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Relativistic kinetic theory

m  Kinetic theory describes the statistical dynamics of dilute quasi-particles

out of equilibrium in phase space.
) d
< Boltzmann (Vlasov) Eq. : ¢"2uf(e.X) = ¢"Culfl. B =0u+Fong -

(on-shell: g* = m?) = 9,J" =0, 9,T" =F""J,
C o _ d*q q" . v :[ *q q*q¢" .,
moments :  J*(X) /(2?1_)3 /@), T(X) = [ 5 7, flg. X).

* Valid for weak coupling : mean free path > de Broglie wavelength

ldﬂ?_l system size : L » Ly, — equilibrium

= In principle not

applicable to sQGP g ] g § é;
‘ bnp~T ‘

v" Directly in connection to underlying QFT

v Phase space info. is known : particle spectra

v" Derivation of hydrodynamics by coarse graining

% “Quantum” kinetic theory (QKT) : semi-classical corrections (gradient exp.)
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Global A polarization in HIC

m The large AM generated in HIC could induce spin polarization of the QGP via spin-
orbit interaction. (relativistic Barnett effect) z-t.Liangand x.-N. wang, PRL. 94, 102301 (2005)

m Global polarization of A hyperons : 2 In global equilibrium : 9,8, + 8,8, =0
— 3 (0) (0)
SN, B Nature548.62 (2017) 7);1. (p) — Leguzpo , f dY - pwpcrf ( - fp )
o H oA OR 8m ' [dx _pfggo)
- 1 ) )
- RRCIeD2ATRIR000) [WW = =(0uBy — uBu).| thermal vorticity (3% = u*/T)
o E] +A FA 2
L Fj I F. Becattini, et al., Ann. Phys. 338, 32 (2013)
I : ¥ this a”a'VSii R. Fang, et al., PRC 94, 024904 (2016)
I 4 = = ¢ Indication of strong (kinetic) vorticity :
o lw uaB
1 A
P ~ + ——
: AT RT T

- STAR Au+Au 20%-5

oy N AU i O Local vorticity :
UrQMD+VHLLE, A
- —primary - - - primary+feed-down .
- AVPT, A . transverse expansion :
L primary primary+feed-down . . . .
L | longitudinal vorticity
i e & polarization

s\ [GEV]

L. Adamczyk et al. (STAR), Nature 548, 62 (2017)
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Why do we need the spin transport theory?

. Slg n problem : 3 l):,' v S.\;A\' :2.00 va R"I“C i § 0 0017 STAR  AurAu (s,,, = 200 GeV
= _ 20%-60%
2t 0.012 o 0.0005
H . 0.008 @ [ ™ B
spin harmonics : 1 AR .
P s A 0-004 of T \ ' (same structure,
dPZ [ :> % 0 0.000 V.S. : P . . |
o, 0004 Ry opposite signs!)
-0.008
[ *A OD‘IG 0003[/]
27Td¢ —2f -0.012 001k %% z =0.01520.003 [%]
-0.016 L. |
. -3 L - 0 1 2 3
N -3 —2 - 0 2 3
— fz,U + 2f2,2 SIH(ZQb) 1, [GeV] ' o-¥, [rad]
th ex
F. Becattini, I. Karpenko, PRL 120, 012302 (2018).  J, 5 < 0 f.o P > () J.Adametal. (STAR, PRL. 123, 132301 (2019).

m How to understand the dynamical spin polarization beyond global equilibrium?
m Relativistic angular momentum (canonical) :
MY — Jﬂ#f’ JI}‘P’*”_ _ spin-orbit int.
" spin orbit

1 1
A ALY )\ v )\ v h
ﬂlrS“ _ 9 H ;5"‘,T VY5 ; (} nvp j’r — [ 5 E)\,uupa)\ JSPJ EZT;LVJ_ 0

s i

1 - — S
MM = a-r,.-’-"".r"}‘ (:r‘”’ YV —a¥ 0 )L = MR — VT

axial-charge current

] n density in phase
= Spin polarization spectrum : pr(p) = ‘de p@ (. X)) space
(from Pauli-Lubanski pseudovector) 2-m,f d -N(p,X ) Po=F€p

s QKT could provide the phase-space info. for spin transport ! 4



m Basics of quantum kinetic theory (QKT) : (see also the talk by Valet)

+ Massless fermions : chiral kinetic theory (CKT)
+ Massive fermions

QKT Review : Y. Hidaka S. Pu, Q, Wang, DY, PPNP 127 (2022) 103989

m Applications & extension :

< Spin polarization (see also the talk by Pu)

+ Self-energy corrections & aCVE

< Inclusion of color dof & spin alignment
+ Kinetic theory for quarkonium

| will highlight some unsettled issues; derivation of spin hydro etc. will be skipped
(see the talk by Wagner)



