T M:‘f (fP'fPfK + fP’fPfK)er;ed(K/) polarizafion

+H M (foP/fK' + foP/fo)DVfP + MD (fp/fofp + fp/fK/fp)D”fK} (known)

dissipative effects included
II)/rob — anA T SZ:OmD,OfV

- SZprfV

med —

Dz/fV — 8I/fV +m




C. Dynamical Part - 3

probe fermion
m>el;, PK~T
soft photon

Leading Logarithmic:
O<<P

medium fermion
K’ m=0; P,K'~T

P-0A, :—/ {M[?ul (foP’fK’ +foP’fK’)NSrob(P)+Mfy2(fP'fK'fP+fP'fK'fP) prob (i) diffusion
K.Q,K' P’

+ M (fK'fPfK + fofPfK>Nf§1ed(P’) + M (fP'fPfK + fP’fPfK>NrI;1ed(K/)

_ _ _ _ _ _ olarization
HMA(Ficferficr + ficforfrc ) D fo -+ M (for fico fo + Fo ficr o ) DY fic | °

Find the solution for N* that eliminates the collision term

detailed balance prob
} -> differential equation of N

soft momentum transfer K= P-Q
0= Go+ GLNP" + GNP + Gy NP




C. Dynamical Part - 4

A" = 2m6(P? —m?) (a“fA + Sk Oufv + 27, fv — foufv))

€ o PEu”
2P - u

eW(iji‘uﬁ

.Aa :27'('513@“]‘:4 27’(’513

y P cc”*fpoN, Dynamical part

A0 =2m6pS] 0" fp = 2mép

. ¥ P ¢c" frNs Derivative
Ratios: Ny/N;, N,/N, -

Non-eq probe + non-eq medium Eq probe + non-eq medium Eq probe + eq medium

— p/T=1 pT=5 ]
pT=3 — p/T=10]

I —plT=15 § | — pIT=15-

l
|

l

p/T=3 : O pIT =3 |
] [ _p/T=20: L

.

l

l

:-l

— pIT =20

m/T
Static solution

Generally larger with more dissipative effect included

Vanishes when massless or large momentum m — 0, a,f, - 0; p>T, a,fy =0




D. Complete contribution
ewa[ng‘uﬁ

2P - u
euyanguﬁ

Pleo fLN2®P  Sum of all

Al = 2m5(P? — m?) (ak fa + S, (Bt + Bl = D) A, = 2mép

A% =2mdpa, fa = 2mop P 0" fpN, Dynamical part

A =2m0pSyt0" fp = 2mdp > Pi¢o" fpNa | Derivative

|74

rob.o €008 PUuP
AE IZW(SPSF%uZ%Pb’ fp — 27‘(’513 M2£-J”L_L

Pica” fpNs Collisional effect

S.Y.F.Liu and Y.Yin, JHEP 07, 188 (2021) linear response : N. =1
C.Yi, S.Pu and D.L.Yang, Phys.Rev.C 104, 064901 (2021) phenomenology Previous research corresponds to /Np =

Non-eq probe + non-eq medium Eq probe + non-eq medium Eq probe + eq medium

---m=0 m/T = 0.5 | - ——- m=0 m/T =2
— m/T=01 — m/T=1 Ot — mT=01 —mT=5
mT=03 — mT=2 | 5t mT =05 — m/T=10

Without dissipative effect, Np = 1 is the static solution for massless fermion, not for massive case.

With dissipative effect, Np is not a constant, could be enhanced.
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Summary

> shear induced polarization gives correct trend of local polarization

> complete contribution of shear induced polarization includes three parts

1

Gynamical:
frame dependence & Kinetic equation

static: vanishing when m=0 or p>>T

\ comparable with derivative term

~

numerical solution for finite m, p

J

NN . )
derivative:

_included in phenomenology |

|

A = 276(P? — m?) (@ fa + Sit, @uli) + Bl =S5, 1))

1

@llisional effect: \

dissipative effect

redistribution in the shear flow

@)mparable with derivative ’rermJ

> go beyond the static solution? gauge dependence? ......
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