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¢ Non-central heavy-ion collisions generate strongly interacting
matter with large Orbital Angular Momentum (OAM)

Quark-Gluon Oy
Plasma Ry n*

Beam <:| L -
direction

https://itp.uni-frankfurt.de/
~bleicher/index.html?content=urqmd

Non-central Initial orbital Global spin polarization for
T angular —> spin-1/2 or spin-3/2
momentum baryons, , ©, **, ..

Through parton scattering: Z.-T. Liang, X.-N. Wang, Phys. Rev. Lett. 94, 102301 (2005)
Through vorticity field: F. Becattini, F. Piccinini, Annals Phys. 323, 2452 (2008)
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Global spin polarization
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Experimental resutl: STAR, Nature 548, 62 (2017)
Figure from: F. Becattini, M. Buzzegoli, T. Niida, S. Pu, A.-H.

Tang, Q. Wang, arXiv: 2402.04540
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’s global spin polarizations in
direction of global OAM

A= p+ 7T~ Weak decay

Relativistic spin polarization
induced by thermal vorticity

1
Pt = ——"Pop w0,
8m Pv@o
l Non-relativistic
w
P=_—
2T
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Local spin polarization
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Local polarization: polarizations in global
OAM direction or beam direction as functions
of azimuthal angle

Cannot be explained by thermal vorticity

[

Additional contributicl)n from thermal
shear tensor by = 5 (8,8, + 8.5,

F. Becattini, M. Buzzegoli, et. al., PRL 127, 272302 (2021)
A. Palermo, M. Buzzegoli, F. Becattini, JHEP 10, 077 (2021)
S. Liu, Y. Yin, JHEP 07, 188 (2021)

B. Fu, S. Liu, et. al., PRL 127, 142301 (2021)

C.Yi, S. Pu, D.-L. Yang, PRC 104, 064901 (2021);
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Second order derivative
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Wigner function INFN s

e  Wigner function for spin-1/2 fermions

o) = g [0 e+ e (- 5) nareen

Momentum space

1 2 ki 4+ k2 \ ity —ka)al— |
Wap(z,p) = / d*kydky 6t (p— - 2)e (k1=k2) @l (W (ko) e (k1))

(2m)8 2
H. T. Elze, M. Gyulassy, D. Vasak, Nucl. Phys.B 276, 706 (1986) Key point: mean value of
D. Vasak, M. Gyulassy, H. T. Elze, Annals Phys. 173, 462 (1987) two-field correlator

e Cooper-Frye formula for spin polarization

1 [« dE - py tr[y*y° W (z, p _ selects positive
S* (p) - 5 fE - [ ( )] pﬁ_ = p*9(p") energy particles
2 [ d¥ - pytr[W(z,p)]

F. Becattini, Lect. Notes Phys. 987, 15 (2021)
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ihi I I D. N. Zubarev, A. V. Prozorkevich, S. A. Smolyanskii, Theor. Math.
.. ) ’ )
Local eqU|I|br|Um denSIty Operator Phys. 40, 821 (1979); C. van Weert, Annals of Physics 140, 133 (1982)

e 'I' - LY / I' Fall1%, =7y
PLE = exp [* [ dX, (1 “(y)Buly) — 55””‘{?;)52“,\(!;) —J’”(y)C(:u))J
LE Jy
Energy-stress Spin tensor Particle current
tensor

* Thermodynamical parameters

3 Uy T S Fluid 4-velocity
= — ermal velocity =
v T 4 Temperature
¢ = 1% Chemical potential dof =5+6
T Temperature
Qo Spin potential, antisymmetic

* Spin potential €2, ) could be different from thermal vorticity
mmw) pseudo-gauge dependence
m==) cannonical 7"* and S*** are used in our work
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e Local equilibrium density operator

~ ]- - r’.“r L s I’ ﬁ‘;j. L# ﬁ'\i
PLe = Z—exp l~ [ dx, (1” (y)Bu(y) — 55’ “Ay)Qualy) — 7 (:f;)C(y))]
LE J X

t
e Mean value of a local operator S A

(O(z))1E = Tr (5(3?)5LE)

Not only depends on fields at point , but also

depends on fields at point on hypersurface .
e Gradient expansion \ /
= 1 {:f B ] Zeroth order
nEg = —exp |4, + B, - -~ ~
= JLE : N A = —Bu(x)P* + ((x)Q | Momentum / charge
~r~ ~~ | operators
All higher order terms, depends on
B, = - f ds,, T () [8,(y) — Bul)] < Po¥) = Bu(@) + (y = 2] [Brfu ()] + O(F)
[ /C(y) ~ (@) + (y — 2)*[Ar((2)] + O(8%)
- L1 - A T~~~ e~~~ e~~~ ~
+ [g dZ“ ! (U) [Q(y) (’(T)] First order in gradient
1 ~ Qua(y) =~ Q, 2
b3 [, By« B Rl £ O
2 Js Spin potential is treated

as a first-order quantity
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Spin-1/2 fermions INFIN S o fe tear

e Cannonical energy-stress. spin,
and current operators

(@) = S0@n” (3" - T")u().
3 @) = NP, (). §
(@) = B, N Y
e Express operator as a bilinear combination of Dirac field operators
By=c o5 = (271r)5 /d4k1d4/€2a(k2)5(k2,kl)w(kl)
Bllak) = =g {8 Bula +10) = B (@] + 32" Ra(a + 10,