CKT with collisions

m The non-QFT approach: adding Berry curvature as the quantum correction

D. T. Son & N. Yamamoto, PRL. 109, 181602 (2012)
M. Stephanov & Y. Yin, PRL. 109, 162001 (2012)

m  QFT derivation : Wigner functions (Kadanoff-Baym eq) + gradient exp.
J.-W. Chen et al., PRL110, 262301 (2013)

m Chiral kinetic eq. (CKE) * Y. Hidaka, S. Pu, DY, PRD 95, 091901 (2017), PRD 97, 016004 (2018)

A. Huang et al., PRD 98, 036010 (2018)

B g hxSi"E, 5 .
0=9 (pQHXq_—n> (q : A+q(-—7)1A’/ -+ hXS&) (8MFpJ/)ag f = CLAd
X = +.— for fX = fR!fL'
e P gamg eHveh (const.) frame vector n* :

spin tensor : S(“”) -
" 2q-n

< f, is frame dependent : the full CKT is frame independent
m  Quantum corrections on the collision term :

Bt =n, ", Bf = N, Fop.

choice of the spin basis

: WSt B, "
G[fx] — q#(zj(l - fx) - Zifk)jL%(zf(l - f\) - Z:?f\) + hXSJ(L,.B) ((l - f\)A;LZS - f\A,qu)
< .. .
q - X emission & absorption rate Zg
: : p
may also include hbar e.g., 2-2 scattering :
corrections
q q 6
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Wigner functions

. d4 v d4q v v
m Beyond the moments : J;;‘:Z/(%) Wk, Tl :/<27T)4(W§“q +Wshgh).

< Wigner functions: = Jy=Jp+Jp. JY =TT
hx ¢

W)?M = 2msgn(qo) [5((1 )( “+th“?} V)fx hXC"W( ( — fx) — E>f\) D) 0’ (q )t ngFa-,Sfx

—hx @ 4Y A ) Y A (© oY A
CKE » 9,Jf =5 E-B | "] 1. 1 ‘
/q e x A2 z ﬁ . /'/ - 6/
_Sp_m_ T < .spln.> / - G-Sp-in-> €<— -
side-jump : Qm > < —> >N |V N
spin locking + AM cons. ‘l' \
. . q boost a\ boost \
==) spin-orbit int. l' = G — N
J.-Y. Chen et al., PRL. 113, 182302 (2014) \'/
m  AM cons. in global equilibrium (const. T, u) :
JI' = Nsu" + O(h), spin orbit
» d4q . . AM cons. oy |
1 =S [ v -ty | g T+ RIS = 0
X
h
7

— 5N5 (w“u” — w”u”) : DY, PRD 98 (2018) 7, 076019
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QKT for relativistic massive fermions

m Spinis no longer locked by momenta of massive particles.
m  Power counting : spin dof. is induced by gradients and thus subleading
m Axial kinetic theory (AKT) : scalar/axial-vector kinetic egs. (SKE/AKE)

K. Hattori, Y. Hidaka, DY, PRD 100 (2019), 096011

» SKE: p- Afv — C[fv] &# — (f)ﬂ 4+ E,#@;, DY, K. Hattori, Y. Hidaka, JHEP 20, 070 (2020)

N. Weickgenannt et al., PRD 100 (2019) 5, 056018
standard Boltzmann (V|aso\/) eq. J.-H. Gao, Z.-T. Liang, PRD 100 (2019) 5, 056021

> AKE: p-Aa' + F""a, + hQ![fv] = ﬁ“”&u + hI:[“"/ayfv (entangled f, & a*)
( a" = a" [ 4: effective spin four vector) {p ca=p?—m?>

( / : gradient corrections in phase space) m—0:a = p", fra — (fr £ f1)/2

m Matrix valued spin dependent distributions (MVSD) : N.weickgenanntetal., PRL127, 052301 (2021)
N. Weickgenannt et al., PRD 104 (1) (2021) 016022

5(1_}2 _ .-3-_;--]-,2) p - .Jf(r P, 5) — (*}(pg _ .-3-_;--]-,2) Eon—shell [f] X.-L. Sheng et al., PRD 104 (1) (2021) 016029
D. Wagner et al., PRD 106 (2022) 11, 116021
» Non-local collisions from the space-time shift : f(x + hA, p, s)

(valid up to j, : physically equivalent to the quantum corrections in AKT)

2 To spin po!. spectra . Al = 27T(5(p2 —m2)a" + ko' (p* — ?TLQ)F”'/p,/fV) for n* = p"/m
T (p, 1) /dpoA“(p, 7) or (dyngmical) (non-dynamical)
A" = 47 (p* — mQ)m/ dS(p)s" f(x,p,s)

O AKT : smooth connection to CKT; MVSD : more convenient for deriving spin hydro. 8
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Spin polarization in local equilibrium

m Local equﬂlbnum C[feq} — () = WQQ<M Y. Hidaka, S. Pu, DY, PRD 97, 016004 (2018)

S. Fang, S. Pu, DY, PRD 106, 016002 (2022)

) eq _ <, (non-eq corrections :
» Polarization : (-2 hXA)(fX +0fx) = C[(SfX] 4% dissipative terms)

