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Spin phenomena in heavy ion collisions

Strong vorticity via spin orbital coupling

' Picture from A. Ipp and
' D. Muller, PLB(2017)
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Spin polarization: Measuring the spin-orbital coupling;

Spin alignment: Measuring the correlations of strong force
/glasma field fluctuations.

[STAR Collaboration], Nature (2023); [ALICE Collaboration], PRL (2023);
Sheng, Wang, Wang, PRD(2020)
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“sign puzzle”
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Experimental data: [STAR Collaboration], PRL(2019)
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Phenomenological model:
Becattini , Karpenko, PRL(2018); Xia, Li, Tang, Wang, PRC(2018)
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“Spin Hall effect” in HIC
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Resolving “Sign puzzle” from qguantum kinetic theory

Sign puzzle in local polarization urges us to go beyond the local equilibrium regime.
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QKT and spin Boltzmann equation (a)

We define the gauge invariant 2-point Wigner function for fermions,

S5awp) =~ [ dye T Fylat DA DO ot Dty o - by

For massless fermions, in the Clifford components
5
S = V' + Auy’y”,
Based on the quantum nature of spin polarization, we adopt the power counting,

M 0 [Ny 1 to (C) tp Ret
Vi~ O(R), A~ O(R),

()

| Imt

Phase-space particle current Phase-space spin current @
to- ip
Along the Schwinger-Keldysh contour, one derives the Kadanoff-Baym equations

up to O(h), -+ o~
PuYS + 5 0x,u8S = (8557 - X755,
pM5<7“ . %8X,MS<’7M _ _%(S>Z< . S<Z>), X Self-energ|es

Blaizot, lancu, Phys. Rept.(2002);
Hidaka, Pu, Yang, PRD(2017); Shuo Fang (Ff#) , Collision corrections to spin polarization, 2024.11.11 9



QKT and spin Boltzmann equation (b)

Under quasi-particle approximations, we can perturbatively solve the Wigner functions.

The perturbative solutions are Distribution functions of vector and axial charge

S“V == 3
VSH(X,p) = 2mpHs(p m oo
= 5 ~all 9 5 W <
A>H(X,p) = 2np"d(p m 2mhd(p )an) ((9a e (X,p) — CV,a[f\?])

The kinetic equations are as follows:

Boltzmann eq. : Ox  VF = B35 - V7 - X7 - V< = 276(p?)Cy,
Spin Bolzmanneq.: 9y A" = 55 - A" -3 - A< —X5 - V7 + 33 - V< = 2716(p®)Ca.

It has been proven the following distributions make vector and axial collision kernels zero:

1 s
< _ Wy = 8
fV,leq(xﬂp) - eBup—a I 17 U KV
Y. Hidaka, S. Pu, D.-L. Yang, PRD(2018): < R > s guv Spin chemical potential
' e B : : L == e 40 x,p)w T = Thermal vorticit
D.-L. Yang, K. Hattori, Y. Hidaka, JHEP(2020); fA’leq( P) szaleq( ’pﬁV,leq( P) Wy (u)( D), y

SF, S. Pu, D.-L. Yang, PRD(2022) 10
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Off-eq. corrections to spin polarization

Spin polarization spectrum is directly related to axial vector WF A<,
Our focus

dpo| 4 <,
Becattini, et al. Annals Phys.(2013) 7),& (t; p) _ hfZ d - pf 2770‘/4 ,U(x’p)‘ ASHE = ASH Afollﬁsm;\

. leq
F P W W PRC(2016 _d]: d E : I) 4 i :p
ang, Pang, Wang, Wang, ( ) 2m fE f 27r0 ) <( y )

We expect to investigate the near-equilibrium spin polarization depending on f;:

> Scenario (I): Vector charge (near) out of equilibrium:

5A(<15“(X, p) = 2mplé(p? X . p) — 2mhd(p? S CV a O(0?).
» Scenario (I): Vector charge in equilibrium: Solving Boltzmann eq.
A(H (X,p) = 27Tp“5(p2)@(,p). aSoIving kSpin Boltzmann eq.
It is convenient to consider the elastic scattering process: __ > 3 ﬁ /rﬁpz\\ kv >

> —>
T @
p H w ¥ P p p\\,\,\/p
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Novel matching condition

J‘,0/n2“'l“
Matching condition mapping distribution moments to hydrodynamical quantities, defining

thermodynamical variables: G.S. Denicol, D. Rischke, Lecture Notes in Phys.(2022)

e = go(,Bo) = <E12))0, n = no(ao, Bo) = (Ep)o; i <Ep>6 — <Ef,>5 =

In QKT, since our local equilibrium eliminates spin chemical potential, we need to add another novel
matching condition for fy:

na(@) = naolao,fo), = [ 2W0NUE ~ fiua) B =

which can also be derived from properties of SBE collision kernel: TH(x) = /2m>(1 JASH (2, p).

