Quantum kinetic theory
and its applications to chiral transports and spin polarizations
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Part 3

Quantum kinetic theory in massless limit and collisions
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1. Solve quantum kinetic theory in gradient expansion
(1a) Gradient expansion
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Summary for master equations of chiral fermions

* The master equations read,

r s B
Hu/p ('Tap) = 0,
< Vk Zi(x,p) = 0, >
: 25 (H,u,/su_nv]su) o _ﬁeuvpavpjas, )
s __ L +: right handed
/M o VM + SAM’ S ==L -: left handed

e We assume the EM fields are constant
). e v 0 ) FE
AN I e R
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Gradient expansion

A common way to handle the equations in many body
system is gradient expansion.

* Gradient expansion: We assume that a field A(x) changes

very slowly, i.e.
|04

AL™1
where L is one characteristic length (or time) of the system.

<1

* A rough way to get the power of a term is to count the
number of 4.
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Gradient expansion in relativistic hydrodynamics

* In relativistic hydrodynamics, L is the mean free path and
K~Ly,f,0 is the Knudsen number.

* The energy-momentum tensor in the gradient expansion is
usually written as,

f fLaid T(O) AR T(l)

* Leading order is

T(o) = (e + p)utu” — pg"”

* Next leading order is

T(l) = —II(g"" — vu”) + 7+
II = C(a ’ ’LL), Bulk pressure
g 2n8<uuv> Shear viscous tensor
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Gradient expansion VS 71 expansion

* If we go back to the equations for S(x,p),

2
) ) R o v 0) __
\ANGE e 000 el L

we find the 71 is always with the space-time derivatives.

* For Wigner functions approaches, the gradient expansion is
equivalent to the h expansion.

* EM fields appears at the order of 7.

* In general case (other systems), gradient expansion can be
independent to the /1 expansion.
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Strategy

 We expand the Wigner function in the power series of 71

FH(x,p) = £l (@,0) + BBl (x,0) + I 2l (@,0) + - ,
and rewrite the master equations

p* 2, (z,p) =0,
< VH 2. (z,p) =0, .
25 (" £1 — 9" FL) = ~he N, 13,

Contracting p, -

S
P’ L= 9 €uvpoeP” VP I
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Master equations in the 1 expansion

p* 7% (z,
< vu/(n)(

p) =0,
p) =0,

Constrain eq.

P /(n) — _euupapyv /o(n 1)

We can solve the third eq order by order.

Quantum kinetic theory and its applications in HIC, ;iSE(FRELXK), SE+HEEAQCDIHIIE, CCNU, 2022

10



Some useful expressions (l)

* With the fluid velocity vector u, for any vector A, we can
have,

At = (u- A)u" + (g"" — uHu”) Ay,
* For a rank-2 anti-symmetric tensor, we can decompose it as

ARV

alu’ — a’ut + e *Puybg
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Some useful expression (ll)

* We set the Levi-Civita tensor
60123

= —€p123 = 1
Contracting this 4-dim tensor is different with the one in 3-dim

vaf L vaf L v cafB v caf3 v caf
€ e uype = (110 01 = (=1D)(050,5) = 0,0},5) + 050 )
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Decomposition of gradient u

Opuy = Ouuy) + Oy,
1 1
6(,/“4/) = 8<uuzj> — i[u“(u . 8)11,,/ -+ UV(’LL . 8)“’“] + g

Oty = AWA,,[;B[O‘UB] - %[uu(u - 0)uy, — uy(u - 0)uyl,

A (0 - u),

v ]' v v
A(M ) — §(AM + A M)) AHY — g;u/ — uPu?
Alwv] — l(A;w — AVM)
2 )

AP = %[A’“‘A”B + AV AP Agg — %A“”(AaﬂAag).

<>: Traceless
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1. Solve quantum kinetic theory in gradient expansion
(1b) Leading order results and constrains from QKT
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Zeroth order of 1

* In the zeroth order of 1, we get

[ 0@ =0]
< VIO @p) =0,
[ r A =0]

j(%) (:L',p) = ppf(O) (m,p)(s(pz),

.

foy(z,p) = 27{O(po)frp(po — ps) +O(—po) [fro(—po + ps) — 1]} .

phase space distributions of massless fermions at the zeroth order

po =u-p, fro(y) = 1/[exp(By) + 1]

s = [+ S5 chemical potential with s = +1 denoting

the chiralit
u: fluid velocity rality
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Global equilibrium conditions

Vo Loy = @)PV,io)
/ 1 o — — g
= S o |38 (OB +0u5,) ~ 0, (i + ) — Erud?5°] =0

floy = 0f0)/0(B - p), BP = Bu’, 1y = Bus, 1 = Bu, and f15 = Bus.
Global equilibrium conditions for a system under static and uniform vorticity and
electromagnetic field:

| 0,8+ 0.8, = 0, Killing condition for ideal fluid |
N0+ F,.B = 0 A _ A
b+ Fpol? o= .o | FRQ = PR,
5 Oppis = 0. integrability condition
IBIJI — —QIWSL'U + CM’ 1
| R QMV = 5 (BMIBV - av,Bu) .
- p = —-F"z,Q,.2" +c,
2 Thermal vorticity
ES = Cs,

Quantum kinetic theory and its applications in HIC, ;iSE(FRELXK), SE+HEEAQCDIHIIE, CCNU, 2022 16



1. Solve quantum kinetic theory in gradient expansion
(1c) 7 order results
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Next-to-Leading order solutions

A

S
p#f(l)é‘(pZ) + Xﬁ)é(pz) + ﬁeﬂvpdpuvp c:SO)
= X[ 6(p%) + sF"p, f(0)8' (p°),
Fm = (1/2)e*P° F,, and &' (z) = —(1/z)d(x).

* We have set f 1) = 0, which corresponds the normalization
of distribution function.

* Using eq.

25 (pu gy /S(l)u) = _hervroy, g(0s,

to get Xy
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Get X,

" Global equilibrium conditions
ap:Bo + aaﬁp = 0,

< BPE+FPUIBU = 0,
\_ Oppis = 0.
("Xt — P XE)OEY) = —5e“prd(rP)Vpfo)
= =S [0 (PP Lo
S

= -3 [ O py —Puﬁ”)‘m] fl0yd(®@*),

Schouten identity

A\

S ~ ~
X(1) = _EQMPAf(,o)a QY = (1/2)er*P?(Q
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Next-to-Leading order solutions

S ~ - v
Ay = _QQ“ApAf(Io)‘S(PQ) + sF"p, f0)8"(p*).