R 2 i I .. .
Js = thermq + bhear + TooeT T Titemicas T Jgp» (+ dissipative terms)
K _ praf3
thermal QQF Pvap, =y Jg = U5ww”
: 1 Ve )
sﬁ]llear = —a ('U‘ _ p)T et Pall, 5p Tous
! ! 0 0
aeeT = —@ﬁ(‘i‘waﬁpyug(u - Oug — f(r)@T); a = dxhsign(u - p)s(p)fy (1 — 1).
C.Yi, S. Pu, DY, PRC 104, 064901(2021)
1 11 L1 ” - .
p — prof3 (“naive” extension to massive
chemical — A7 € J)a )
remien (u-p) Pt fermions : §(p?) - §(p? — m?))
Tip = a;ﬁ“mﬁpauﬁﬂj +aBM = J!' = o5pB*
(u-p)T T 5

m Generalization to the massive case was also derived from the linear

response theory and statistical field theory. S. Liuand Y. Yin, PRD 104, 054043 (2021)

(The same and similar results are found for arbitrary mass) S. Liu, Y. Yin, JHEP 07, 188 (2021)
uﬂ PAEN fﬂ F. Becattini, M. Buzzegoli, A. Palermo, PLB 820,136519 (2021) 9



Non-equilibrium corrections

m Dissipative terms : mostly of 0(82). e.g., TR w,, T ~ Tellne .
(via Chapman-Enskog expansion) [ > Aup > 0 °0 | S P 0 re o

S. Shi, C. Gale, S. Jeon, PRC 103, 044906 (2021)
S. Banerjee et al., arXiv:2405.05089

m Peculiar coupling independent corrections (for shear & spin-Hall) :

v ql/(s g e
Wt o Sé‘u)C,,[éfX] :oeg,Culofy] ~ - u{;, 0fx X TRBG ¢ T po Oy f

o . . . . . . S. Lin, Z. Wang, JHEP 12 (2022) 030.
* The coupling cancelation is not subject to the relaxation-time form arxiv:2406.10003.

64 = 278(p*)S{, (91 (1)) 7w pp” + g2(|PDD (1/T)) -

m Massive fermions : collision term vanishes in global equilibrium
(for both AKT & MVSD)

Z. Wang, X. Guo, P. Zhuang, Eur. Phys. J. C 81, 799 (2021)
N. Weickgenannt et al., PRL127, 052301 (2021)

m Local-equilibrium (e.g. with shear) WF for massive fermions? collision term
does not vanish with the extended WF of massless fermions!

) Z. Wang, PRD106, 076011 (2022)
The gap btw massless & massive?

N. Weickgenannt et al., PRD 106, L091901 (2022)

m For phenomenology : near-equilibrium WFs (in QGP or HG?) + hydro

Fully non-equilibrium QKT simulations? e.g. chiral transport model based on CKT

S. Liu, Y. Sun, C. M. Ko, PRL 125, 062301 (2020) 10



QKT with the “self-energy” corrections

= We mostly consider S5 related to Tm(X/*) for scattering.
= Howabout ¥, = Re(Zf/a)?

> changing onshell condition : ¢° =0 — ¢° =2¢-% = m}, == 9,5, ~ F)

@ J. Blaizot, E. lancu, Phys.Rept.
M 359 (2002) 355-528
m CKT up to O(h), O(%,), and O(E%) : with the replacements

"= G =g =S A, A=A+ (AVE)0) — (0 Sy) 0.

N. Yamamoto, DY ,PRD 109, 056010 (2024)

m Extension to AKT = ((4%0) corrections on spin pol. even for the vorticity
S. Fang, S. Pu, DY, PRD 109, 034034 (2024). contribution in global equilibrium!

S. Golkar, D. T. Son, JHEP 02, 169 (2012).
D.-F. Hou, H. Liu, H.-c. Ren, PRD 86, 121703 (2012).

e.g.
T2 2 N2_1 M .
v (14 S0 - @Ex

S. Fang, S. Pu, DY, in progress

» Related to the radioactive correction on aCVE?

11
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Spin alignment of vector mesons

