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Global Orbital Angular Momentum (OAM)

Non central collision creates fireball with large OAM

Some part can be transferred from orbital to spin

Conservation Jini — Lini — Lﬁnal + Sﬁnal ~ 106h
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Spin alignment with angular momentum of the emitting system

Measurable through weak decay of A
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Experimentally observed global A polarization.
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Local Polarization

Global polarization — total amount of angular momentum retains in the mid-rapidity region

Local polarization — its distribution in different ¢
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both thermal vorticity & thermal shear tensor — correct sign
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Collisions essential, not just for polarization

. . : Mueller, Venugopalan, PRD 99 (2019), 056003
Boltzmann eq — with collision but no spin Hattori, Hidaka, Yang, PRD100 (2019), 096011

Weickgenannt, Sheng, Speranza, Wang, Rischke, PRD100 (2019), 056018

Spin t . f t . th anin but lisi Gao, Liang, PRD100 (2019), 056021
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How does global OAM transfer to spin polarization?
Does spin d.o.f reach local or global equilibrium? How? When?

u The contribution of shear indicates non-equilibrium effects. )
Quantum kinetic theory, large quark mass, perturbative QCD, leading log, spin density matrix, collision in I’
af
Relaxation time, effective coupling of spin to thermal vorticity \*' = g%wam“ta

vorticity fluctuations, helicity flip in scatterings ,equilibrium time too large to be relevant

Anomalous Lorentz transformation X'* = A* x® + AL enables angular
momentum conservation in collisions.

Particle scattering with finite impact parameter -- finite OAM.In-state as wave packet

Covariant transport for massive fermion with collision
Non local collision, and Kadanoff-Baym equation

Polarization rotation of chiral fermion
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Dyson Equation

General Dyson equation
S(x,y) = S°(z,y) +/d42d4w50(fv,w)2(w,Z)S(z,y)
———— = > + > @———
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Dyson equation for contour Green’s function
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%
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Expansion... AxB=AB+Z[ABlop +O(?)  [ABlop. = (94A)(9,B) — (9,A)(2!B)
Transport and constraint {(v“pu _M(X)), S<} N % {V“»Vusﬂ _ %([23 S, — [ S<]*)
(70— M(X)).5%| + S 9,55} 4 in(v,an@85%) = U ({2,57), — (27,570,

Wigner function and self-energy both have: spin structure; classical & quantum part; coordinate and momentum
dependence; modified on-shell & off-shell;

Spin decomposition
1

S< =8 +iPy° + V' + A" + 5 S S : scalar, related to mass distribution
L ) ) 1
S” =8 +iPy° + V4" + A4y + §8Wo“”, VM : vector, number current
1 . . .
¥ =X +iXpy° + Syt + Bayyt + §ZTW0W, AH: axial-vector, related to spin density "
) ) ) ) 1. <S)\,,u1/> _ /d4p€AuyaAa
27 =8 +i5py° + Sy + By + 5 S o. S, tensor, magnetic moment tensor 2
Semi-classical expansion Only 4 independent components, V., Ay
9< = §<0) L o< 4 ... 1) mass density, number density — dominant by classical components
< — <) L <) 4 ... 2) spin polarization generated by interaction with E, B, w, all at (’)(h)



Transport equation

{0 P —m), 5%} + T | vus<| = Z([25,57], - [£>.57],),
Constraint & Transport . . .
(Vpu—m), 8% + {a Vs h = ({2, 87} - {7, 5%,
_ 2 , 2
Spin Decomposition of both sides Yang, Hattori, Hidaka, JHEP 2020 (2020) 070, arXiv:2002.02612

Collision fterm

1
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» lake V and A as basis — vector charge & axial charge current

» Semi-classical expansion e V has one independent component
(0) _ ! o1
p['uvy] =0 p[MVIE]l) — —ieluypavpfl(o) — ZDC(ZPZ’V
e A has three independent components
1
P AOH = p A = ZDQ)

» On-shell condition & transport equations of V&A at each order



Transport equation

Oth order transport

A
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Local collision term

Dynamical effect,
e.g. diffusion effect

e Nonlocal collision term

o Related to spatial derivatives

o Correlated transport of V&A

o Polarization can be generated
in a initially unpolarized system

the interaction needs to be
specified to calculate the oft-
diagonal self-energy -~ & %=



