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A polarization in HIC

m  Global polarization of A hyperons :  (see talks by Niida & Karpenko)

% Self-analyzing via the weak decay :

Nature548.62 (2017)
er OX A->p+m
PRC76.024915 (2007)
dN 1
+A A — 1+ ayPy - p*
d)* 47’('( uPu - pp)
this analysis
*A WA
T. Niida, QM18
¢ Statistical model/Wigner-function
approach (in equilibrium):
F. Becattini, et al., Ann. Phys. 338, 32 (2013)
B R. Fang, et al., PRC 94, 024904 (2016)
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- AMPT, A ‘ Sm a de- f(O) ’
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. Local (longitudinal) polarization : a sign problem

m Local vorticity away from central rapidity : . ek W-T- Deng, X-G. Huang, PRC 99,

© ) (0.6 fm)

i 014905 (2019) (
transverse expansion : S. Voloshin, SQM2017
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< Sign problem for longitudinal polarization :
PE, \/W:%O“Gev RHIC

3 _ Au+Au /sy, = 200 GeV
: . 8 _ 10%-60%
Spin harmonics : 0.0:S 0.0005
0.008 [
z &5 0.004
ab = g 0000 VS0
27Td¢ < -0.004
= f..0+ 2f, 2sin(2¢) —0.008 ~0.0005
-0.012 I
—0.016 i STAR preliminary
3 =2 -1 0 1 2 3 ~0.001— gy
th p. [GeV] exp
-5 < ( F.Becattini, I. Karpenko, PRL 120, f.o >0 ¢-¥, [rad]
’ 012302 (2018) ’

(same structure, opposite signs!) 3
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. Dynamical evolution of the spin

o
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2, S
hy, 1858 &

SGrLapo®

m Disagreements also appear for transverse polarization
m (local) polarization may not be solely contributed by thermal vorticity
==) non-equilibrium effects may play arole |7 wy sta. PRR 1 033058 2019)

m Current theoretical studies :
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o
Initial states pre-equilibrium QGP hadronization hadronic gas/freeze-out

\phase/thermaliation / o
: : - Polarization of hadrons
Initial polarization : Dyanamical spin polarization in equilibrium :
Hard scattering with in between? e.g. statistical model
b+0

F. Becattini, et al.,

Z-T. Liang, X.-N. Wang, Ann. Phys. 338, 32 (2013)

PRL 94, 102301 (2005)
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Why do we need QKT?

Although QGP is strongly coupled, we may still learn some useful physics
from the weakly coupled approach based on QCD.

(e.g. thermalization or hydrodynamization of HIC with kinetic theory)
P. B. Arnold, G. D. Moore, L. G. Yaffe, JHEP 0301(2003) 030. A. Kurkela & Y. Zhu, PRL. 115, 182301 (2015)

Primary goal : to construct a framework for tracking the spin transport of a
probe fermion (s quark) traversing a weakly coupled medium (WQGP).

pros : microscopic theory, non-equilibrium,
Relativistic kinetic theory : phase-space evolution
cons : weakly coupled, weak background fields

Quantum kinetic theory (QKT) : charge (energy-density) + spin dof

Cooper-Frye JdE - qJE (g, X)| F. Becatni, etal., Ann. Phys. 338, 32 (2013)

Iz _
formula for spin : V= om [dX-N(q,X) R Fang etal,PRC 94, 024904 (2016)

Other approaches : parton cascade, spin hydro, holography etc.
(see talks by Wang, Ryblewski, Gursoy)
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W Outline
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m  Wigner-function approach for the derivation of QKT

m QKT for massless spin-1/2 fermions : chiral kinetic theory (CKT)
m QKT for massive spin-1/2 fermions

m  Quantum corrections on collisions

m QKT for massless spin-1 bosons

m Conclusions & outlook



. Motivations for constructing CKT

m  Weyl fermions : helicity=chirality spin enslavement

m  CKT : to study non-equilibrium anomalous transport (e.g. CME, CVE ) related to
guantum anomalies.

m Standard kinetic theory : ¢"A,f =4¢"C,, A, =0, +F ”“a = 0,J'=0
h

m CKT: ? = J J“’—4—2E B (for right-handed fermions)
m

m  Modified Boltzmann (Vlasov) equation with the chiral anomaly & spin-orbit int.