m Production of the decay daughter w.r.t the quantization axis : p. n=9
*
dN ypY o
~ -12 Ll 1 - 7)‘- 7)_ ]
Jcos O o [1 = poy + cos 0" (3pyy — 1)] P00 = ( 1 ?>
COS 3+ (PQIP(}_;» ¢ meson g
. . . . . . . . Z.-T. Liang and X.-N. Wang, PLB 629, 20 (2005) \ﬁK_
0.5 Event plane (a)T Eventplane (b)q0.5 . . .
K° o Poo # 1/3 : spin alignment
0.4f + Ho4
..@.@.%M" {;m L. .H ........ ] T T T T T
803F - ?ﬂ W+ iﬂﬂ'ﬂﬂ' 'ﬂ' I'— 0.3 8 = *0 (yl<1.0&1.2<p_<5.4GeVc)
ok HH | I o 0-4f o K‘°(|y|<1.o&1.0<pT<5.o GeVrc) |
| wp = 1/3 ' : —CY = 1109 + 143 fm® .
0.1 | + Ho.1 - .
Pb-Pb, |5y = 2.76 TeV | |
i 2 3 4 5 1 2 3 4 5 0.35/ -
pT(GeV/c) pT(GeV/c) o r TTTTT TP S
(@] i i A i iiiaaiiel
S. Acharya et al. (ALICE), PRL.125, 012301 (2020) Q. - 1
&L O e LA S A A B i ]
0.5- ALICE, Pb-Pb |5 =502 TeV E 0.3~ o -
©  Inclusive Jy — -, 2.5 <y <4 E 1-3 N I
0.45 | A = . Poo -0 L i
EZ‘- " E + poo filled: Au+Au (20% - 60% Centrality) ]
ol T E 1 | open: Pb+Pb (10% - 50% Centrality) |
3 T E - 0.25|- .
O;; —H— ; =>p00<3 Ll Lol Lol [
: —#—__ 5 10 107 10°
T o20u ]
02¢ :3&500% Event plane | \ Snn (GeV)
J g Jic)) ——— L v v e e e e e e w1
0 2 4 6 8 10 12
p. (Gevic) M.S. Abdallah et al. (STAR), Nature 614 (2023) 12

S. Acharya et al., PRL 131,042303 (2023)

7947,244-248



From spin correlations to spin alignment

m  Spin alignment puzzle : the deviation of py, from 1/3 is unexpectedly large

e.g. poo A — (%)2, £ ~0.1% at LHC energy. (from A polarization)

(see also the talks by

m  Spin alignment is led by spin correlations : (7{?7)5) — <73;><733> Tang & Sheng)

=> poo 7# 1/3 with (P; ) = 0 is possible
spin polarization of A could be unaffected
(the sources for spin alignment may be fluctuating)
m  Spin quantization axis needs not be parallel to the spin polarization (or correlation)

. . . . . . X.-L. Sheng et al., PRD 109, 036004, (2024)
m  Anisotropic spin correlation is needed : A Kumar, B. Mller, DY, PRD 108, 016020 (2023)

poo(q) = — <75$(Q/2)753(Q/2)>q=0 (quark model & kinetic equation of vector mesons
3-3. oo Tre (75;((1/2)755((1/2»(;:0 in the non-relativistic limit)
1 1 A p A P o ~ ~ A~
- > poo = = + =Trc((PYPE) + (PZPZ) — 2(PYPY))
[AHIES! 39 Cetal T atal et

poo = 1/3 when (PiP?) # 0 is isotropic.

O Fluctuating color fields from soft gluons in QGP or even the early phase?

Extension of QKT to include color dof. 13



m  Color flux tubes in the glasma phase from color glass condensate :
longitudinal chromo-EM fields in early times.

T. Lappi, PLB
| 643 (2006) 11-16

[(’w e’

review: F. Gelis, E. lancu, J. Jalilian-Marian, R. Venugopalan,
Ann.Rev.Nucl.Part.Sci.60:463-489,2010

“* Why glasma fields ?
(1) intrinsic saturation scale Q,~1-2 GeV>» w
(2) fluctuating
(3) intrinsic anisotropy

collisions

14



WFs and AKE with source terms

m Incorporation of background color fields into WFs and kinetic theory.

e . _ atLa U. W. Heinz, Phys. Rev. Lett. 51, 351 (1983)
. COIOr decompOSItlon . O T I+O t H. T. Elze, M. Gyulassy, D. Vasak, Nucl. Phys. B276, 706 (1986).
. . . dz . T .A“’ ) X (12 . p/_’lsﬂ(p: X)
Spin polarization: P (p) = — pIreArpX) ___J

T2 [dYp(2ep) L fo(p. X)) 2m [dY-p(2e) 7t fy (P, X)
m  SKE, AKE, WFs are decomposed into color-singlet & octet components.

= Perturbatively, we may rewrite fi+, a“*interms of f&. a*/. PR 9625301 2000y e

m  Colorsinglet SKE & AKE : 0 = p - 9 (p, X)_(‘);‘ D, [f‘j,]), ~g?% > collosions~g* : anomalous

DY, JHEP 06, 140 (2022) diffusion VIScosIty
B. Milller, DY, PRD 105, L011901 (2022)

X.-L. Luo, J.-H. Gao, JHEP 11 (2021) 115 0= p - 8&Su (p, X)—é?;” @h [&*’“]—kﬁé)j’] (Qf;f! [f{’;]),

diffusion - Ef\l(X)Eg(X'), Bg\b (X)Bg(X') source: dynamical spin polarization
. a a /
. Full WF: A™(p, X) oca™ HhA] 4, V] @ B > q
b b _
No parity violation : > q
_ _ color singlet § § T (p,Y)