Angular momentum conservation

Total angular momentum Relate to Wigner function
y 1
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The collision terms conserve angular momentum, OAM and spin convert with each other
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Fermionic 2 by 2 collision by contact interaction

« derive the equilibrium distribution from the detailed balance principle
« different interaction determines only how fast the system reaches equilibrium state, but
not the equilibrium distribution function

NJL-type model with scalar-channel of interaction
L =Y(ihd — m)yY + GW)? (fermionic 2 by 2 scattering)

chiral restored phase — consider only the current mass

strong coupling nature — 1/Nc expansion & semiclassical expansion

O(l/NC) ZEO(Xap) :Gz/dp S>(X7p1)Tr[S<(X7p2)s>(X7p3) )
Simplification:
O(1/NZ) B3, (X,p) = —GQ/dP 87 (X, p1)S™(X,p2)S7 (X, p3), % the detailed balance — gain term and the

loss term cancel with each other in

d4p1d4p2d4p3 ) arbitrary collision channel
/dP / 1 (2m)°0(p = put p2 = ps) % consider only self-energy at 1/Nc order
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Detailled balance at Oth and 1st order

Detailed balance at Oth order
f‘(/oe)q(X, p) =nr(B - p) Comes from fv(X,p1)fv(X,p)fv(X,p2)fv(X,p3) — fv(X,p)fv(X,p1)fv(X,p2) fv (X, ps)
(0) 0
fAeq( )

Simplified 1st transport, considering .A{?° = 0 (or the power counting)
y J
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Detailed balance — vanishing collision term

1

A/(})gl()bal(p) __ (27‘-)34E Euyg)\pl/vaﬁ)\f‘//(p>
p

VHBY + VY BH =0 Killing condition -- global equilibrium

» Spin polarization generated from coupling between vector and axial-vector charge.
* |n equilibrium spin polarization generated by thermal vorticity.

- Gradient expansion of Wigner function — Non local effect — orbital angular momentum

11
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Relaxation time approximation

- RTA is a simplification to the collision kernel of the Boltzmann equation, very useful and has been
employed extensively to derive the form of kinetic coefficients and dissipative hydrodynamic
equations as well as find their exact solutions and attractors

» comes at the expense of ignoring the interaction mechanism of the microscopic constituent

» RTA assumes a single timescale for thermalization of all types of microscopic interactions.

f(m7p)_f6q(x7p) T
paf(xap): =W itti T R
() Anderson-Witting 7(p) "
1
Ho_— B
Conseravtion by Landau Viud" = T“M(U O,
matching condition v, T = 1 0, 5T = 0,

T

For spin-1/2 particles, the RTA of the collision kernel in Anderson-Witting form

0 b, _ ih , oW(z,p)
(49 = m)Wiap) + G0 W) = = G,

W
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ih ih OW(x,p)

Relaxation time approximation (Vup e m)W(x )+ VIV p) = — 5
Spin decomposition ppVt —mS =0 R, VH = @uﬂ syi
2mP + AV A" = —guu 0 A  puAt = O_II
puS —mV,, + SV’/SW = —%u”éé’w/ —p"Sp + SVMS — —%uM(SS
—%eumgp”Saﬁ —mA, + SVMP = —%uﬂép 2p, P + geumgV”So‘B — —%ewagu’/éé’o‘ﬁ
~2€,005P" AP — 2mS,,, + AV, V,) = —gu[um] p Vo + gemﬁvmﬁ = —%emﬁuamﬁ
Conservation can easily be obtained from integrating over above equations, giving
0, J" = —%uu&f“,
1 = Va1
Do MY = T 4 9, SO = —%ua(SSO"“”.
Difference from Kadanoff-Baym equation
1) relations among components
2) does not modifies on-shell relation  (p* — m*)VPV =0 (p* — m?)ADD =0

- 3) transport equations




ih ih OW(z, p)

. . . i H _ | I _ v
Relaxation time approximation (7 P m)W(m’p) -5 VRV, p) o T (2 p)
transport equations obtained from spin decomposition, without hbar expansion
1
(p-0)S =——(p-u)osS
1 h L, u”
(p-0)A, = —;(p -u)0A,, QmGMVOéﬁpB (8 ?)58
Damping Polarization 7 = 57/T, n=mn/s
Relaxation time has spatial dependence through T
L - y u”’py 1L h
Polarization effect related to T-vorticity p“0,A,, = 0A,H 7P W, 0 fv
T T
N T-vorticity w’, = 1/2(0,(Tw,) — 8, (Tu,)]
Magnitude of vorticity affects the magnitude of correct quadrupole distribution in local-polarization
polarization, not the time-scale of polarization effect. N
wgy = 1/2€,,p0W

~

Time-scale: consider a system with homogeneous temperature, in local rest frame of the fluid &, = 1/2¢,,,,,0”u°
1 1 = Wyl — WUy, + €uppee’u’
(p-0)A; = ——(p-u)dA; + ;(p ) [hw;d fv|.