Fr = (1/2)e"P? F,,

Qv = (1/2)erP7Q,,

& (x) = —(1/x)é(x).

+: right handed

s — =

-: left handed
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1. Solve quantum kinetic theory in gradient expansion
(1d) A? order results
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A% order solutions

S v o
ng) _ X£2)5(p2)+ ﬁeuvpdp Vp/(l)

* By the same reason, we set f;=0.

* We solve

24 (pu FPY g /8(2)u) = _hetvroy, gbs,
to get X).

(puXﬁ”—pquf)) 5(p*) = 0,
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A% order solutions

S

2= X8 + g g eunap” VO LG
_ 4]1? (PuS050” — P* Q) A2 £ 6(0%)
+ﬁ (PuFysp” — P* Fyp) 7 paf()0(0%)
+ﬁ (PuFysD” — P*Fayu) F72pa f0)8(p?),

S.-Z. Yang, J.-H. Gao, Z.-T. Liang, Q. Wang, Phys. Rev. D 102 (11) (2020) 116024
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2. Discussions on the solution of Wigner function

(2a) CME, CVE, energy-momentum tensor and chiral
anomaly

Quantum kinetic theory and its applications in HIC, i#iSE(FhFlX), S5+ EEAQCDIHIIEE, CCNU, 2022 24



Vector and chiral currents from Wigner function

* The right and left handed currents are given by integrating

7Y (z,p).over momentum.

Jg(iv) =2/ (;iﬂz))4/s”(map)a s==

* We can also get the following currents,

JH = Ji + JH = J(‘B) + h‘](“l) + ﬁzj(“'z) 4 Vector current
Jg = J_ﬁf —J! = '];L,(O) + h’JéL,(l) + ﬁzJ;(z) —+ - -+, Chiral current
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Leading order currents

* Vector current
— M
Jop = P,

L

LA (7T2T2 4 /1'2 + 3/1%) : Charge number density
32

p:

 Chiral (axial vector) current

Jﬂ(o) = psut,
M5 Axial charge number
P5 = 37]'2 ( T + 3/1 + /1'5) y density :

* The leading order currents are consistent with those for
ideal gas or ideal fluid.
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CME and CVE

* In (magneto-)hydrodynamics, we usually decompose F,, into
the electric and magnetic vectors,

a
F}.Ll/ —_ E“'U,l, - Eyu” + E“upg’u,pB ’

with 1
E, = Fopu’, B, = §€UMVPU’“FVP’
* Vector current
I — 7 M 120275 M5
Jay WIHEBTL  e=T5 =5
CVE CME
e Chiral current 1 [ of 5 2 9
) §5 = ) k + 3(p” + )]
J5,(1) — 65“)“ + £B5B“7 )
55 = o

* We derive the CME and CVE from Wigner functions
Gao, Liang, SP, Wang, Wang, PRL 2012
Quantum kinetic theory and its applications in HIC, i#iSE(FhFlX), S5+ EEAQCDIHIIEE, CCNU, 2022 27



Currents in the order of A%

* We can decompose the vorticity tensor into the electric and
magnetic parts

a
TQ”’U = EM'U;V - EVUM + euypo—upw ’

* Vector current

po_ B w_ Lo . I
Jioy = 53 (% + w?)u o (e-E+w-B)u
— % (Ez_*_Bz)M_L#VPU E
1272 “ 47r2e U ZpWo
—6%6“””"u,,EpBg,
e Chiral current
M5 Cs 2 2 Cs
J5 ) = ~9.3 —(e? + w)u* — (E* + B*)ut — —€"""?u,E,B,,

1272 67

Coefficients can be found in
S.-Z. Yang, J.-H. Gao, Z.-T. Liang, Q. Wang, Phys. Rev. D 102 (11) (2020) 116024
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Energy-momentum tensor up to O (A1)

=2 [ =2 [ G A0

1
T(’g; = eulu” — §€@W’
T(’i'i = p5 (VHw” + u'wt) + g (w*BY +u”B* + €"*Pu,Ep)
1

—§p5 (u“w” — ulwt — euuaﬂuaeﬁ) ’

Gao, Liang, SP, Wang, Wang, PRL 2012

T (7 4, 5ok +pd  p' | p’ud | ps
= |" T 2 Tt T
Energy density
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Energy-momentum tensor up to 0 (/%)

T( ) - T(Q)sVV T T(Q),Ve + T(2),ee’

T(’;’iw = —555 [Butu”(w? + &) — OM (w? + €?)
—2(uM e P + ¥ P Yy e gw., — 2(ut eV P — u”e““ﬁ'y)uaeﬂwv] ,
v 1 v v v
T(’;),VG = —5535 [u'u’(w- B +¢€- E) — (wWB” + EFeY)
—(ut€"*P 4+ u¥ PN uy Egw., — 2(ut e’ P — u”e“aﬂ'y)uaElng] :
) 1 A\ (1 ,
Tyeer = g3 (m + A +lnT) (477” E,gF"P — F'F, )
1 v 2 v 2 2
—I—247r2 [utu”E* — ©* (E® 4 2B?)
+4 (E*E" 4+ B*B") + 3 (u"€"*"" + u” ") u,Eg B,
+3 (u“’e”o‘m — u”e“o‘ﬁ'y) uaEﬁB,y] 1
172780 J73%
N Loy = MuwT(g) e = 2472 oa-a L F
S.-Z. Yang, J.-H. Gao, Z.-T. Liang, Q. Wang, After the renormalization, it can verify
Phys. Rev. D 102 (11) (2020) 116024 the trace anomaly
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Chiral anomaly and conservation laws

o"J, = 0,

1
oMJ, = —55E-B
o*T,, = F,,J"
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2. Discussions on the solution of Wigner function
(2b) Chiral kinetic theory
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Comments on f,

/(%) (map) — ppf(o)(a?,p)(S(pz),

* In above discussion, we consider the f as the distribution
function at equilibrium.

* In general, the f( can be an arbitrary distribution. But, general
form for the solutions of Wigner function holds.