« Spin pol. of A (from a single strange) : (A7) ~ 0 o

— _fi i 4
« Spin correlation of A & A : (A} AZ) # 0 4-field correlations o g

A. K , B. Miller, DY, PRD 107, 076025 (2023
~ (EBEB)> 0 e B e 2029 15
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Spin alignment from glasma

m  Spin correlations for spin alignment : Tl (p. X)
a > q
L 4 [ dSx - p((A5 (p, X) A% (p, X)) +|(A% (p .J;)Am( p. X))/(2N,)) é _
. Dl i o > {
Tlt(Pq(p)'Pq(p)) f dYx -pf\s/rq( p.X) f\/q( . color octet Td(p.Y)

2-field correlations o< g*

A. Kumar, B. Muller, DY, PRD 108, 016020 (2023)
suppressed

A f{’(ﬁp f-f))

m Dynamical spin polarization from glasma fields :

h —(te—t:)/T2 ait afe
A (p, 1) ~ 796) (Be=t)/T8 (B ()0, f (€ps ti) — B

2
< spin correlation : (P:PZ) ~ Qs -2t/

mqmq
% Order-of itud timation (f ! < !
** raer-or-magnitude estumation (ror . ~ - —
- (ore): poo ~ o g e2tw/m <3
Qs~1~2GeV _
glasma effect  relaxation effect

20y (F)m2,T !
% Heavy-quark approx. : m; ~ (g %;W)LTD In g) ~bfm/c = pog ~ 0.24
(probably consistent with exp.

M. Hongo et al., JHEP 08, 263 (2022)
but model dependent)
O Caveat : QKT is in general not valid for light quarks in sQGP.

How about heavy quarks or quarkonia? 16



Quarkonium in heavy ion collisions

m Quarkonium is a useful probe for the quark gluon plasma (QGP) in
heavy ion collisions. e.g., Ji suppression

. A
m Heavy-quark potential : Vacuum: V(r) = —— + Br
/"h
T. Matsui & H. Satz, PLB 178 (1986) 416.

Finite T : i i F. Karsch, M. T. Mehr and H. Satz, Z.
A static screening .37 (1988 617
_ —mpr :
V(T, t— OO) — ——€ —7/¢(mDT) M. Laine et al., JHEP 03 (2007) 054.
T A. Beraudo, J. P. Blaizot, C. Ratti,

dynamical dissociation Nucl. Phys. A 806 (2008) 312.

2:: IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII
Inclusive J/y — pue
T 14F L
e ® ALICE, Pb-Pb \\'SNN:S.O2TeV, 2.5<y<4,pT<8GeWc
B ALICE, Pb-Pb |5y, =276 TeV, 25 <y <4,p_<8GeV/c

d?N /dppdn(A + A)
Neond?N /dprdn(p + p)

O PHENIX, Au-Au \sy, = 0.2 TeV, 1.2 <|y| <2.2,p_ > 0 GeV/c

Raa =

recombination

L _ _ R. L. Thews, M. Schroedter, J. Rafelski,
i H CHC ‘e ® PRC 63 (2001) 054905
||
JY suppression: @ B -
screening -
+dissociation o

OIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII
0 50 100 150 200 250 300 350 400

(N_./ 17
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Transport theory for quarkonia

m  How to construct the transport theory for quarkonia (in QGP) from the first
principle?

“ Quarkonia (or heavy quarks) are dilute : open guantum system (OQS)

Total system= subsystem + environment H = Hg + Hp +{H ] weakly coupled due to
X. Yao, Int. J. Mod. Phys. A 36 (2021) 2130010 separation of scales
Y. Akamatsu, Prog. Part. Nucl. Phys. 123 (2022) 103932

s Separation of scales : non-relativistic effective fields theories (NREFT)

M > Mv > M”UQ, T, Agcp QCD
hard M
Heavy quark effective theory,
M : heavy quark mass heavy quarks Non-relativistic QCD (NRQCD)
e.g., G. Bodwin, E. Braaten, G. Lepage,
v : relative velocity soft My~r~! i
quarkonia potential NRQCD (pNRQCD)

N. Brambilla, A. Pineda, J. Soto, A. Vairo,

2 Rev. Mod. Phys. 77 (2005) 1423
ultra-soft Mv

v

» 0OQS + pPNRQCD ===) Kkinetic theory for quarkonia
18



Evolution of the density matrix

m Tracking the evolution of the density matrix (unitary — time reversible):

(int) : : 5 —
WO it 0] =T, 08 @O T M or -Gy
dt suppression
m Tracing over the environment (non-unitary — time irreversible):

int int int - — a matrix in both
pl™ (t;) = PES‘ t)(ti) 0% ,(E )(f )} pgn )( t) = Tre[p™(t)]. color & spin spaces

~ pr(0) : static thermal equilibrium medium

weakly coupled due to

=) master eq :

(in 111 sl H lL —1 3 S in
p0) = o0 - [t [[anTUZ D i) 08 (008 ). 0]
1 5 1 int
+ [Lan / daDistrota) (05 ) ”(O)OEﬁm)—g{o( (005 (12, 0)})

environment correlation function :  D,gs(t. 1) = Trp (O( J(t1)0Y’ )(Tg)pT(O)) .