0/25 DG, A (x, :/25 2\a.c,. Only possible choice:
upﬂ(p)p(fﬁp) pﬁ(p)pA Co=1 <:>8j5()_ |

Within the validity domain of gradient expansion, it simplifies the collision correction in Scenario (1):

O0(0) < O(Te*) < O(T) SAS(X,p) = —2nhb(p?)SHCy o[5£5] + O(0?).

which only depends on the off-eq. correction of vector distribution

i.e. Kn = % ~(Te") "0 « 1
It also demands at least §f, ~ 0(3?).

13



Solving SBE for Scenario (1) (a)

- Using systematical gradient expansion,

_ _ 1 2 .S. i .Ri
Axial dist. -[ fo = fAjleq +0fa = Knf f(x) + Kn*f fx) +O(Kn®), E;eftu[r)ee rllllg?;’s?n F;E;:.izzeézz)

CAlSfA, fvieq) = KnCU[5fA, fvieq) + Kn2CO[6 fa, fv 1eq) + O(Kn®)
- / . Wik (20) 48 (K25 (k2)6(0"2)0(0®) £ 10q (K 15 100 ) 5 o (B) £ 104 (P)
.

Axial
collision kernel | Very special for spin ([ (sz)](f;) e iff?;f) : " Gradient expansion: A
collision kernel! lea ' )JV,1eq\P') IVleq\PIV le : . .
" Differential-integral eq. (spin BE)
CR6fx fvea) = 0, - Integral eq.
: 0SS ®) /. (1) 8 1Sy (P) ' v !
Spin z ép) " (va<(p)> h é: 0 SO () \9 Linear eq. array v" Solvable! D

Boltzmann eq. Coefficient functions to be

A

(2) Pl A2
+L(DFEW) + LVl = FCQ 1A fuea)

Ep Ep determined from axial collision kernel
From the I.h.s. of spin Boltzmann eq., it is sufficient to assume, %) = h 5 100 () eq (P) goz\lpﬁlowavagﬁ w;;aowu&gp(a)+...}
So that the SBE reduces to, ho. . . »
Lhs. = =35 /¥ 1eq(P) NV 1ea(P) [Ap + Bppia) + Cp’piapp) + Dp ApuPabry]
n)
rhs. = / " ka—>p’k’(277)45(k,’2)5(k2)5(17,’2)5(1)2)f\ileq(k,)f\ileq(p/)f\?,leq(k)f\?,leq(p) ZSA "§ (Ep)
p/7 : ’

X

s,1 s,1 1 AT s,2 s,2 ~
- *Ya ’ V205 s ) ) ) . 14
SF, S. Pu, 2408.09877 { Pap = Phr )I%w Pot|Pap —PRp )V Gt o] goiya it by choosing basis function.




Solving SBE for Scenario (1) (b)

- The Spin BE now becomes the following linear eq. arrays:

=== Collision integral e.g. Am = A2 / Wok—sprir (27)20(p*)5(K"2)5(k*) (p'2)
pipl k"

N;l NXvJ'
A= D) ALEYE % £ 100 () 100 (0 £t (B £ 10 (P) B (B — BT,
— =TT T =77 === Thermodynamical integral €.gQ.
A A
s ts,k tS,k: L. | s s 1 r
Z EX,TT Z-:A,n — aA,r ) Z Kﬂ‘":tAtv" B atAt’T’ .. al;x,lr = _aA’,Zr = _gﬁ/27T5(p2)Epf\§,leq(p)f\?,leq(p)a
= N n=0 - Coefficient to be solved p

. Within a simplest choice: (i) Polynomial basis (to simplify the collision integral); £ (E,) = s
(i) Minimal truncation (to simplify solving of the linear eq. array).
Nt =1 5 Nt =Nyt =N§ =0,

- Within the Hard Thermal Loop approximation we derive the collision integral. We finally get,

<M 2\ p< > 52 with
5“4(1i) (X,p) = —hmp"i(p )fV,leq(p)fV,leq(p) 3 (

1
Ep — dl—) dow*V oo + ... + d460w“crgp<a> + ...
0

T ; ; : : +d 26”“"<Pa°‘>u(,v,,a aPoy + ... +d 3G -
X Tspin ~ ———7 Proportional to spin relaxation time 7o " 0P(aPp) 9% P(uPaPx)