See. the study from an arbitrary distribution f,

Y. Hidaka, SP, D.L. Yang, PRD(RC) (2017)
and Disentanglement of chiral Wigner functions (DWF) theorem:
J.-H. Gao, Z.-T. Liang, Q. Wang, X.-N. Wang, PRD 98 (3) (2018) 036019

Quantum kinetic theory and its applications in HIC, ;iSE(FRELXK), SE+HEEAQCDIHIIE, CCNU, 2022 33



Zeroth order - classical kinetic equation

(ij - FWB;?) f(%)
= (0h — Fuw0y) [P f(0)0 (p*)]
= (0 +E- V) [pofi0)d(»?)]
+(Vo +Edp, +B x Vy) - [pfi0)0(p°)]
— 0,

0
Vi 2

* By an integration of above result over p, in the range [0, =),
we can get the classical Boltzmann equation

(at + v Vm) f(o) + (E+V X B) . fo(o) = 0,

* v =p/E, is the velocity of the fermion.

Quantum kinetic theory and its applications in HIC, i#iSE(FhFlX), S5+ EEAQCDIHIIEE, CCNU, 2022
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Next to leading order — CKT (I)

* We can add the zeroth and first order equations together
S 1
PuV (o) [F6P)] + 5V (o) - {p_OV(O) X [Pf(0)5(P2)]} =0,

p* = p* + sh(p - B)/po Zeeman effect
E{Y) = £E,(1F shB - Q,),

Spin magnetic moment:

e e p
& o F —
2, | p| 2|p|

Hs = —4gs

Massless Chirality

4—0—» 0':—’|

Zeeman effect:
elp-B

Ac = —hug - B = Fhi—
p| 2[p|

Quantum kinetic theory and its applications in HIC, ;iSE(FRELXK), SE+HEEAQCDIHIIE, CCNU, 2022
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Next to leading order — CKT (lIl)

* We can add the zeroth and first order equations together
S 1
PVl 1562 + 15900 - { 1900 % [bfi0d(67)] } =0,

p* =p* + sh(p-B)/po

* By an integration of above result over p, in the range [0, =),
we can get the chiral kinetic theory for on-shell particles

g (1+ hsQ, -B) 6, f(z,E,,p) )

B] - Vaof(z, Ep,p) .

E x Q
< —|—[v—|—hs( X p)+hs2|p|2

n [ﬁ:+v x B + his(E - B)np} .V, f(z,E,,p) =0,
4

.
_ (+) . : (£) —
v=V,E, Effective velocity Ep = :i:Ep(l F shB - Qp)a

E=E — VmE;()+) Effective electric field

Quantum kinetic theory and its applications in HIC, i#iSE(FhFlX), S5+ EEAQCDIHIIEE, CCNU, 2022
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Next to leading order — CKT (lll)

g (1+ hs2,-B) 0, f(z,E,, p) b

< + [V + hs(E x Q,) + h52|11)|2B] -V f(z, Ep, p) \

n [E+v x B + his(E - B)np} -V, f(z,Ep,p) =0,

. ~

v = vaé,“ Effective velocity E® — 4 E (1F shB-Q,)
p T P b

‘ E=E — va1(9+) Effective electric field

* In the quantum field theory at finite temperature or condensed matter systems,
the energy of a single particle may depend on space-time.

e e.g.in QFT at finite temperature, with interactions, the mass becomes Debye
mass, which is a integration of moment of distributions f(x,p) over
momentum.

* In condensed matter, if we set a space-time dependent potential V(t,x), then

particle’s energy is modified by the V(t,x) and becomes space-time
dependent.
Quantum kinetic theory and its applications in HIC, i#iSE(FhFlX), S5+ EEAQCDIHIIEE, CCNU, 2022 37



Next to leading order — CKT (IV)

i (1+hsQy - B),f(z,Epp) |
- 1
< -I-[v + hs(E x Q) + h32|p|2B -V f(z,Ep, p) \

+ [E+v x B +hs(E-B)Q,| - V,f(z,E,,p) =0,

. ~

= (+) : :
v=V,E, Effective velocity E}()i) = +E,(1F shB - Q,),
E=E — VmEI()Jr) Effective electric field

* Correction to effective velocity/w.o. E fields « Correction to effective velocity with E fields

spin l Particles move parallel or anti-parallel to B . B
Ax =) -
Ax x B 2‘p|
g l Dimension analysis For moving particles, they feel like:
g | : B
g - AX o W B — B 5 E XV
Final results:
0 : B 1
Ax = h B2 AX:]LIQ—Q—l—fIﬁEXV
2|p| p| p|
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Next to leading order — CKT (V)

< +lv+hs(E><Qp)+h52| 5

+[E +v x B+ hs(E- B)np}
.

V= VpEé,H Effective velocity

E=E — VmEI(;_H Effective electric field

* Are there corrections to effective force?

p=E+$xB+h...
Jp

* History: in condensate matter physics:

Could be neglected!

(1+ hs2,-B) 0, f(z,E,, p)
B| - V:I:f(xa Ep: p) >

' fo(x) Epap) — 0:

\

/

E(Y) = £E,(1F shB - Q)

D. Xiao, M.C. Chang, Q. Niu, Rev. Mod. Phys. 82, 1959 (2010)

* QFT: Chiral anomaly!
Son, Yamamoto, PRL, (2012); PRD (2013)

Stephanoy, Yin, PRL (2012);
J.W. Chen, SP, Q. Wang, X.N. Wang, PRL (2013);

Quantum kinetic theory and its applications in HIC, ;iSE(FRELXK), SE+HEEAQCDIHIIE, CCNU, 2022
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2. Discussions on the solution of Wigner function
(2c) Lorentz transformation and side jump
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Non-trivial Lorentz transformation

* The subgroup for Lorentz group for massless fermions and
massive fermions are different.

(Rest frame)
p"=(m,0,0,0)
Subgroup: SO(3)

Massive particles:

[
\

\
i

-7
e
-

o 4

Massless particles:
(No rest frame)

p,u — (‘pZ‘a 07 07p2)

Subgroup: 1SO(2)

spln

momentum

boost

o

/.
N <0

O
\}x

(c) L éﬂ/'

spin

—— _> <_ s
momentum °

Chen, Son, Stephanov, PRL, (2015); Y. Hidaka, SP, D.L. Yang, PRD (2016)
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Distribution function in classical theory

* Let us consider a current

dép

J* :fd“‘zms(p2 —m?)p* f(x,p) = / (zﬂ)ngpip“f(w,p)

1 |

four Lorentz four
vector invariant vector

scalar

* It is obviously that classical distribution function is a scalar.
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Wave function under Lorentz transformation (l)

* General discussion following Weinberg’s textbook.