—loGe +i0y) — )] } | [ dmemiatos)

Contains =1 orders
In gradlent expansion Derivative w.r.t. relative momentum
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Integral over hypersurface
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e Integral over freeze-out hypersurface can be expressed as sum of an
integral over flat 3-d hypersurface and a 4D-integral (Gauss’ theorem)

f ds, e~ ¥-2) = { / dx,, + / dQBag] e~ (y—2)
Yro 2B

° TQB 4D region enclosed by > and ¥ g 2rF0

‘ | Assume that boundary in time
direction independentto Y
ys:
yB <Y <uy /dﬂam/O dyofd3y
Yp

®  Matching condition is needed

Y ,
/dQB —/ dyo/dgy et =
Y

f d¥, e W)  (27)3e i W2 —2) 5G) (q)f T
e

i

“Average time” for
t space-like part of
freeze-out hypersurface

Unit vector in time direction
£M — (17 07 O) 0)

Independent Spatial extents of ¥z and 15

to g5 are infinitely large
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* Wigner function at zeroth order

5(p? — m2)sen(p°
WO (z,p) = (P (271-33% p )(P +m)nr(z,p) nr(z,p)= 1 + exp [3(“}3) p—¢(2)]

Free Wigner function, no spin polarization  §(V#(p) = 0

* Spin polarization at first order Y-C. Liu, X.-G. Huang, Sci. China Phys.

Mech. Astron. 65, 272011 (2022)

dX - py tr [yASW Q) (g,
f P+ [ I ( p)} M. Buzzegoli, PRC 105, 044907 (2022)

2 [dE - py tr[WO) (z,p)]

- ! [dz-p+ ne(z,p) [1 = ne(z,p)]

5(1);_;(1)) _

~ 8mN

Particle number x Epu/.kcr @, + AQ _ zf Epw/\cr + AQ P _09
vA v\ )Po o‘v P ‘fo'p op)P O’C
)

N= [d¥-pinp(z,p / ’\ p /( r\

Vorticity-induced Polarization Shear-induced Spin Hall effect
polarization induced by polarization

\ AQy}\ = QU)\ — Ty

I

Vanish at global equilibrium

Xin-Li Sheng SQM 2024 10



Second order

e Spin polarization at second order in gradient
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_ JdE pytr [y W O (2, p)]  {[dE - pytr [y W D (2, p)] } { [ dE - py tr[W O (z, p)]}

(2)p
54 (p) 2 [dX - py tr[W O (z,p)]

Linear response to
second order functions

0(82) E 8/\%6,,, 8,\(%@ aqu,)\

\

1

S0) = e [ 45 b ne(e.p) L= ()] (GR0) — 2

lin

2

a da da Ao ]

T 1O 17 1 o L LCY 1 o
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a da do 2o 4

dedeade P P P Pt P P P Pt Pt

XLS, F. Becattini, Z.-H. Zhang, X.-G. Huang, in preparation
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2{[dY - py tr[W(© (Tp)]}z

0

0 .
Yss — T | is difference
between “average time” and

time of a specified point

2F0

Vanishes if freeze-out

hypersurface is a 3D surface
with constant-time
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e Spin polarization at second order in gradient
[dE-pytr [y W R (z,p)]  {[dE-pytr [yHySWD (2, p)]} { [ dE - py tr[W D (z, p)]}

g2k —
2 2 [dZ - py tr[W O (z, p)] 2{[dY - py tr[W(© ('rp)}}2
Quadratic responseto\‘\ 5 l
first order functions O(a ) ( 5 )( yﬁu) (5’,\ C)(@ C) QAJ "y
( .WBV)(aA()? ( MBV)QAU: (8)\<) e
@) 1 ' [1 — 2np(z, p)ltr [y W (2, p)] tr [WD(z,p)]
Squ:;d (p) 2 j‘dz . p+tr [M[(ﬂ) (Tp)} /dz P+ [1 . nF(.‘I,p)]tI‘ [Hf([))(rqp)}

1 {j’dz - pytr [’}--“q.‘-"’l-'l-“'(-l—’(.r.p)} } {de c pytr [1__.1,{1,3[’.;”}}} }
2