» Non-field theory construction : Berry phase & side jumps
D. T. Son & N. Yamamoto, PRL. 109, 181602 (2012) J.-Y. Chen, et al., PRL. 113, 182302 (2014)

M. Stephanov & Y. Yin, PRL. 109, 162001 (2012) J.-Y. Chen, D. T. Son, and M. A. Stephanov,
PRL. 115, 021601 (2015).

* QFT based derivation : Wigner functions 5+ s\ Yamameto, pro. o7, oasots coss)

»> Covariant CKT with BF & collisions : Y. Hidaka, S. Pu, DY, PRD 95, 091901 (2017), PRD 97, 016004 (2018)

A. Huang, et al., PRD 98, 036010 (2018) 7
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+ Wigner functions (WFs)
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m |esser (greater) propagators : A Imt

P Dirac fermions

SZa(w.y) = (Wa(2)UT (2, y)0a(y))

- _ to <y’ tp  Ret
Scf.-a(r..;_ll) = (wﬁ(y U(y,a;)@b&(x)) ‘ — :
(Co)

_ (C.¥*
gauge link
Xx=22 y=x-
ﬂ 2 Y to- 1B

review : J. Blaizot, E. lancu, Phys.Rept. 359 (2002) 355-528

Wigner functions : S;§>)(Q,X) — /(ﬁY@jqﬁY §<(>)(I, Y)

af

Y

m Kadanoff-Baym (KB) equations up to O(#4):(q > 0 : weak fields)
V,=A4,+ O(h?),
A, = 0, + F,,0/0q,
" = g" + O(h?)
AxB = AB+ %{4 Bl}pg. + O(R?)

(W —m)S= + ’YMSVWSK - %(Z< *xS7 — X7 *S<)
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. Decompositions of WFs
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m  Decomposition : D.vasak, M. Gyulassy, and H. T. Elze, Ann. Phys. 173, 462 (1987).

S v v ‘ v
S+iBy” +I/ +./ 04 +aW o = Sy, ).

9 2
\ Y N o
(pseudo) scalar vector/aX|aI -charge currents magnetization
condensates
= Currents & EM tensors : J, . _4/(12/,4)“ TS/, = /(V“q“iV”q“),/:/%.
q q @
m Massive fermions : Reducing redundant dof : replacing &, P, and SH*¥in
terms of Y# and _4* (10 egs. — 6 master egs.).
h . hE-B
e.g mpP = _QVP'JA# = (9#,]5 o T o2 ‘|‘2’5m<¢’)/51b>
m Massless limit: §< — (_ ‘“ ”“(Vﬁ Aﬁ)) = {1{ 7oL
o (V, + Ay) 0 o"Sg, 0
_ +
= LOWFs: 57, =2me(q0)qulfr/n(a. X)) fva= M

2 dynamical variables 9
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. Quantum corrections for WFs

m R-handed WF upto O(h): modification on the on-sTheII condition
& — n va 85
§50(.0) = 2ty ) (01 + OSLDA e, Fus L)1)
Dafy” = Asfi” =851 = i) + 57 £ Side_junfp erm - Y. Hidaka, S. Pu, DY,

tizati t PRD 95, 091901 (2017),
magnetization curren PRD 97, 016004 (2018

CVE or anomalous hall effects
. ehvab
spin tensor : S&V) = —————(aN3 J-Y.Chen, etal, PRL. 113, 182302 (2014)

2(q - n)
» Frame vector n* : freedom to decompose 5; (see Liao’s talk)
m CKT with collisions (d,n* = 0):