* We start from a spinor

x) = p e~ e/hy, a
wia) = [ P R

* The wave function in free case is given by

v (p) = (\/|P|+p3)

p1+1ip2

\V |p|+p3

 Then, we consider the infinitesimal Lorentz transformation

' — 2" =z"+ (B -x,0Bt+ 0 x x) =¥ + wha”,

pﬂ — le:pﬂ +wﬁ V’

Quantum kinetic theory and its applications in HIC, i#iSE(FhFlX), S5+ EEAQCDIHIIEE, CCNU, 2022
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Wave function under Lorentz transformation (ll)

* Under the infinitesimal Lorentz transformation, we know
the standard results

1 ()
Yr — U(A)wR; UA) =1+ Ea-ﬁ— 50-9.
 However, we can also compute the wave function directly
under the transformation,

vi(Ap) = e PU(A)v (p),
where there is an extra phase factor,

o = Os(|p| + p3s) — Bip2 + Bap1 + 61p1 + O2p
2(|p| + ps3)

* The Lorentz transformation for massless fermions gives an
extra phase.

Quantum kinetic theory and its applications in HIC, ;iSE(FRELXK), SE+HEEAQCDIHIIE, CCNU, 2022
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General discussion for f

* For simplicity, we neglect the EM fields,
4  1q-x
AL <: /d ge™ Ui,p+qauv+,p—q(a;+q%—q) :>

* Under Lorentz transformation,
M T 4%
/—I— — AV /—l—
Ui,p+q0#v+,p—q — Ay, explipp_q(A) — 7;90p+q(A)]vjrl—,p+qayv+,p—q
which means

(0} 1 40p—q) = exP[—ipp_g(A) + i0ps g (A))(al 4 4ap—g)-

Recalling the definition for distribution function
f@p) = [ @ (: (@hygap-) e
For massless fermions, the distribution function up to O(a1) is

notascalar. y Hidaka, SP, D.L. Yang, PRD(RC) (2017)
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Side-jump ()

e Let us focus on the non-trivial terms in the solutions of
Wigner function

St = §(p?) ( nf g pemves Priia ng) + he“”“ﬁpyF
2(u - p)

where u is the frame vector in frame F.

96(p?)
Op?

f.

* Next, let us consider another frame F’, whose frame vector is
u’ at the original frame F. We assume that the distribution
function in F’ becomes to f’

f' = f+BN"O®f + hNFO!f,

* Now, we consider the inverse transformation from F’ to F.

0 = ALS™Y — G+
2 1 vaf ru’; Ua
= hé(p”) |p"N - 0, + p"NE - 0, + € p, - Vsf|,
7 2 u-p u-p
" Pp ulu
N# = S NE = N, F™
2w -p)(u-p) °
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Side-jump (Il)

vaf /
fl(xl’p’) — f(‘/L-’ p) _'_ hN,JJva(.’L', p). NE — et PaUpgly ’ N; _ NVF;LV

2(u - p)(u - p)
Y. Hidaka, SP, D.L. Yang, PRD(RC) (2017)
J.-H. Gao, Z.-T. Liang, Q. Wang, X.-N. Wang, PRD 98 (3) (2018) 036019
Also see:

Duval, Elbistan, Horvathy, Zhang, Phys. Lett. B 742 (2015) 322
Stone, Dwivedi, Zhou, Phys. Rev. Lett. 114 (21) (2015) 210402

* If we choose u=(1,0) and u’=(1,8), under the infinitesimal
Lorentz transform

(@, p't) = flx+Bt,p+PBe,t+B-x)+ AN, A, f
= f(z+ dx,p+ op,t + dt),

_ gy pBxP
o Pt+h 2|p| It is the side-jump in condensed matter physics.
B xp Chen, Son, Stephanoy, Yeg, Y. Yin, PRL 2014
0op = Be+h 2| x B,
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3. Collision effects
(3a) Kadanoff-Baym equation

Quantum kinetic theory and its applications in HIC, i#iSE(FhFlX), S5+ EEAQCDIHIIEE, CCNU, 2022 48



Dyson-Schwinger equation in CTP

S = 85y — 15925 = 59 — 1525,

to

e S: full propagator

® —>
* S,: free propagator ~ — :
* X: self energy Lo
G++(.'171,:132) Gt (.’171,.’132) GF(.’El,:L'z) +G< (.’31,.’132)
G(xl,mz) —_ = i
G~ (z1,22) G~ (%1,%2) G~ (z1,22) G"(71,72)
e 3
Gls(z1,22) = (TWa(z1)¥p(z2)), R = gt _pt-=32—+t %,
Gfﬂ(ml,:EZ) = (TAwa(ml)J,B(mQ)), < ¥4 = ptt_ypt=ypt-_xp——, >
Giﬁ(‘”h@) = (aﬁ(a?z)lﬂa(ﬂ?l)), it = -¥<,
25T, x2) = o(z1)¥5(22)), Xt = %2,
Gl ) (Ya(z1)Y5(22)) L by )Y )
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Equation of motion for S (l)

 We rewrite the S in CTP and get
. 5 GENEe Oy g Sanig
= S5 —SERRSST + 98n<8f — 5<%4854.

e Similar to the QFT at zero temperature, the free parts of
retarded and advanced propagators satisfy

—io - Dy, SE(z1,22) = 6% (z — x0),
SA(zy,za)io - DI = §@(z; —zy).
which leads to
ic-D, 8% = XR§<_3<§4
_S<io- DI = —SRm<48<x4,

Quantum kinetic theory and its applications in HIC, i#iSE(FhFlX), S5+ EEAQCDIHIIEE, CCNU, 2022
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Equation of motion for S (ll)

* The retarded and advanced functions are further
decomnosed intn

SR =5+ (S>+S<) SA=F- %(S>+S<)
2R=§—§(2>+2<), e 2+2(2>+2<)

S = (S +84)/2 and ¥ = (ZF + 24)/2.
* we obtain the quantum kinetic equation with collisions in

cogrdinate space, | .
(iJ'DCEl _E)S<+E<§ o _%(E>S< —Z<S>)7
< , >
S<(—ZO' gf — +SE< — %(S<E> S S>E<).
. 7
(io - Dy, — )87 +%78 = —%(E<S> — X~ 8%), )

$>(—ic - DI — )+ 58> %(S>E< _ §<3>).

. o

Quantum kinetic theory and its applications in HIC, ;iSE(FRELXK), SE+HEEAQCDIHIIE, CCNU, 2022
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Gauge link in Wigner transformation (l)

ES=/d4:cZ(a:1,z)S(z,:c2)

* To consider the gauge link, we consider the following gauge-
invariant product,

/d4ZU($2,$1)A($1,Z)B(Z,$2) o /d4zUc(£l71,iL‘2,Z)Z(.’El,Z)E(Z,CL‘Q),

A(zxy,2) = Az, z)U(zr,a:l), B(z,z2) = B(z,z2)U (232, 2).

