Review of spin polarization in
microscopic models

Qun Wang

Department of Modern Physics
Univ of Science & Technology of China (USTC)

Spin and Hydrodynamics in Relativistic Nuclear Collisions
ECT* online workshop, Oct. 5-16, 2020




* Introduction: timeline of discovery of spin

« Spin effects in heavy ion collisions

« Spin alignment of vector mesons in quark
coalescence model

« A microscopic model for spin-vorticity coupling from
spin-orbit coupling in parton-parton scatterings

« Spin Boltzmann equations for massive fermions in
Wigner function formalism with non-local collisions
(de Groot + Kadanoff-Baym)

e Summary
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« The classical picture of a particle’s spin fails (exeeds speed of
light)

« Stern-Gerlach experiment (1922): first observation of two

discrete quantum states of sliver atom (ug) in non-homogeneous
B field

Walter Gerlach & Otto Stern

Otto Stern, Nobel prize in Physics 1943
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« Zeeman effect (1896), Anomalous Zeeman effect (1920s):
guantization of angular momentum and spin.

Fine structure = (ev) doublet o.
H Atom = 1 X 100 Sodium

Hydrogen Atom Sodium Doublet (D Ling)

. o .. ..
I||l o I‘III I‘ll‘ll

\mmal Zeeman Effect Anomalous Zeeman Effect

Pieter Zeeman, Nobel prize in Physics 1903
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 Fourth quantum number by Wolfgang Pauli (1924): to explain
anomalous Zeeman effect, which takes only two values.

« Concept of electron spin by Ralph Kronig (1925): can explain
even splitting of alkali spectra (missed factor 2), but opposed by
Pauli and Heisenberg, not published

Wolfgang Pauli, Ralph Kronig
Nobel prize in Physics 1945
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« Pauli exclusion principle (1925):

On the Connexion between the Completion of Electron
Groups in an Atom with the Complex Structure of
Spectra

W. PAULI
Z. Physik 31, 765ff (1925).

Especially in connexion with Millikan and LandA ©'s observation that the alkali doublet
can be represented by relativistic formulae and with results obtained in an earlier
paper, it is suggested that this doublet and its anomalous Zeeman effect expresses a
classically non-describable two-valuedness of the quantum theoretical properties of the
optically active electron [Germ: Leuchtelektron], without any participation of the closed
rare gas configuration of the atom core in the form of a core angular momentum or as
the seat of the magneto-mechanical anomaly of the atom. We then attempt to pursue
this point of view, taken as a temporary working hypothesis, as far as possible in its
consequences also for atoms other than the alkali atoms, notwithstanding its difficulties
from the point of view of principle. First of all it turns out that it is possible, in contrast
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« Electron spin by Uhlenbeck and Goudsmit (1925):

G.E. Uhlenbeck and S. Goudsmit,
Naturwissenschaften 47 (1925)
953.

A subsequent publication by the
same authors, Nature 117 (1926)
264.

George Uhlenbeck, Samuel Goudsmit
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* Pauli’s non-relativistic theory on electron spin (1927):
Schrodinger equation for particle with spin-1/2, Pauli spinor,
Pauli matrices (dimension 2)

. 1 > | e,
Hl|y = | — —gA)" —gho - B = th—
9) = | = [(p — 44 — o B] + 0| 10} = inZ 10
« Dirac equation (1928): relativistic extension of Pauli’s theory,
Dirac spinor, Dirac matrices (dimension 4)

Paul Dirac

Nobel Prize

in physics
1933
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« Huge global orbital angular
momenta are produced

L ~ 10°h

* Very strong magnetic fields are
produced

B ~ m?2 ~ 10'® Gauss

« How do orbital angular momenta
be transferred to the matter
created?

« How is spin coupled to local
vorticity in a fluid?