Ps

19



From OQS to kinetic equations

m Master eq. :
Quantum optical limit (low T) ===> Boltzmann eq.

-1 N 2y Wianer pol indep. : X. Yao, T. Mehen, PRD 99 (2019) 096028
TR » Tp~T & T D> 15~1/(MV*) 9 JHEP 02 (2021) 062.

transform o1 gep. : DY, X. Yao. arxiv:2405.20280.
Quantum Brownian motion (high T) === Langevin/Fokker-Planck eq.
T » T & T » 17z— Lindblad eq.
m  Markovian approximation (coarse graining such that 7, > t > 1) : the time-

~——

difference eq. becomes a differential eq. : ocombination dissociation
k -
O Pal k) + g Vala(@ k1) =[C5 @ b OS] (6 (@ kDI
A= =£1.0. color singlet-octet transitions
polarization (vector mesons) e.g., J/w +g<4>c+c
>|=z J

m  Collision terms : pol. indep. NrrJ(Ea() (0 )> pol. dep. ~ M? (B“( )B5(0))

1 i

non-perturbative : dressed by adjoint Wilson lines in the real time contour

8 .
+ One also needs to track f((g()? ~ fofo =) solving coupled Boltzmann egs.
X.Yao et al., JHEP 01 (2021) 046

? glasma phase? 20
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Summary

s Summary

v QKT for relativistic fermions is constructed from Wigner functions, which
incorporates the chiral anomaly and spin-orbit interaction.

v QKT could be used to study dynamical spin polarization in HIC :

» Equilibrium & non-equilibrium corrections from interactions (in QGP or HG?).

» Self-energy corrections : in connection to radioactive corrections on aCVE?
» The gap btw massless & massive fermions in local equilibrium?

v Applications to spin alignment :

» Spin correlations of quarks and antiquarks dynamically generated from color
fields (from the glasma state).

» QKT for vector quarkonia from OPS+NREFT

f dX, -k iz, k, 1) Poo- Spin alignment

e.g. k) = ‘
g :O;’\;’\( } J" dEI ke Z)\"::I:I.U' fy(iﬁ,k,t} -

P11 — P—1—1. SPpin polarization
21



Thank you!
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Quantum transport in chiral matter

m  Weyl fermions : Jy=Jr+J;
(massless fermions) d J: =Jp — J; (~spincurrent)
chirality=helicity
E . B S. Adler, J. Bell, R. Jackiw, 69
w_ 3. Bell ,
m Chiral anomaly : JE/L — iﬁ =) 0J,Jf = = K. Fujikawa, 79
m  Quantum transport (in chiral matter) :
| | | 1 P-odd T-even
Chiral magnetic effect (CME) : Jy = 502 v B A Vienkin, pro 20, 1807 (1979). PRD 22, 3080 (1980)

K. Fukushima, D. Kharzeev, H. Warringa, PRD78, 074033 (2008)
_ _ 1 D. T. Son, P. Surowka, PRL 103, 191601 (2009)
Chiral separation effect (CSE) :

—_ K. Landsteiner, E. Megias, F. Pena-Benitez,
J5 o 2 HVB PRL107,021601 2011g
o 021601(2011)

1 2 2 2
Chiral vortical effect (CVE) : Jy = —S U5V W [J5 — (I'LV Tt M5 I ) w}
T

+
272 6
kinetic vorticity : w = -V x v

axial CVE (aCVE)
s Non-equilibrium chiral transport : chiral kinetic theory (CKT)

" - h
eg. (¢-A+hA)fr=q Clfa)+hClfr] S 8,74 = 5B B ~0(0%)

(for right-handed chiral fermions) (chiral anomaly)

23



Axial kinetic theory (AKT)

m QKT for massive fermions (e.g. for strange quarks)?
> Spinis no longer locked by chirality : a new dynamical dof
; : . ~u K. Hattori, Y. Hidaka, DY, PRD 100 (2019), 096011.
> 4 dynamlcal variables : f vy ab =da f A See also N. Weickgenannt, PRD 100 (2019), 056018.
: . J.-H. Gao & Z.-T. Liang, , PRD100 (2019), 056021.
> Spln four vector a*: {p - = p2 — m2 Z. Wang, et al., PRD 100 (2019), 014015.
m—0:a" —=p', fvya = (fr £ fL)/2

< power counting : fy ~ O(k°), fa~ O(h), £ =33 +Ev,ﬂ

DY, K. Hattori, Y. Hidaka, JHEP 20, 070 (2020) n 524 N fz
,u

2 flu/o-’“/ + Ih ZI%F} :
= Kinetic egs. for n# =const., F, =0 (p* = m?):