(:

UC(CEQ,ml,Z) = €exp (_ﬁ / dIE”A”) — U($21x1)U(m11 Z)U(Z, 172)'
L
L represents theclosed path: 2 — 1 — T2 — 2

* Let us consider the Wigner transformation of the above
product

i 5 = & 1 i
A(z,p) * B(z,p) = /dyexp(hp y)/dzUc(m 2,:1:+2,z+:v)

xﬁ(:c—l—%,z—l—m)é(z—l—:c,m—%),
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Gauge link in Wigner transformation (il)

* After a long calculation, we can get

A(z,p) » B(z,p) = exp [—ﬂH( — i1 - Oy, 1hDy - Oy) ,“,(x)a“a"]

?
=z =z,p'=p' =z

e g b () e (5] o ()

. Up to O(n), the Moyal product is expanded as

h - “
X exp !% (8:12” . ap/ —_ a.’l)' . 8p“)] X A(Q:/’p/)B(x//,p//)

A(fc,p)*B(ﬂv,p) = A(z,p)B(z,p) + zgh {A(:v p), B(z, p)} i
4 - S
S FwdyA(z,p)0y B(z,p) + O,

{A",E}P.B. = (01 A) (9" B) — (0 4) (0" B).
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Kadanoff-Baym equation

* After performing the Wigner transformation of the
equations of motion for S and adding the gauge linke, we

can get
r 1 = - ih A
ot (Hu—l—zihvﬂ) S —hE*xSS+hES xS = 5(Z}<*S>—Z>*S<),
1 . i .
(HM— §ihvu) S<ot —hS<xXL 4+ hASx XS = _E(S>*E< — S<xX7).
. y

Note that, in the above equations, S is gauge invariant full propagator.
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CKT with collisions

_ . )
Vu.S<H +i[S,, 5], —i|25,5| = o,
|- h — h?
< WS- {Tsvh+5{ziF), = o .
2
v g<:u _— h {f[”,5<,u]} a2 h {2<,[V,§“]} — Eeuvm (VoS5 = Cpo) + h_D[W],
¢ 2 * 2 B 2 1 y

Cuw =5 ({5582}, - {Z2,85,)
Dy = L (155,52, - 53.551).

{A,B}, = AxB+BxA, [AB]l, = AxB — Bx A,

—_ DN =

AlkBYl = ARBY — AV BH.
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3. Collision effects

(3b) General solution of Wigner function with collisions

Quantum kinetic theory and its applications in HIC, i#iSE(FhFlX), S5+ EEAQCDIHIIEE, CCNU, 2022 56



CKT with collisions

Cu =

D,, =

{A,B}, = AxB+BxA, [AB]l, = AxB — Bx A,

—_ DN =

1h

VS +i LS, —i | F =
P . 2
S - 2 {Z05<*), +5 {2587} = -7
B 0 . A
[vg<iml _ <4 vy —  Zehvpo i
e 2375} +3{Z Y = ¢ (S5 - Co)

({z5.850), - {=2.85),).

([=5.821, - [=2,551,).

AlkBYl = ARBY — AV BH.

Quantum kinetic theory and its applications in HIC, ;iSE(FRELXK), SE+HEEAQCDIHIIE, CCNU, 2022
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CKT with collisions up to O(#1)

* For S<, we find
G<H  — 27rp’uf5(p ) + TheHV P p, paf(;’(p ) + 27rhS(n)(Vyf —5(p2) -+ 0(52),

Cu =23, (1 = fo)) — Z).f0)-
* For S, one simply needs to replace f by (1 - f).
* The CKT becomes

B(n) “p ~ hS(n)E( )I-L A v v
st (1 - £)V,55 - fwzi)], e ol

Y. Hidaka, S. Pu, D.-L. Yang, PRD(RC), 2017
Quantum kinetic theory and its applications in HIC, ;iSE(FRELXK), SE+HEEAQCDIHIIE, CCNU, 2022 58



3. Collision effects
(3c) Collision term for QED in HTL approximation

Quantum kinetic theory and its applications in HIC, ;lisE(FRlK), S51+EEAXQCDI#HINE, CCNU, 2022 59



Quantum kinetic theory (massive fermions)

* Collision term with quantum corrections

Weickgenannt, Sheng, Speranza, Wang, Rischke, PRD (2019); PRL (2021)

Hattori, Hidaka, Yang, PRD100, 096011 (2019); Yang, Hattori, Hidaka, arXiv:
2002.02612.

Liu, Mameda, Huang, arXiv:2002.03753.

Wang, Guo, Shi, Zhuang, PRD100, 014015 (2019); Wang, Guo, Zhuang, EPJC
(2021);Wang, Zhuang, arXiv:2105.00915

Li ,Yee, PRD100, 056022 (2019)
Hou, Lin, arXiv: 2008.03862; Lin, arXiv: 2109.00184
Fang, SP, Yang, PRD (2022)

Z2Y. Wang, arXiv:2205.09334; Lin, Wang, arXiv:2206.12573

Recent reviews:

Gao, Ma, SP, Wang, NST 31 (2020) 9, 90
Gao, Liang, Wang, JMPA 36 (2021), 2130001
Hidaka, SP, Yang, Wang, arXiv:2201.07644
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Collisional kernel

* An example for collision kernel of NJL type interactions:

Eq. for Particle 1 (1) 1 /°° @) 1 "
— P Ozt : =—— dpo ImTy ( I — Tr(~- 8,1
distribution Epp o r[f (= p)] wh Jo Po (CO") 2mhm Re (7 0 C°11>

funCtion = Oscalar (AIécl)l)l’qc) + Cgscalar (AI(%I)I, v) + (gscalar (Ic(gl)l,PB) + Cgscalar (61:-[(5(1)1)1) ’

Eq. for Spin Eip'axtr [n§+)“rff(1)(:v,p)] =3 ; / dpo [Euvaﬁpulmrﬁ (gaﬁjgl)l) + ReIr (75651&1)1)1)]
distribution P i Jo

function = ‘5;"01 (AIS,I)L qc) + ‘5;‘01 (Algl)l, v) - %”Iﬁ‘ol (1§§3LPB) - ‘5;‘01 (85,;1&1,1)1) :

1 1
Cgscalar (AI(SI)I, qc) Cgscalar (AI(EOI)I, V) (gscalar (aa: I(Sol)]) Cscalar (I(ESI)I,PB)

(1) p (1) (0)
(g]fdol (AI((:cl)l)l, qc) (gFéLOl (AICOII, V) Cgpol (axlcoll) Cg}gol (Icoll,PB)
Perturbative
Correction to
Ordinary terms

Non-local terms related to the space derivatives may
be the key to describe the spin-orbital transformation.