Figure taken from
Becattini et al, 1610.02506
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With such correlation between rotation and polarization in materials, we expect

the same phenomena in heavy ion collisions. Some early works along this line:

» Global polarizations of A hyperons and spin alignment of vector mesons
through spin-orbit coupling in HIC from global OAM

« --Liang and Wang, PRL 94,102301(2005), PRL 96, 039901(E) (2006) [nucl-
th/0410079]

« --Liang and Wang, PLB 629, 20(2005) [nucl-th/0411101]

« Secondary particles can be polarized in un-polarized high energy hadron-
hadron collisions
* --Voloshin, nucl-th/0410089

 Polarization as probe to vorticity in HIC
« -- Betz, Gyulassy, Torrieri, PRC 76, 044901(2007) [0708.0035]

« Statistical model for relativistic spinning particles
» -- Becattini, Piccinini, Annals Phys. 323, 2452 (2008) [0710.5694]
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Microscopic models based on spin-orbit couplings
[ Liang and Wang (2005); Gao, Chen, Deng, Liang, QW, Wang (2008); Zhang, Fang, QW, Wang (2019). ]

Quantum statistical theory
[ Zubarev (1979); Weert (1982); Becattini et al. (2012-2020); Hayat, et al. (2015); Floerchinger (2016). ]

Spin hydrodynamic model
[Florkowski, Friman, Jaiswal, Ryblewski,Speranza (2017-2018); Montenegro, Tinti,Torrieri (2017-2019).
Hattori, Hongo, Huang, Matsuo, Taya (2019)]

Kinetic theory for massive fermions with Wigner functions

[Early works: Heinz (1983); Vasak, Gyulassy and Elze (1987); Elze, Gyulassy, Vasak (1986); Zhuang,
Heinz (1996). |

[Recent developments: Fang, Pang, QW, Wang (2016); Weickgenannt, Sheng, Speranza, QW, Rischke
(2019); Gao, Liang (2019); Wang, Guo, Shi, Zhuang (2019); Hattori, Hidaka, Yang (2019). ]

Spin transport model with local collisions
[Li and Yee (2019); Kapusta, Rrapaj, Rudaz (2020)]

Spin transport theory with local and non-local collisions in Wigner function formalism
[Yang, Hattori, Hidaka (2020); Weickgenannt, Speranza, Sheng, Wang, Rischke (2020)]
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AMPT transport model

-- Li, Pang, QW, Xia, PRC96, 054908(2017) i
-- Wei, Deng, Huang, PRC99, 014905(2019) ‘

UrQMD + vHLLE hydro
-- Karpenko, Becattini, EPJC 77, 213(2017)

— AMPT primary

== AMPT primary + foed-down
I 1 AsTAR

I [ ASTAR

PICR hydro

-- Xie, Wang, Csernai, PRC 95,031901(2017)

Chiral Kinetic Equation + Collisions
-- Sun, Ko, PRC96, 024906(2017)

-- Liu, Sun, Ko, PRL125, 062301(2020)

AVE+3FD °f ‘ Wiot s
6| o A STAR2018 -+
-- lvanov, 2006.14328 =, ISR
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Spin-spin correlation of A can probe the vortical structure of sQGP

Pang, Petersen, QW, Wang, PRL 117, 192301 (2016)
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* sin(2¢) structure as expected from the elliptic flow
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* Opposite sign to the hydrodynamic model and transport model (AMPT) [Hydro model:
Becattini, Karpenko (2018); Transport model (AMPT): Xie, Li, Tang, Wang (2018)]. Not
from resonance decays [Xia,Li,Huang,Huang (2019); Becattini,Cao,Speranza (2019)]

« Same sign: chiral kinetic approach [Sun, Ko (2019)]; Blast wave model [Voloshin
(2017/2018)]; Projected spatial thermal vorticity in the Lab frame [Florkowski, Kumar,

Ryblewski, Mazeliauskas (1904.00002)]
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Normal hydrodynamics
-- Energy and momentum conservation: T and u*
-- Baryon number conservation: ug

Including spin into hydrodynamics
-- Angular momentum conservation: w*V (spin chemical potential)
[Becattini, Florkowski, Speranza (2018); Florkowski, Ryblewski, Kumar (2018)]

Ambiguity of localization of energy and spin densities
-- pseudo-gauge transformations: T#' and S*#¥ wmms=) T'H and S'4#Y