—

p-Ofy = —p, S0 fv — m’fgf‘;, scalar kinetic equation (SKE) XV = x>y< — x<y>

p-oa = —p,X{ar — mEFa“%—ﬁc?C“[fv} axial kinetic equation (AKE)

—_—

SCHfv) = p" P fy — P S0 (0, 5v0) fu + 56““”“191/2%01“\/ m*3H fv

m(n)
"7 (p, +mn,) y P gamg
80'2 v ’ SI’I;L n) )
2(p-n+m) (O Xvi) fv ) 2(g - +m)

“ Wigner function: A<# = 2xsgn(qo) {5(192 —m?) (a“+h5;j§’(n)(A,,fv + Z?/;\ﬁf))
(axial component for spin)

+m Sﬁzy(n)(al/ZF)fV +

+hﬁ“”/p,/5’(p2 B Wl?)fv} 7 JE/; _ 4/A<,u_ 24
q



Extended phase space and non-local
collisions

m An alternative way to construct the QKT : introducing an distribution function
with extended phase space

1 _ F = ff.f.S(p) f(x,p,s),
fx,p,.s) = 5 []—“(.-:r:-;.ﬂ — G- A(:r:p)}
N. Weickgenannt et al., PRL127, 052301 (2021) AP = f dS (j)) S’uf(.‘f'. P. 5} .
N. Weickgenannt et al., PRD 104 (1) (2021) 016022

X.-L. Sheng et al., PRD 104 (1) (2021) 016029
m  On-shell Boltzmann equation :

S(p> —m2) p-0f(x.p,s) = 6(p®> — m?) €opshell f]

= Non-local collisions : Con_chen|f] = / AT dTodT' W [f (z + A1. p1. 61)
X f(x+ Ag,pa,s9) — fle+Ap.s)fle+ Al ps")

+ /H’Fz dS1(p)Wf(x+ Ar.p,s1)f(r+ Ag,po.S2) ,

AP = —. i E“f’a-ﬁg;;ytﬁslg .t =(1.0)
2m(p-t+m)

25



Axial kinetic theory with color fields

Incorporation of background color fields into Wigner functions and kinetic equations
Color decomposition : O = OS]+

U. W. Heinz, Phys. Rev. Lett. 51, 351 (1983)
H. T. Elze, M. Gyulassy, D. Vasak, Nucl. Phys. B276, 706 (1986).

‘. fvip.ax) = fv(p.oa)l + fy(p.x)t”

at(p,x) =a*(p,x) + a"* (pz) e
. . . . DY, JHEP 06, 140 (2022) X.-L. Luo, J.-H. Gao, JHEP 11,115 (2021
m  Kinetic equations : g Miler, DY, PRD 105, L011901 (2022) e o (2021)

" W o s dbca ,
SKEs : pﬂ(ap fo+ 2\ ——F o fi ):cs, pp(c?pfv+gF o fs + ——gF" 0 fv) =

vp“p vp™p

e.g., A*(p.x)=A%(p,x)[ + A% (p,x)t

diffusion & relaxation

5 q

- wo,an=L(p
AKES P o, +2N(

dynamical spin polarlzatlon

a 9/~ u,,u AVl ~a v po a5 ra __ op
E/pdp + F .r/) —l\? VRN pﬂ(() (]F)’.U>()p f‘/ - CS )
bea
vp p

d 1 ;
~afl a 9/ =S WAL L~ S b o~ ( L b~ ¢ L v po o ;rf aL
p’o,a —|—q( PES Orat + F "a,,,) + ( PFVpOp Ht+ F "@,,)——26“ " pp(059F5,)0, [ = CS".

Axial Wigner A (p,2) = 1 [&“f“ hT pan (é‘)pp 15 pﬂ,( G /ep)ﬂ ,
functions : 2ép AN, Po=cp
a 1 ~all h afLr
A (p, ) = 2—[ * F / (()pufx o = 0p, 0 (fY /fp))] B
Ep s PO=€p

. dynamical (w/ memory effect) non-dynamical (w/o memory effect)
Spln. : Jd2-pTr A* (p, x) [dX - p A (p, x)
polarization: P (p) — ! P Edadll’ 2

2m [dY - p(2ep) L fS(pox) " om JdZ - p(2ep) £ (p. 7) 26



AKE with the diffusion and source term

m SKE: O0=p- 8f€/ (p, X)—@; ‘@H,[f{/]), M. Asakawa, S. A. Bass, B. Muller, PRL. 96, 252301 (2006)

diffusion = anomalous shear viscosity
B p
2.001=Co [ PP FAXFL(X)550(. X)),

> X/

T

x e.g., BL(X)U™ (X, X ) E)(X"). BA(X) U™ (X, X")B)(X')
/ /d%/dJ‘Xf X=X (26(p - k) +iPV(1/p- k).