Sheng, Weickgenannt, Speranza, Rischke, Wang PRD (2021)
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Challenge the collisional kernel

* Theory:
 Collison kernel needs to be further simplified.

e Simulations: it is changeling to simulate the QKT:
* Collison kernel is high dimensional integrals.
* One needs to consider the non-local terms.

* Usually, to solve kinetic theory, one can use the cross section +
MC sampling instead of integrating the collision kernel. But, it
would fail in quantum kinetic theory with collisions.

 We may need to face the high dimensional integrations in
collision kernel.

Quantum kinetic theory and its applications in HIC, ;iSE(FRELXK), SE+HEEAQCDIHIIE, CCNU, 2022 62



Theory: Collisions for gauge fields and spin polarization ()

 We have derived collision kernel for QED in HTL approximation.

Eq. for Particle
distribution function (p-0)fy (z,p) = Cy “[fv] + O(R?),

Eq. for Spin (p- a)fA(:z; p) + ho, S (9 fV( p) = HTL[fV fa ]+0(h2)

distribution function

* For the first time, the real QED type collision kernel for axial part:

Calfv fal = =St )0 L L2 T 0) + T P POGL - 00) = 5, 3515 0)

DTS ()6 3,055 (5) + R BplHs o5, £5 )

2 2

n av avl3 ~
Elpllplet PL,uwapL,paafv(P)JrﬁG—ﬁgf” %P 1,pupBp 10 fi (P)

1232

2
—|—h;—?6“£)‘”p,\unagf§ (p)0p, ,uflf (p)

—h

2
2 1233

|p|eanBﬁL,uuﬂﬁL,(’Yg)\)PﬁL,/\al);J_ agJ_ 6ozf{§ (p)} + O(hz) (65)

S. Fang, SP, D.L. Yang, PRD (2022)
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Theory: Collisions for gauge fields and spin polarization (ll)

* We have proved that dynamical spin polarization for a probe is
much slower than its thermalization.

Spin polarizationtime __ T's(p) _ hH3, O (2)
Thermalization time I'v(p) T?|p| p|

Also see Wang, Guo, Zhuang, EPJC (2021);Wang, Zhuang, arXiv:2105.00915

* We also derive the Boltzmann equation for spin evolution:
(p-0)f2(2,p) + hOuS(} 00 f51eq (%, P) = C4" " [fviieq, fa] + O(R?),

et 2 T

CE™ Fvtear F41 = ~ 13 35 10 7= A2 (FFea(®) = S ®)) + 21PIBS 5100 (P) 7 1 0)

HP! | (510a0) ~ F520a®) 20, = 5000 -0,)] } 159

B
e’ 2 i - > - :
+h167r3’p| 33 In mp S(u) anV,leq(p)fV,leq(p) + O(ﬁ ),

S. Fang, SP, D.L. Yang, PRD (2022)
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Outline

* Part 1:
Chiral magnetic effect, Berry phase and kinetic theory

* Part 2:
Wigner functions and the master equations

* Part 3:
Quantum kinetic theory in massless limit and collisions

* Part 4:
Applications to heavy ion physics

Quantum kinetic theory and its applications in HIC, i#iSE(FhFlX), S5+ EEAQCDIHIIEE, CCNU, 2022 65



Part 4

Applications to heavy ion physics

1. Spin polarization in relativistic heavy ion collisions
2. Recent development on QKT
3. Applications to spin polarization

Quantum kinetic theory and its applications in HIC, ;iSE(FRELXK), SE+HEEAQCDIHIIE, CCNU, 2022 66



1. Spin polarization in relativistic heavy ion collisions

Quantum kinetic theory and its applications in HIC, ;lisE(FRlK), S51+EEAXQCDI#HINE, CCNU, 2022 67



Huge angular momentum

B L * Huge global orbital angular
momenta are produced

L~10°h

* How do orbital angular momenta
be transferred to the matter
" reaction plane created?

Quantum kinetic theory and its applications in HIC, #isE(Fh§lX), S5+ EEAQCDIHIIEE, CCNU, 2022
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Barnet effects and Einstein-de Hass effects

Barnett effect:

RN 'R Rotation = Magnetization
:j I{\ \,}\ Barnett, Magnetization by rotation,
s Phys Rev. (1915) 6:239-70.

Einstein-de Haas effect: : f/;‘,ll.\ N 11”,
Magnetization = Rotation L\*d\, . ! } 1;1 f
Einstein, de Haas, Experimental proof of the \, \Tl ‘;J — | 1111 1 17
existence of Ampere’s molecular currents. f// /} ‘ t1 T; ! "
Verh Dtsch Phys Ges. (1915) 17:152. /e ’
Figures: copy from paper doi: 10.3389/fphy.2015.00054 j
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Global orbital angular momentum in HIC

. A X @
- L2 =%

* Global orbital angular momentum leads to the polarizations
of A hyperons and vector mesons through spin-orbital
coupling.

Liang and Wang, PRL 94,102301(2005); PLB 629, 20(2005)
Gao, Chen, Deng, Liang, Wang, Wang, PRC (2008)
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Global Polarization of A and A

STAR, Nature 548, 62 (2017)

— !
§ Au+Au 20-50%
~—8 % A this study —
s @ A this study
|e—| Y¢ A PRC76 024915 (2007)
6~ O A PRC76 024915 (2007) |
4 — ]
°f 4 5& i’a& |
Lo T g1
111 | 1 1| | 1
10 10°
\/sNN (GeV)
Beam-beam
counter J P
sys . A
~—iy %\
28 »
) K y /\

Quark-gluon
plasma

Forward-going
beam fragment

TR | f |
In case of A’s decay, daughter proton preferentially
decays in the direction of A’s spin (opposite for anti-A)

dN i
= 1+ aPa - p;
dQ* 4x ( p)
a: N\ decay parameter (=0.642+0.013)
Pa: A polarization ) P + 7T+
pp: proton momentum in A rest frame (BR: 63.9%, c T~7.9 cm)

* The lower energy, the stronger polarization
effects.

 w=(9 * 1)x102%/s, greater than previously
observed in any system.