. . . MV Vi _,],,’ul,-' _
-- Belinfante construction: Ty, =T,  Sg =0
[Becattini, Florkowski, Speranza, PLB(2019); Speranza, Weickgenannt (2020)]
1 . Crer s
Generally o™’ +# —E(a”ﬁ" — ad"B") unless in global equilibrium

[Talks by Leonardo Tniti, Andrea Palermo, Prokhorov]
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 Different relativistic vorticities:

. K -
Kinematic fw) — _5(3#% — Oyuy) = £,u,,
* Non-Relativistic ng) = €pppnu’w’

. 1
« T-vorticity L’-E) — —a[ﬁﬂ(T%) — 0y (Twy,)]

1
=Tw{) + 5 (a0, T = w,0,T)
= Twy,) +win) (1),

« Thermal (th) _ _l[ap(ﬁuy) — Oy (Buy)]

Wi
1
W)
= W QTQ(U“G T —u,0,T)
1
= Lo ),
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— 2 Prom
Eplly T €pppntt” W

Becattini, Inghirami, Rolando, et al.,
EPJC (2015) [1501.04468]

Wu, Pang, Huang, QW,
PRR (2019) [1906.09385]
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. Polarization at freezeout Becattini, et al., Ann.Phys. (2013)

Sk (p) = _ngpandeEApAQpafFD(l — [FD)
8m [ dExp* frp
« where we choose different vorticities
1 1 Wu, Pang, Huang, QW,
0. — w{K ) (T) (th) (NR) PRR(2019) [1906.09385]
I ARl Tz “po T “po

 (3+1)D viscous Hydro model CLVisc: with AMPT initial condition (OAM
encoded)

[Pang, QW, Wang (2012); Pang, Petersen, Wang (2018)]
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o thermal vorticity + STARA
- kinematic vorticity STAR A
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(cos 9{;) = a?HPZ(gb)

1) Au+tAu@200 GeV
3) AMPT initial condition

3) Y=[-1; 1]
p_TE [0, 2.0] GeV

4) Centrality: 20%-50%

Wu, Pang, Huang, QW,
PRR(2019) [1906.09385];
2002.03360
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1.5
-+ thermal vorticity

« Kinematic vorticity
= T=vorticity
-+ hon-relativistic

1.0

Py(=Py) [%]

0.0

-4 -2 0
Y

1) Au+tAu@200 GeV;
2) AMPT initial condition;
3) Y=[-1; 1], p_TE [0, 3] GeV;

4) Centrality: 20%-50%

Wu, Pang, Huang, QW,
PRR(2019) [1906.09385]

Prediction: AMPT initial condition + (3+1)D Hydro
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The implication of the T-vorticity by the data may possibly indicate:

1. The time behavior of the temperature at the freezeout is essential for the T-
vorticity to reproduce the correct sign of P_z

2. The T-vorticity might be coupled with the spin similar to the way that a
magnetic moment is coupled to a magnetic field.

3. ltis also possible that it could be a coincidence from the main assumption
that the spin vector is given by the T-vorticity in the same way as thermal
vorticity.
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 Like EM fields, classical fields of ¢ mesons can polarize s and s. The splitting
in polarization A-A can be explained by vector meson fields [Csernai, Kapusta,
Welle (2018); Yilong Xie’s talk].

* Phi-meson field ¢* is approximately proportional to the current density of net

strangeness number (J =5 — s) according to current-field identity [Gell-Mann,
Zachariasen (1961)]

R Ly [N N

mé s
o (Q%igO(Ee\fz
- o0s — Ff ~ = f CCFR
asymmetry oo X(5 = 5) e
In nucleon ooz [
seain DIS o

(=

#s(x) — x3{x)

Vogt (2000);
Avila et al (2007)

L
8

—0.004

L | 1 1
o oz 0.4 0.8 0.8 -0.002 =

0.4 0.6 o.s
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 Quark meson models [Manohar, Georgi (1983); Glozman, Riska (1995); Lenaghan,
Rischke, Schaffner-Bielich (2000); Zacchi, Stiele, Schaffner-Bielich (2009,2015)]