[dE - pytr [WO)(z,p)] [dZ - pytr [WO (z,p)]

o — m
tr [H‘f(l)(T*p)] — a((gﬂ_) [pUI) (T‘p) [1 — nF('T:p)] rq% — 4mpAaA[p0.Ba(m) - C((B)] ’
2 _m
tr [“Jf'ﬁ“’r'ﬁl{/’(l) (Tp)] — ‘—% (-T p) E]- - ?’IF(IP)I

x {26 p,t,05 [p7 Br () = C()] + (p"'pr — gmP)E e Qi (z)} .
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Summary INFN  emes e

¢ (Calculated spin polarization of spin-1/2 fermions at local equilibrium
upto second order in gradient expansion

e Spin polarization at second order « 3%, — z” ( Non-dissipative! )

- Vanish if freezeout hypersurface has constant- , which
agree with result from an exact analytical calculation
A. Palermo and F. Becattini, Eur. Phys. J. Plus 138, 547 (2023)

- Non-vanish if hypersurface has non-trivial space-time structure
- Magnitude needs numerical simulations
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Global spin polarization
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STAR, Nature 548, 62 (2017)
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's global spin polarizations in
direction of global OAM

- Parity-violating
ﬁ
A p T weak decay
dN
(1 + aprPay - )

S A

decay parameter  A's spin unit vector along
(constant) polarization ~ proton’s momentum

Mostly induced by global
rotation . <o

e T8-S
CXBY”

S. A. Voloshin, arXiv:nucl-th/0410089.

Z.-T. Liang, X.-N. Wang, PRL 94 039901, (2004)

F. Becattini, F. Piccinini, Annals Phys. 323, 2452 (2008)

F. Becattini, V. Chandra, et. al., Annals Phys. 338, 32 (2013)
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e Local equilibrium density operator
—~ 1 . A;u/ f 1 A,H-V)\ T g
PLE — ZLE EXp | — . dl";.r, Tt (?})3;;('3;') - ES Qu)\(y) — 1 (U)(: (?}')
Mean value of a local operator
—~ —~ . A
(O(z))Lg = Tr (O(-T-)ﬂLE) 20

Not only depend on fields at point , but also
depends on fields at point  on hypersurface

¢ Gradient expansion

B () ~ By (@) + (y — 2 0rB (@) + O(0) x:
() = (@) + (y — ) [Or¢ (@) + O(?) \ /

Pt P Pt Pt Pt P Pt Pt P Pt Pt

First order in gradient

Qaly) = Qalz) +00@%) [

1. At global equilibrium, spin potential equals
LT thermal vorticity, which is first order
Spin potential is treated

as a first-order quantity 2. Global spin polarization observed in

experiments is small
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Density operator and mean value [NFN  [sttto aroale difisia ucleare

e Local equilibrium density operator

PLE = _gi exp {2{; + EE.] A, = -8, (:::)13“ + g(-=)(§ Zeroth order terms
LE
Momentum / charge Independent to
operators
5, = = / A%, T (y) [Bu(y) — Bu(z)] + % / ds, S¥*Q,\(y) All higher order terms
= b

Dependent on

; / Az, 7"(y) [¢(y) — ¢(@)]

* Mean value of a local operator [0(0) = e "O(z)e™™ " | |B) = ¢

O( L ~ 0 0) 0(0), ez-:{rﬁge-z-"r)q i
/ / dzl/ dzz e Iﬁue_z"’ﬁ:, ezl‘zfﬁf — TT> + O(B?)
AC
Homogeneous
global equlleur; goer;rr]]e\zcle:es (Oz, O2>.4.c = <6162>_4 = <61>A <62>A ,
i ] (01,00, = (00:0:), - (00:),(03), - (00), (01),

< >-'1 - tr [EL] - <616"“>_.:1 <62>.4 +2 <‘h(_)'51>‘;1 (“62)4 <52>4 7
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e Local equilibrium density operator

LE = ﬁiphp {4&. - EE.] A, = -8, (:::)f—;“ + ((z )(f} Zeroth order terms
LE
Momentum / charge Independent to
operators
B, = [ A%, T (y) [Bu(y) — Bu(z)] + % /E ds, S¥*Q,\(y) All higher order terms

Dependent on

+ [ 49, 5w (<) - @)
%
O(9) : OB, OuC, Qv
1 00 : 038,uBy, 0304, 0un
< ~ {() U)> / dz <6(D} Ez‘;‘lrﬁ[]e_z‘41>-

/8 / / dzl/ d_zz ZA IBEJe_deEI-_. ezl;{IEUe—zldET> —|—0(B‘3)
o

O(8%) : (0rB)(uBo)s (Or0)(8uC)s WroQpur
( M5V)(8AC);( MBV)QMM (8>~<) 7

* Mean value of a local operator