Beam-beam
counter

Liang, Wang, PRL (2005)

Betz, Gyulassy, Torrieri, PRC (2007)

Becattini, Piccinini, Rizzo, PRC (2008)

Becattini, Karpenko, Lisa, Upsal, Voloshin, PRC (2017)
Fang, Pang, Q. Wang, X. Wang, PRC (2016)
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Global Polarization from different models
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Global Polarization from different models

_ i . - _ —0_03:51€%i } S R A } -
| S B P Auly === Awly+SIP ] 35¢ ]
8 |AutAy, 2(|)\-(‘|50°1A : % 212? 1 i | | Auly === Auly+SIP ] aof —— AAMPT+CLVisc ]
< : <F E “E —— ASMASH+CLVisc
— A, AMPT + MUSIC ;:1.5:— N 2050% Auhu o5k - AAMPT+CLVisc |
6 -===< A, AMPT + MUSIC A " Lof R * » SPr=2onevy ~E A SMASH + CLVisc |
ot \ 1 = 20k ¢ STARA E
< 05F T ——— 1 2 TTF STARA ]
n-< 4 i T 0,02 (c) 1 : - —=r-l-=-l‘-\-}--}-rT--n.- ; !I- 1.5:_ _:
256 ——= AwWi/+SIP £ o | .
g ——— Ruf4sP 1.0F =
2F 1 2 — A wg‘:”+S|P+uB|P E - ]
- ;1.5;— —— AW SIPplP 0.5F -
g ] - { ]
o} () { 10f 3 . . ]
Sa,) | N N " PR | .!L (),Si j 00 101 102
10 100 0 Vs [GeV]
Vs [GeV]
B.C. Fu, K. Xu, X.G. Huang, H.C. Song, S. Ryu, V. Jupic, C. Shen, Y.X. Wu, C. Yi, G.Y. Qin, SP
Phys. Rev. C 103, 024903 (2021) arXiv:2106.08125 arXiv:2204.02218
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Local Polarization
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Local Polarization alone beam direction

0.001
= i Au+Au \[s,,, = 200 GeV
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8 0.0005}
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X &@Q’ 7 an((cos6)?)
CAR / s 0
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aH
aH: hyperon decay parameter
6p: 6 of daughter proton in A rest frame

Sign problem in polarization.
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Feed-down effects: NO!

 Feed-down effects

Lambda may come from decays of heavier particles

PPiM = f,sin(2¢) —=—- primordial
0.002+ P -, ¢ afterdecay
0.001

£ 0.000
a
—0.001
—0.002}
1 1 1 1 1
0 /2 m 3n/2 2n
(0

Xia, Li, Huang, Huang PRC(2019)

PZ

7N =N,

0.010 ~h

PR |
7\ Sole A\, 4 \,
0.005 Tot
0.000

_o.oos\/ \/
\ 4 \ /
o010 NS Ts=0.3GeV R\ /' pr = 2GeV

\l’
L L L L L 4
0.0 05 1.0 1.5 2.0

it
Becattini, Cao, Speranza, EPJC(2019)
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Different approaches

e Spin hydrodynamics
Florkowski, Friman, Jaiswal, Ryblewski, Speranza (2017-2018);
Montenegro, Tinti, Torrieri (2017-2019);
Hattori, Hongo, Huang, Matsuo, Taya PLB(2019) ; arXiv: 2201.12390; arXiv: 2205.08051

Fukushima, SP, Lecture Note (2020); PLB(2021); Wang, Fang, SP, PRD(2021); Wang, Xie,
Fang, SP, PRD (2022)

S.Y. Li, M.A Stephanov, H.U Yee, arXiv:2011.12318
D. She, A. Huang, D.F. Hou, J.F Liao, arXiv: 2105.04060

* Quantum kinetic theory for massive fermions and collisions
Weickgenannt, Sheng, Speranza, Wang, Rischke, PRD 100, 056018 (2019)
Hattori, Hidaka, Yang, PRD100, 096011 (2019); Yang, Hattori, Hidaka, arXiv: 2002.02612.
Liu, Mameda, Huang, arXiv:2002.03753.
Gao, Liang, PRD 2019
Wang, Guo, Shi, Zhuang, PRD100, 014015 (2019) ; Z.Y. Wang, arXiv:2205.09334;
Li ,Yee, PRD100, 056022 (2019)
Hou, Lin, arXiv: 2008.03862; Lin, arXiv: 2109.00184; Lin, Wang, arXiv:2206.12573
Fang, SP, Yang, PRD (2022)

e Other approaches:
* Side-jump effect Liu, Sun, Ko PRL(2020)
* Mesonic mean-field Csernai, Kapusta, Welle, PRC(2019)
* Using different vorticity Wu, Pang, Huang, Wang, PRR (2019)
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3. Applications to spin polarization
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Modified Cooper-Frye formula

& 6L STAR preliminary Au+Au 200GeV

" r * 20-50% Thermal th _ 1 8 & . a %
<PH:4?— 0 _{._ 3 [fnd_xcinbm_e‘j. vortiCity wpa T 2 Y T o T
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Distribution

: function: f
Oz-in-plane &> out-of-plane u Ctlo 0
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A h
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A
8 mA f dz Ap f 0 2l oo AU+AU |5y = 200 GeV
:'::g;, 000051 ; 10%-60%
° 4
Freezeout surface PO i
¢, [racl]

Karpenko, F. Becattini, Eur. Phys. J. C 77 (2017) 213
R.-H. Fang, L.-G. Pang, Q. Wang, X.-N. Wang, Phys. Rev. C94, 024904 (2016)
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Local polarization from different vorticities

0.008 « thermal vorticity Py 0.001
« kinematic vorticity o Au+Au \/S_NN =200 GeV
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- 1
W) — ) i NR
, - _ , ) 7
wﬁll/ 2 (( IJ,I[I/ C 1 74 IIlJ ) \’-’L"l(tl/ ) — (-l/l_lp,7 “p;u 7
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y ’ Thermal vorticity:
(T) _  Lqs - 1 Uy U
“uv 9 [()“(Tll,,) ()II(TU/,L )] w;g — 5 8p T _ acr Tp

Wu, Pang, Huang, Wang, PRR 1, 033058(2019)

* Only T-vorticity gives the right trend for both Pz and Py
Why T-vorticity? Out-of-equilibrium effects?