T

Same time scale for various spin components
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RTA from Kadanoff-Baym equation

- close to equilibrium add a fluctuation with momentum p to an equilibrium distribution, while all

other modes are still at equilibrium

0) __ 0 0
S =80 + 580,

The equilibrium part eliminates the collision terms

. . . . —_ d*
The self-energy does not contain modes with momentum p, thus is evaluated in equilibrium /Hi (27

- Summing 0th and 1st order

A = AP 4 5 A

S =80 4 h5(1)7 A, = A/(P) 4 hA/(}), Ny = Zg?) 4 hzg)
S =S+ 08, A, =AU+ 5A,

- Relaxation rate & polarization rate
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\—

(p-0)S

(p-0)A;

AW-RTA —]
w0 (g, ) == (s, o) (i,

1

T

1

—=(p-u)dA; + =(p - w)[Aw;d fy].

T

(p-u)dS

relation between AW-RTA and KB-RTA

KB - RTA

Wo = miF +py§l‘//7
1 1

op

0S

).

L 2 m

T

Same damping rate for charge and spin
Polarization effect related to T-vorticity
Same relaxation time for different effects

2m

- 1 ~
€0p0P’ 07X, — ié‘uEp

_/

Same damping rate for charge and spin

Different relaxation time for different effect

Compare the both: specify the interaction

In local rest frame 70 = — p/wo

Polarization effect related to thermal vorticity, due to global equilibrium
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NJL contact interaction

v 9 0S _ Wo hwf; 0S
POvoA, )7 7\ —hwe  wo SA, )

Lo :miF + Pu I\//

L B 5 5 T

NJL-type model with scalar-channel

L = Y(ihd — m)Y + G(Y)? (fermionic 2 by 2 scattering)

chiral restored phase, 1/Nc expansion

Y7 (z,p) = GQ/dPS>(33,p1)Tr [S< (m,p2)5>(x,p3)}

d* d4 d4
/dP / pl p2 p3 27r)45(p p1 + p2 — p3)
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NJL contact interaction

Wo = mZF _I_pl/ \V/7
1

2

L
hwt

)(

op , PubPv

vy (08 __
PovsA, )7 7\ —hw,, SA,

Wsy = —MB Ay + —€pvopD” >3 €uvpoD’ 0717 — iﬁuZp

Y008 2)8" (3) + SO (01)S"” (92)5 "V (ps))

- m(p,u _|_p1,u)py (ZV
1

2

1 % «
=+ S€uvappP p?ﬁ (S

k 2

) (A,

(1)

(p1)S© (92)8" (p3) + AD ()3 (p2) S© (p3)>
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+ Seuasp’y (1078 ()18 (12)8"” (3) + [0°5 O (1)1 (2) S (ps))

(p))S@ (p2)S " (p3) + SO ()8 (p2)S© (ps)) } |

<(0)

Schouten identity
Killing condition

Thermal
X vorticity

In general, collision terms could generate all kinds of vorticity structures in off-equilibrium systems.

However, for systems close to global equilibrium, only thermal vorticity contributes.

collision term vanishes only in global equilibrium
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NJL contact interaction

AW-RTA |

KB-RTA |

PO fv = ~Tob fy

_ 2 Wss phO, A = —T oA + Ty (hwd fy)

W Wwo X

_J

Evaluate the ratio between both time-scales
consider a system with homogeneous temperature, in local rest frame of the fluid

- m=5MeV

WO T 1T T T T

1
(p-(‘))S:—;(p-u)éS
-0 = L wpa s Lpasn). | Fo=
Lp v Tpu ’ Tpu ZV.J Lo Tsiq
|  p— —

> High temperature: polarization slower
> Heavy spin carrier: polarization slower

- Massless & vacuum: same time scale
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