(2 pBod A+hSESE A, + hS™ (0, F,)0° | fin) —C % =0
e - (g-n) " (n) Do )Y | 1q =Y

1Y

S E
5 (n) af n n n n
C=q-CthrthsCy RSEO((L = £)AGTS = £7AT3)) Cs =[S — 1) {317,
also include hbar
corrections

induced by inhomogeneity of the medium
(F®¥ = 0 : the quantum corrections only appear in collisions)

= Solve fz/, and put them back to WFs == A, (¢. X) = (53, — 5;1.)/2 10



Keio University

o &
7 o
(,7 A
2, 1858 ot
ScLapo’

Applications

vi(q) +n(k) = ew(q') + p(K)

(neutrino absorption/emission process in SN)
N. Yamamoto & DY, APJ 895 (2020), 1

m  An example for vorticity corrections :

m self energy :
G2 v
F / {Tl(c)'(qj L5035 )Tl (I--ﬁ-—-’fq-—“(gv—;m, YWIZAP(gy — gar’ ))]
k,q" k'

L
jfé 1“} ”p: “jL (1 0)
qu _— { —_— . .

m CKT for neutrinos : ¢- Df{%) = (1—f; ) S
(matter (n, p, ) in equilibrium)

. = =l lw )= | Bl= L1’ i -\::
m Em/ab rates : I‘{&} =q-395 L h(q-ZW5 4 g BB)F) RSt DLB0s

M,~=M,=M
_{ — — —
NR approx. = G, ~T° {hrgw>§(q w) + AP (q B)]
small-momentum
transf. WM = éfuvas . (9aug) Vorticity & magnetic field corrections

m HIC : chiral transport model with collisions incorporating side jumps. (see Sun’s talk)

(resolve the sign problem?)
S. Liu, Y. Sun, C.M. Ko, (A more detailed comparison with the CKT from WFs

PRL. 125, 062301 (2020) might be helpful to understand the underlying physics.)
11
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LO Kkinetic theory for massive fermions

QKT for massive fermions (e.g. for strange quarks)?
» Spinis no longer enslaved by chirality : a new dynamical dof
Lesser propagator : (p- expansion : f expansion)

) (s = s"whenm = 0)
S™(z,y) = ST wt(p)a (p adfas e XYl = (pE )
P:p’ s,s’
m Perturbative solution from KB eqs : (V/A)* = (V/A)y +h(V/A)Y
(free streaming : X = 0)
m Leading order (LO) O(R%): (Vo/Ao)" = 27(q/a)"6(q> — m*) fy)a
4 dynamlcal variables : fV(q;X) &[a#(q’x)’fA (q,X) ] K. Hattori, Y. Hidaka, DY, PRD 100 (2019), 096011

See also
Spin four vector a* X)) : n — 2 2 N. Weickgenannt, PRD 100 (2019), 056018.
P (q’ ) q-a q m J.-H. Gao & Z.-T. Liang, , PRD100 (2019), 056021.
m—=0 :at — G,-ﬁ- Z. Wang, et al., PRD 100 (2019), 014015.

Y.-C. Liu, K. Mameda, X.-G. Huang, CPC 44
m LO kinetic theory : (2020) 9, 094101.

VlasovEq.: 0=0(¢" —m?)q-Afy, A, = 9, + F,,0/0q,
BMT Eq. : 0= 5(q2 — m2)<q . A(aqu) + FVﬂanA>

V. Bargmann, L. Michel,
V. L. Telegdi,

PRL 2, 435 (1959). m=0:BMTEq. = 0= 5(92)@%} -Afa 12
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. Collisionless WFs for massive fermions
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m WFsupto O(hl) " K. Hattori, Y. Hidaka, DY, PRD 100 (2019), 096011
V=21 [5((]2 — mz)(q“fv + hG“’) + hﬁ’“”a,,(S’(qz — m2)fA} ,

Al =2m [5(612 —m?)(a" fa +hH") + hE" q,8 (¢ — mQ)fV]j

magnetization-current terms :