_ 22 0 0
£ =T(ir" Dy — gvy"V,) U ve—e| 0 220
VEl

quark SU¢(3) fields
vector meson fields
« The spin polarization distribution in phase space for quarks (upper
sign) and antiquarks (lower sign)

1 ~ v gv  =uv
Pi(z,p) = oy (wfh + EpTF{’E )Pv [1— frp(Ep F p)]
N 1
w1 en th Fli = —e"PEY
with _56# pw;p w = %Vx(ﬁu) V. 21/ _Op
Ei, =E) = F}
o = L9, (8u,) - 0,(Bu )]/'1 — Lo (sw) + V(5 V V
op g TINTTP PR € 2[t(’311)Jr () B, =B) = 1e--ka”“
v =D = T gCijkly

2
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Spin polarization distribution for g and q along +y (OAM) direction

1 1
y _
Pq/q(x: p) - §wy + qu (E 8 p)y PQ/EI(XJ p) <1
+ gv BY n gv (EV v p)y 1— fFD(Ep ZF;L) ~1

dmg T Y 2mgE,T

A polarization is only from s/s polarized by ¢-fields

1

(PUbep)) ~ 5 lw,00) ¢

lstatic limit i;—% (BBY(x)) + ngi? [(BEg4(x)) x p],

() x

s

1 T <
[(ijm(x, P~ 0)> N (wy (X)) £ <ﬂij(X)>} static limit [Pl < [Pyl
- Epl ~ Ep2 ~ Mg

2 2m

data constrain (wy(x)) and (8B?(x))
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« Spin alignment of ¢ mesons in y-direction averaged over volume and
¢ wave function

<p§0(X, P)> ~ (PY (x1,p1) P (x2, P2))¢.,Vol

| = o

O = O =

1
- 2
= 3 g D) g (I Bl o) < pal),
volume average 4_ 2 2
BY)") — E E
Jr9m§ <(5 y) > ng <Ep1Ep2 [ ¢(X1) § pl]y[ é(m) " pz]y>¢',Vol
volume average
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« In static limit, |p| < |py| and E,; = E,» =~ m,

electric part of vorticity tensor
1

<p30<x,pM27mg (e2) + (e2) (v3),

. 9 2 9
constrained by P, +9£§ <(ﬁB§) > +9ﬂ‘j§ [(52]335’2) <p§’m)¢ +(B*E2 ) <P§,z>¢]

| electric part of ¢ field

S _
« Negative contributions from O Os Os
thermal vorticity; §b 0 u d ©&d
« Positive contributions from e 7N~y 2 O
- . P)QE ;\.iﬂﬁ M —
¢ meson fields; S Vi, e
- Vorticity contribution is .. Wl‘%
expected to be smaller in S ~-= O
magnitude than ¢-field one. U O
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- In static limit, [p| < |[ps| and E,; ~ E o =~ m, ;nr;ll;;?ﬁ?astt’ion

relative to ¢

<p{‘;(0*(x,p20)> ~ _g(Pd(Xlapl)P X2, Pz)

1

3

1 1 k(/ ) |

§ - § < y 27msm > + (E > <pb>K* dominant
_|_

9o gv <62B§B;>

2

9msmq
P P b} b}
b9V (momy ) (o) g (PR ) o
Imgmg <z—0> <E§1Epg > e <T> EZES, [ .
« Almost no correlation in ® <ﬂIIHII> o Br o
¢-fields and other N ® i !
vector meson fields m O d ©a
x,
7 7 O
@ © D
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- We compare spin alignments of ¢(ss) and K*°(ds)

o (<ez> +(€2) (B),

e (80" o [(85,.) 01, + (5°B5.) 0.,
1

* 1 1 2 2 2 2
(S ep=0) ~ - 5@z () () (B) .