SF. S. Pu, 2408.09877 Shuo Fang (73f#) , Collision corrections to spin polarization, 2024.11.11 15



Coupling independence in Scenario ()

J)ln201\
However, when utilizing Chapman-Enskog expansion in scenario (l):

uupo WV po
SAG (X, p) = 2mhé(p 'Mv ap — : 2Ep ”u"a,,ap"]
P

The corrections are Coupllng-lndependent manifestly!
(@sf =GR

ua[ﬁpuua
2u-p

e P pyuq
—5 . Cslf

- Recall that in CKT: SSH(p, X) = 2m8(u-p) {(5(p2)p“fx+5( Y-

The collision part is, S, X) = —2m6(u-p)d(p*)hx e p

2 -1 0 — / CABCDZH
M|%6fp, ~ 177 p-Ofo=p-0fogxT". BCD

Interaction cancellation ~ / or (IMI?6f,) for (L= f)(1 = fyr)
p',q,9’

p
or = X Ap=QQx A
2pP P g
Physical origin: Coordinate side- Remark on e — 0 limit: Boltzmann equation is free-streaming when

jump due to Berry curvature e - 0, then the gradient expansion breaks down!
0(0) < O(Te*)

SF, S. Pu, 2408.09877

J.-Y. Chen, D.T. Son, M.A. Stephanov, PRL(2015) X
Y. Hidaka, S. Pu, D.-L. Yang, PRD(2017) Shuo Fang (Ff#) , Collision corrections to spin polarization, 2024.11.11
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Physical origin of spin polarization (l)

Spin polarization in medium is a spin Hall effect for spin transport, we probe the spin current as
response to electric fields. It is illustrating to compare it with condensed matter community.

Here we list the different contributions of spin polarization current, which is defined as

SHPT () = 46“1//)0/./45(]9, ) = 46;wpg/j—f(pax) —j=(p, )
p p 2
In heavy ion physics, the effective electric field comes In condensed matter physics, the electric
from the anisotropy of the medium, and is defined in the field is an external classical source input in
the table-based experiment:

phase space :
. e af2 1852
Effective electric field [ o a _ preff X
. . p glua +p Wpa — 8,“(/8/1’)()] — Eu _
from medium anistropy Oe e Oe Julg) = =B (@)
22

Efe = epath® — epah® [1+ %Gwl(Eq,q) + ...
N. Nagaosa, et al, RMP.82.1539

Such effective electric
field is corrected by
self-energies

We probe the phase-space spin current in general in heavy ion physics.
17
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Physical origin of spin polarization (ll)

We consider the coordinate space spin current for illustration:

In HIC physics  Jy = J2 + J0¢ 4 Jadst 4 g9t 4 gskev,
Fermion
B

Hall current 7" = [ 2r0(u - p)s(r?)lpl [v£2] . conarure

Intrinsic from  jint
Berry curvature ~ *

2760(u - p)3(p?)|p| [—ﬁxe@vff?] ;

Anomalous from __ ... 8f0 X
Novel detailed Jo -p)o(p°)|pl —08—;5 ‘Wl
balance
sidejump from | 731 = | 2m0(u - p)o(0?)lp| [~hxepSt x CIoF,]
Skew-scattering yskew _ [ 9700, . p)§(p?)|p| (v fy] -

From collisions X
gi

adist

J.-Y. Chen, D.T. Son, M.A. Stephanov, PRL(2015) 9
Y. Hidaka, S. Pu, D.-L. Yang, PRD(2017)
SF, S. Pu, 2408.09877
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Anomalous Hall current

Gamm——) . _ v

:  modified equilibrium distribution functions

: scattering amplitude in the Born level

:,
“Sping02™

In condensed matter physics
h?

= 0o
4m?2c2

x k.

or = r—7
The coordinate side-jump

int

= —€e’E x /[dk]fkﬂ,
sj—1 . g-l
Opy = € ; E_y ZZ, w1 (0711)

O Oone correspon ce

adist

Ey (’Uoz)x,

o = e ﬂ(’UOI)m-
NG

l

:  the off-equilibrium corrections to distribution

from solving Boltzmann equation

N. Nagaosa, et al, RMP.82.1539
N. A. Sinitsyn, et al, PRB.75.045315

in the presence of electirc field

. velocity operator
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Summary and outlook

Summary

We have investigated the off-equilibrium corrections for fermion spin polarization in a hot
electron plasma. Such collision sources mainly contain two parts in leading gradient:

1. Side-jump part: independent of interactions

2. Extrinsic part: proportional to spin relaxation time

Outlook

1. Reproduce the side-jump contribution from linear response theory;

2. Generalize to a real QCD plasma.

20
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