= AKE: 0 =p-3a*(p, X)—05 D, [a*"|+ho5 (/[ £7]),

diffusion source : dynamical spin polarization

T 0 (0 (FAX)FE (X)) + 0 (P2, (O FEN(X) )05 00, X').

p

C2

;0] = e

K

x e.g.,[Ei(X)Uab(X,X’)Bﬁ(X,)]

<+ No global parity violation : vanishing spin polarization but nonzero spin correlation
(A) = 0, (ALAT) #0.
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Spin alignment with momentum dependent

m How to retrieve the momentum dep.? boosting the color fields to the lab frame
B" = ~(B" + Eiijng) — (y=1)B*- 90", v =q¢/\/]q?+ M? and o' = v'/|v|.
m  Momentum-dep. analysis (qualitative) : m|d-rapidity, small-momentum region

1 z az
glasma: poo — 5 X (v —20; — 1) /dEX - q(B“*(0,2)B**(0,z))
1 a a at at a
isotropic BFs : o0 — 5 X (v2 —2v )/dZX - q(F(x)F*(x)), B"=FE"=F"
small-Pp large-Pr central non-central
glasma poi " < 1/3 poo " S 1/3 poo " <13 | i 5173

effective potential | [pon”/Y — 1/3[ =0 | [p0"/" = 1/3) >0 | p/" < 173 | o/ > 1/3

m  Other proposals :

fluctuating
¢ fields

X.-L. Sheng et al., PRD 109, 036004, (2024)
PRL 131, 042304 (2023)

B. Miiller, DY, PRD 105, L011901 (2022)
DY, JHEP 06, 140 (2022) or turbulent

color fields

from D. Wagner, N. Weickgenannt, E. Speranza,PRR 5, 013187 (2023)
anisotropy F. Li, S. Liu, arXiv:2206.11890

A. Kumar, Philipp Gubler, DY, PRD 109, 054038 (2024) 28
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m More sophisticated analysis : Trc(ﬁ;(q/g) ’“qé(q/g)) —

=Y |
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Effective Lagrangian in pPNRQCD

m Spin-independent case (with multipole expansion, small r~(Mv)™1):

Kinetic terms &
static potentials

£ =|S{(R.r.t)(i0h — H)S(R. 7. 1) + O (R.r 4)(iDy — H,)O"(R.7.1)

+ w\/ f\} [(ST(R r.t)r - gEY(R,t) 0% R, 7 t) + ON(R,r,t)r - gE*(R, f)S(R,r,t))]

+ Vgd® O™ (R, v, t)r - gEP (R, 1)O°(R, 1) + O(r2), color singlet-octet transitions
eg, J/v+g+c+é

m  Spin-dependent case (the transition terms) :

(pseudo) scalar-scalar transitions vector-vector transitions
T
a (ST(R r.t)r - gE* (R, t)O%(R, 7. 1) +Zs’f (R.7. t)r - gE“(R.t)O%.(R,r.1) +hc)

Ly = VA?\/

MVM/TF Z "R, v, t)gB! (R, )OS, (R, 7. 1) + ST (R, v, 1)gB (R, 1) O} (R, v, 1) ch]

pseudo scalar-vector transitions :
vector mesons polarized by B fields
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Dissociation for vector quarkonia
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m Dissociation term : EofJiy EofQQ  Eofgluons

d3 om d3 re \4 l f )
(@ k)] = | o @) [ 4448 - By = a0)5* (k= b — QM i),

(caVi)*Tr gy

Tﬂ‘wA> -+ MQN glj (q)giig)\j|<w)\‘\j[!prel> ’

?

2 VETF~E++ A A A
M| =~ i (@) (7 i ) (V5.

field-field correlators : 5"+ (q) = /détdgéﬁ’ el TR A (1) 1y, R1. Ry). V= E, B,
ot=1t; —ta, R=R, — R,
9 () = TI"E{QVE:”'(R HW* (R, 1), (R, 00)W[(R, 0), (R,0)]gV/(R.0)pr(0) }

(R1,+00)  (R2,+00) (00, +00)
t
.
Ei,(Ry, t2)
.
Ei (Ry.t1)
> R
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Recombination for vector quarkonia

m Recombination term ;

dgpcm d? ple .

8
X (Mr,e‘ZfQQ)\(vacmvwoapl‘elvt) =+ ‘MﬂbZfécé(vacm?a”.o?prel?t)) ’

V3iTe
Miel? = =00 @0 10,0 (9,

(C4VS)QTF~ L .
MéN gﬁ (q)g)\ig)\ij)\‘\ijmJ

9 E;i (Ry.t1)

‘M’r,b‘z —

E;,(Ry,t2)

field-field correlators :

35 (q) = / dstd?oR e~ 00O R [gV T (1) 8y, Ry, Ry)]™

—_ asa as .le‘_x T 00,—’3(;
[gjv; (t27t17R27R1)] o ETI.E{W b[(Rly_OO),(RQ,—OO)} [ ) ) ( )

X WP[(Ry, —00), (Ra.t2)]gV, (Ro.t2) gV (Ry. t1 )W [(Ry, t1). (R, _OO)MT(D)} '