(spin-orbit int. : entangled dynamics of fy,/4) side-jump terms : for CVE
v po . J.-Y.-Chen, etal., PRL. 113, 182302 (2014)
GH = Qq—n [Ap(aofA) e Fpo’fA]- Y. Hidaka, S. Pu, DY, PRD 95, 091901 (2017)
- puraf3
"B, ng |:_> (G/H)" = 28N, fia
H"* = 5 A, fr. m=20 | | 2qn
a-n i fvia=(frREfL)/2

N. Weickgenannt, PRD 100 (2019), 056018.

. _ J.-H. Gao & Z.-T. Liang, , PRD100 (2019), 056021.
m  The rest frame : n# = qﬂ/m = Further analysis :

X.-L. Sheng, Q. Wang, X.-G. Huang, PRD 102 (2020) 2, 025019.
X.-Y Guo, CPC. 44 (2020) 10, 104106.

m  WFs for Weyl fermions is reproduced in the massless limit.
13



. Inclusion of collisions

m Free-streaming QKT is also derived.
> Axial kinetic theory : scalar/axial-vector kinetic egs. (SKE/AKE)

0= (5(q2 — -m-2) [q- Afy + ﬁAu)fA} + 55’(92 - ?71-2)A(2)fx4
[) _ {S(QQ . ?”_2) [g . A(af-ﬂfA) + FFLP‘:(IV}‘;% 4+ ﬁ)(qﬁv{l} -+ f'i"]ﬁ?z})f‘/} + E(SI{Q.Z o -ng_zjvéjﬁ/

=
E}
. .. = — = = r i
m Incorporating collisions : X5 :+ X5y q-“- + X377 + %aﬂ'”

(Known from the “classical” cross section :
inversely read out X in terms of WFs)

m The full KB eq becomes too complicated to solve.
m Introducing practical power counting : S ~ ORY) T ~ O
Vi~ O(h?) and A" ~ O(h) = 34 ~ O(h) ¥ ~ O(h)
Yp ~ O(h?)

m \We accordingly construct an “effective” AKT. DY, K. Hattori, Y. Hidaka, JHEP 20, 070 (2020)

m Other approaches : e.g. Boltzmann eq. with non-local collisions, ...

N. Weickgenannt, et al., arXiv:2005.01506 (See the fO”OW-Up talks)
J. I. Kapusta, E. Rrapaj, S. Rudaz, PRC 101 (2020) 2, 024907 14
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. Effective AKT with collisions

0,

‘LO"WFs: VH = 276(q¢* — m?)g" fv
=25 ) (0 1+ B D)) + B~ ) o

DX =AM X +50, X, XYV = X>Y<— X<Y>

“‘LO” SKE : standard Boltzmann eq. with the “classical” collision term.

“LO” AKE :
O An :[65J+[héé”)ﬂ] DY, K. Hattori, Y. Hidaka, JHEP 20, 070 (2020)

spin diffusion  spin polarization coupled to vector charge

Setting »* = (1,0) and F,,, = 0 :

| 1 S
{5(1}2 — mg) {q -O(a" fa) + a” qu;; fa+ m? fr, —q q;;Z’fif'. +m (G“E fa— QE“”PUQVETPJﬁ.-)

+n[ 1SP (Dpvo) fy m(‘“;‘;;n( Ys) fv + EME(Q; +’:i’; ) 0,5, )ﬁ)]}

(note that £, and X, could incorporate quantum corrections)

15



Applications

S. Li & H.-U. Yee, PRD100 (2019), 056022

m  Spin diffusion of a massive quark in weakly coupled QGP : 5, fator. v Hidaka, JHEP 20, 070 2020)
» The quark is sufficiently heavy : neglect Compton scattering p @
% HTL approximation : ¢.7 < [p"| < T & Leading-log results /"