- my < mg, amplification relative to ¢

1 1
epe0) b L

©
« Vorticity contribution is ¢ o E% ﬁm
é *

expected to be.small e p(’_\E\\ 0 e wo K e o
* An understanding of spin L’®\\ g o z,

alignments of vector é\fﬂﬁ@@b o '\E ‘r@ O

mesons ¢ and K* in the o 7

static limit: o @ < @

. pg’o>1/3andp§5‘<1/3 Os (s Ou ©u ©0d ©ed
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« We constructed a quark coalescence model based on the spin
density matrix in phase space with coordinate dependence.

« The spin polarization of quarks comes mainly from vorticity tensor
fields and vector meson fields.

« With the model, we provide an understanding of spin alignments of
¢ and K*° in static limit:

* positive deviation of pg’o from 1/3 may come from the electric
part of ¢ fields

* negative deviation of p{f;;" may come from the electric part
of vorticity tensor fields

« The model can be applied to other aspects of spin alignment of
vector mesons [Xia,Li,Huang,Huang, 2010.01474]
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N

- \\\\/

T T
rQ’L
incident particles XN outgoing particles

as plane waves as plane waves
s, is specified

Particle collisions as plane waves:
since there is no preferable position for particles, so there is no OAM

and polarization

A do do

(&xp)=0 == (d_ﬂ> _<d_ﬂ)
SZ=T Sz=l
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SB
T
incident particles 0
as wave packets outgoing particles

as plane wave
s, is specified

Particle collisions as wave packets: thereis atransverse distance
between two wave packets (impact parameter) giving non-vanishing
OAM and then the polarization of one final particle

L=bxX E— do + do
— V7 Pa o) _ "\ae)_ _

2—
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Lab Frame Center of Mass Frame

(1) Momentum distributions depend on u®*(x) in Lab frame

(2) Collisions of momentum states at one space-time point does not contain
information about gradient of u%(x)

(3) The gradient of u*(x) can only be probed by collisions of particles at
different space-time points
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« Asumptions:

(1) local equilibrium in momentum but not in spin

(2) f(x,p) depends on x* through f(x,p) = f[B(x)p - u(x)]
(3) All 22 scatterings with at least one quark in final state

+ Expansion of f4(xca, Pea)f (¥ Pcp) in small y.r = (0, b)

d
gl 2% jocal oM
-7 R T coupling
] 3 4”” 1: ------ T
fA (Xc + yc_'TaPc.A) fB (Xc - yc_TuPc,B) -7 = —ﬂyl[prﬁ]AwL?
d SR S e M
O(Bucp) | L py |O(Bucy) | O(Bucy)
= Jfa (Xc Pe, A) B (Xc P;:,B}—I“—ycT (SXUP) H +£yc£}‘p£;& { 8Xgp + 3){5”
—————— e__ 1
I """"'::::::' non-zero
I dfa (X c;PcA) df g (XC;PC..B)
» 1 X X 1
[:‘ff;f_*rff"{ & PeB) B b ) —ipepfa (Xepea) d(Bte - pe.s)
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 Quark polarization rate per unit volume: 10D + 6D collision integral

d*Pap_,12(X) _ ™ O(Bup) ; d’pa d’pp 6D integral
dXx* (2m)t oX¥ i@fff?ﬁfé_@ﬂf?_‘?@_.i
X|Ve,A — 'U,:,BI-[;{-_--]-;EE tftkhpc A
Lorentz boost -------7-=75z---ammmess B,
xfa (X, PA)fB (X.pB) (P4 P%)QJ_&EE{_@_
_ a(ﬁuﬂ)ﬁﬁfﬁﬁ‘: 10D integral

~ 00XV -4 16D integral !

 Numerical challenge !'! We use newly developed ZMCintegral v5.0, a
Monte Carlo integration package that runs on multi-GPUSs [wu, Zhang,
Pang, QW, Comp. Phys. Comm. (2019); Zhang, Wu, Comp. Phys. Comm. (2020)]

 Another challenge: there are more than 5000 terms in polarized
amplitude squared for 22 scatterings of partons
I (s0) = Z Z M ({sa,ka;sB,kp} — {s1,p1: 50, p2}) M™ ({84, K1 85, kip} — {81, 13 82, p2})

e e

S4,58.81 1,7.k.1

different momenta
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 Numerical results show WP?Y has anti-symmetric structure
(surprising!)