FEMEFESEMESSFT=RE2ERTFIEFAEIN, 2021.08.16, iHE(PFIX), Spin hydrodynamics



Local polarization from different vorticities

inary Au+Au 200GeV
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* Only T-vorticity gives the right trend for both Pz and Py
Why T-vorticity? Out-of-equilibrium effects?

FEYMEFESEMESSETERE2ERTFEZAEIN, 2021.08.16, iHE(PFIX), Spin hydrodynamics
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Polarization and axial current

* The polarization tensor is connected to the axial current in phase space by
modified Cooper-Frye formula
Karpenko, Becattini, EPJC. (2017); Fang, Pang, QW, Wang, PRC (2016)

2777,1\\[d2'./\/'(p,)(—)7

S*(p)

* For massless fermions, the left and right handed currents read

T2, X) = 2msign(u-p) {1 + 253067 ) — H(u- )

- f
28} | Bup + Age e’ Fa5355(p2)} L,

A=+ Sé‘u”) = e“”aﬂpauﬂ/@u-p),
+: right . : 1
-: left E, = E, + Tavl;i\ + (qu) 0,T —p° [a<au1/> + ngV(a . u) + UVDUU]°

)(\O) — 1/(6(U'P—/L>\)/T _|_ 1)’

Y. Hidaka, SP, and D.L. Yang, Phys. Rev. D97, 016004 (2018)
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Polarization induced by different sources

* Axial currents can be decomposed as
b gh 7 7 7 7
‘75 _ ‘Zchermal + shear + accT + ‘7chemical + jEB’

where they are related to:

1 U
H _ ol pvaB =B
Thermal vorticity ']chermal — a26 puaa T/
1
U . pvaf c
Shear viscous tensor shear — & (u i p)T6 PaUpp O<o>
P = —aie‘“’“‘ﬂ Uo(Dug — 16 T
Fluid acceleration accT — PrUg, B BL )
2T T
: 1 7]
Gradl_ent of i clflemical — a’—euuaﬁpau,@ 81/?:
chemical potential (U ' p)
1 B*
- praf
= a € ugl, + a—
Electromagnetic fields jEB (u . p)T Pattg by + T’

Y. Hidaka, SP, D.L. Yang, PRD97, 016004 (2018); C. Yi, SP, D.L. Yang, PRC 2021
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Out-of-equilibrium corrections

* Polarization vector

P*(p) = /+ dY 8*(p),

-1

PY(p) = / " avs(p),

-1

* Polarization induced by thermal vorticity, shear viscous
tensor and residual part of fluid acceleration

g, £(0 0)\ uva u
Sﬁlermal(p) 877,’//&]\]—/‘dZ J ()(1_ ())EM ﬁpua le

praBy o

: _ s - pfOa - <°>€ p“ﬁ 8w, + ,u,) — Du,
1 1

w — d> . (0) (0)\ = _pvap LUy, D — —0:T

C.Yi, SP, D.L. Yang, PRC 2021
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Shear induced polarization

* Shear induced polarization draws some attentions.
* Shear induced Polarization from massless fermions (Theory):
Y. Hidaka, SP, and D.L. Yang, PRD97, 016004 (2018);

e Shear induced Polarization from massive fermions:
* Theory:
S.Y.F. Liy, Y. Yin, 2103.09200
F. Becattini, M. Buzzegoli, A. Palermo, 2103.10917
* Hydrodynamic simulations:
B. Fu, S. Y. F. Liu, L. Pang, H. Song, Y. Yin, 2103.10403

F. Becattini, M. Buzzegoli, A. Palermo, G. Inghirami, |. Karpenko,
2103.14621

C.Yi, SP, D.L. Yang, PRC 2021

e Global polarization induced by shear and gradient of chemical
potential

S. Ryu, V. Jupic, C. Shen, arXiv:2106.08125
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s quark scenario: why it works?
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Isothermal local equilibrium

6 x1073
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Local spin polarization induced by shear tensor

Polarization along Ream direction
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Main result for shear induced polarization

We found that

* Shear induced polarization always give a “correct” sign.

* Total local polarization is sensitive to mass of s quark, EoS,
freeze out temperature and eta / s.

* The local spin polarization is still an open question. We still
need to consider the out-of-equilibrium effects carefully
through the spin hydrodynamics and the quantum kinetic
theory with collisions.

Yi, Pu, Yang, PRC (2021)
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Simulations for spin Hall effects

e “Spin Hall effect”: polarization induced by the gradient of chemical potential

1
Sghemical(p) = Q/dEUFU meuuaﬁpauﬂal’%’
* We study the polarization at RHIC beam energy scan energies via the (3+1)-
dimensional CLVisc hydrodynamics model with AMPT and SMASH initial

conditions. The results depend on initial condition and baryon diffusion.
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X.Y. Wy, C.Yi, G.Y. Qin, SP, arXiv:2204.02218, accepted by PRC
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Other possible corrections

Electromagnetic fields make the differences between A and A_bar

Collisional effects to modified Cooper-Frye formula
Fang, SP, Yang, PRD (2022)
ZY. Wang, arXiv:2205.09334
Lin, Wang, arXiv:2206.12573

Corrections from spin potential to modified Cooper-Frye formula
Liu, Huang, arXiv: 2109.15301

Hadronization

Hadronic interaction after chemical freezeout
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Helicity polarization

S" = p-S(p) =p'S” +p'SY + P°S7,

Out-plane direction polarization (transverse polarization)

-

-

\Y
\Y
Beam-beam
counter

* Polarization along the particle’s momentum

‘ Helicity polarization ’

Gao PRD (2021)

STAR Nature 2017

Quark-gluon
plasma

Beam direction polarization (longitudinal polarization)
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PchermaI (1 0—2)

Helicity polarization from QKT

* Helicity polarization polarization can also induced by thermal, shear and
fluid acceleration. Yi, Pu, Gao, Yang, PRC (2022)

Contribution from thermal vorticity
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e  Our numerical simulation shows that the thermal vorticity dominates over
other contributions in helicity polarization. The helicity polarization can be
used to detect the vortical structure in the fireball.
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What we get for spin polarization?

* Shear induced polarization always give a “correct” sign.

* Total local polarization is very sensitive to EoS, freeze out
temperature and eta / s.

* The local spin polarization is still an open question. We still
need to consider the out-of-equilibrium effects carefully
through the spin hydrodynamics and the quantum kinetic
theory with collisions.
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Summary
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Thank you for your time!

WK I PP A IE !
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Backup

Quantum kinetic theory and its applications in HIC, ;lisE(FRlK), S51+EEAXQCDI#HINE, CCNU, 2022 97