[0 0 0 0 )
0 0 We, —We,
0 —We, 0 We,
\0 We, —We, 0 /

W = W e, ) W —

d'P ap—12(X) _ i 9(PUp) O(Suy)

Y XV We; = QEJ?_%JWEJ
= 12WV x (Bu)! |
PRYXIME = (/20X (Bu,) - 0 (Bu,)
/ wn = (1/2)[V(Bur) — Vi(Bus)]
Polarization is given by the vorticity
up to a coefficient W
W can be calculated numerically
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5] _ _
9.x107°1 A g+g-g+q 59(@)+9-q(T)+q

S g+g->q+q

6.x107%}

' (GeVh

3
Y

7%

3.x107%

A
olE——EB==r o ~ o ~ ~ o~ o o 0 0

0.5 1.0 1. 2. 2.5 3.0
bu (fm)
The cutoff by is of the order of hydro length
scale 1/0u(x) and larger than interaction d*P ap_12(X)
scale 1/my : bo~—— > — X1 = 2WVx x (Bu)

du(x) mp
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Summary of the microscopic model for spin polarization

The spin-vorticity coupling naturally emerges from the spin-orbit one
encoded via polarized scattering amplitudes in the collision integrals.
Such a microscopic model provides a transparent picture for the way how
spin polarization can arise from vorticity.

A missing piece: the back reaction is not considered to convert spin into
vorticity. So spin equilibrium cannot be reached in the model.

Need more rigorous theory

Recently we derived the non-local collision term to O(#) in the Boltzmann
equation for massive spin-1/2 particles in the Wigner-function method of de
Groot. The nonlocality of the collision term allows for the conversion of
orbital into spin angular momentum. We showed that the collision term
vanishes in global equilibrium and that the spin potential is then equal to a

constant value of the thermal vorticity. [Weickgenannt, Speranza, Sheng, QW,
Rischke (2020); Nora Weickgenannt’s talk]

One can also derive the nonlocal collision terms in Kadanoff-Baym’s equation.
[Sheng, Speranza, Rischke, QW, Weickgenannt (to be submitted); Xin-Li Sheng’s talk]

Related works: [Yang, Hattori, Hidaka (2020); Wang, Gao, Zhuang (2020); Di-Lun Yang’s
talk; Ziyue Wang'’s talk]
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« Space-time shifts in nonlocal collisions

¢[f] = /dI‘ldI‘ng’W[f(:BJrAl,p],sl) flx+ Ao pa,s2) — fx+Ap,s)flx+ A p,s")]

+ fdrz dS1(p) Wf(x+ A1, p,s1)f(x + Az, p2,52)

* Near equilibrium

1 h
¢ W feql@,:8) = @2rh)® P [—B(m) P+ Zﬂpy(m)ng]
Cfeq] = —de"dFldrgwe—ﬂ-(pﬁpg)

< |9uB. (AP} + Afps — AtpY — A"p') |
. AM conservation Global equilibrium
L | L T L L TP N
—
1
Q,u,v = Wur = —5(9[“51,] = const.

_ /ng dS1(p)dS' (p2) 0 e~ B (Ptp2)

x {0 [(AY = AM)p” + (A% — A" )py]
5 Weickgenannt, Speranza, Sheng, QW,
_ ZQM(E;" + TEY — B — E;‘,")} , Rischke, 2005.01506
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« Two-point Wigner function on closed-time-path (CTP)

i) == [ d'ue? (v (a4 ) ¥ (2~ 5))

« Kadanoff-Baym’s equation for two point Green’s functions

(ih%%ag + Yup" — m) G~ (z,p)
= ih [ER(:;:: p)G=(z,p) + < (z,p)G" (z,p)]

+ hg [{ER (z,p), G=(z,p }PB+{E< z,p), G (z,p }PB}

Mrowczynski, Heinz (1994);
Schonhofen, Cubero, Friman, Norenberg, Wolf (1994); ...
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» Introduce spin degrees of freedom into distribution functions (particles)

polarization (a s,k)a ’q > f?E;l') (q.k

4-vector polarization 3-vector

in moving rs= matrix in spin space in partlcle s rest frame
frame (+) ( Xtoxs = 15(7j)rs
-1-(11:,1); 1_5 npn Ty f :p - 1)

equivalent I Spin varlable spin variable matri in space

(+] Pauli matrices
frd) (z,p) = / [ds]f1 (z,p,s)[1 — cos - n(p,nj)7;] rs space

« Two-point Wigner functions G<(z,p) can be expressed in f+ (z,p,s)
* Boltzmann equation at 0(h°) with local collision

NN jo = / dPpy  dPpy dPps
E, 2E, | (2m)32E; (2m)32E, (2)32E3  integrals over spin variables
<(2m) 'S0 + s~ py — pa) [ [de]ldsa]lds s,

< A= B 1) = £7 A0 = 1A - £57)
xRe [M(s,0) + M(s )]
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« Boltzmann equation at 0(h) with local and nonlocal collisions

Ly 0uf o (x.p.5) = CAIL) + e(AIO™) + (1)

c coll coll
Ep

 where local collision term (dilute approximation)

%Q(A[(l) local) ~ 1 d3p1 d3p2 d3p3
coll 2Ep (271')32_5'1 (27{‘)32E2 (2?1‘)32E3

% (21)*6@ (p + p3 — p1 — pa) / (dsy][dss][dss][ds,]

1 v
f(l (:E paﬁ) )QUpE p(pas)

first order distribution [fl (O) f f - fél)féo) - féo)fé”]
xRe [ My q) + M p)) = O fyCs

« where Cg is given by !

/Epv (p: 5) - = aepuaﬁpa5ﬁ

spin tensor

1 v v v v
- 4 (Ql,m21p + QQ,VpEQp - Q3,v923p - Qp,wzp'o)

spin chemical potential
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Azt = (0, Ax)

Ax = hm[s -n(p,n;)] (n; x p)

18 (@,p,8) = Ax# 5= [ (z,p) = —=(8u8,) Aatp” f© (,p)

Nonlocal distribution function can be rewri

OpfBe = wpe + 552
wpe = (1/2)(0pBs — 9¢ )
Spe = (1/2)(9pB¢ + 0¢y)

The nonlocal collision term is

%(Alu),nl) 1 d®p d>ps d>ps3
coll 2E, | (2m)32E; (27)32E, (27)32E

x / (s ] dss][dss][ds, £*) £ (9,56 C26 Re [Mio.ay + M)

146W (p + p3 — p1 — p2)

. N
Local + nonlocal collisions at O(h
(7) CPY = Aafp§ + Axhps — Aalip§ — Aafp*
1)y (1),local 1)1, 1 d*p1 d®po d®p3 OAM change
CALan) = AL )+ (ALear) = 2F, | (2m)32E; (27)32E, (27)32E3 in collisions

x (2m)* 6D (p + p3 — p1 — p2) / [ds1][dss) [dss][ds,] £ FORe [Mig.0) + Mo

1 AM conservation at global
- vp vp vp vp
Iﬁf;:ge'\’.'n : [4 (o1’ + Q20p 5" = Q3.0p55" — D0y 57F) equilibrium leads to
[ K
L 6. =0and =0
collisions — (wpe +6%) (A-’Efﬁ + Axhpl — Ahp§ — A-’Bﬁpg)] ps @pg = 2ng

by conservation of AM
in particle scatterings
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« The spin Boltzmann equations with local and nonlocal collisions for
massive spin-1/2 fermions from de Groot’s method and the method
based on Kadanoff-Baym equation.

« The spin degrees of freedom are fully incorporated.

 The spin Boltzmann equations are expressed in terms of the spin-
dependent distribution function defined from the scalar and axial
vector component of the Wigner function.

 The global equilibrium can be reached when the local and non-local
collision term cancel, corresponding to conservation of total AM in
collisions.

* For details: Nora Weickgenannt’s talk and Xin-Li Sheng’s talk on Oct 15.
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Particle scatterings
In quantum field
theory
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