(see Yee’s talk) q q

o Self enel’gleS Z>[<}({]1Y) — )‘c/’,\l{p&g}(<)(q . I_.J‘JY)_,}__VGFIZGU))H>(<)Q,B(p.jY—)C;g;ru})
il

m Outcome: f, — ffP, a*f4 - 0 in equilibrium

(agrees with Li & Yee’s result and further captures Fermi statistics)

m Vorticity corrections on self energies : b. Hou & s. Lin, arxiv:2008.03862

2 R o
(‘(E@w)f-q_o) (€Gw); = 7% ;e
g )

} _je2 : @ 1. g2 + ¢> _ —ie
Ha,jc:(lj — _ _ kg &40 Zcijk, . 10 ) HO-;-:(I) _
dmq X\ 7€ 94 Luqz + ¢ Wk q? ' 4mq X

m Vorticity-induced spin polarization in Nambu—Jona-Lasinio (NJL) model :
Z. Wang, X. Guo, P. Zhuang, arXiv:2009.10930

h U703 £l
mﬂwakp % ,ij)‘fy__LE(X,p)

Local equilibrium :

detailed |:> AEE{p) :AﬁE{D){p} —|—}_LAEE(1J{JU} — _

balance

Local equilibrium for massless fermions from 2-2 scattering in CKT. Y. Hidaka, S. Pu, DY, PRD 97, 016004 (2018)
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. Spin-1 massless bosons
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m  Spintronic of QGP : polarized gluons?

<+ The spin polarization of fermions could be indirectly affected via the
Compton scattering even in QED.

<+ Wigner functions & QKT for polarized massless spin-1 bosons?
(see also Sadofyev’s talk)
m Constructing WFs for R/L-handed photons from QFT : K. Hattori, Y. Hidaka, N. Yamamoto,
DY, to appear
Gu(q.X) = / Aty el s (AR (y) AR ()

= if(q X) /cl“@ o4 // *(p/)e P X-ipeY (aRrrRT) *(p)eR(p)etip—X+ips 1[)

» Spinor technology : Eff(p): L ur(k)v.ur(p), k*: an auxiliary momentum,

review : M. Peskin, arXiv:1101.2414 gauge dependent

» Coulomb gauge : 9,,4% =0, o =" "), = k,=k-L({,—p.,).

L 1
> Polarization vector : EE{p):ﬁC%_}T(p)J# &P (p)

17
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. WEFs for polarized photons & vortical effects

O

24
<
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m  WFs for on-shell photons :

Ry (ST 0 Fig 11,010
R< — =S(a2Naon (e . (£ L v(£) IJ_[p, 1] oy
T (q X) - '.fT()(q )E:Dll(_q {) (|:P;_ux —-(fj ) {)2 ] Sp.y + 2{(] . {)2 IR(G -{Y) ?
ap antisymmetric
(£) — e 4 . n __ € yr:rl:'i'qa(lﬁ'
P,'_.-:I) { {IJ ”,LLL’ QJ_MQJ_V ¥ 5;£, :] — HJQ'—{ .
Y (£)

|:> C<’: — ;rR{ + (‘nL{ — ‘)TT()‘(.QQ)QU'H(Q' . {} P(Eij i_IJ_(PLS ) ex )af‘gr qq{ f h‘gJ_ C)J_V] f—,,

pr HY pr I ' pv IV —(j () A 757 AT _-(fj ()2 \% ’

Spin(helicity) current for photons :
CS current is however gauge dependent ;: K*(z) = A, (z)F*" (x)

1 D. Lipkin, JMP.5, 696 (1964).
Alternative definition via the zilch : 7., == {Ffﬁplﬂ,ﬂ —(9,F.) m] Y. Tang & A. Cohen,

PRL. 104, 163901 (2010).
Thermal equilibrium :

spin-vorticity coupling analogous to fermions :
(requiring explicit gauge indep.)

vV v Vv 1

: N h v
‘rR/L,eq = oI ] . ngL = 'j q + — 5;1}(2:“*

d* q e fr pox i\ pv pp _ 8
gyt 17 = OV ) (4. X) = g

> The zilch vortical effect : Zo,(X) = /( T w?

(match the result in e.g. X.-G. Huang, et.al, arXiv:2006.03591)
18
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m KB eq uation for photons : J.-P. Blaizot and E. lancu, Nucl. Phys. B 557, 183 (1999)
2 hg 2 } - - 1'?1 [IYe] pe g < e
(5‘ — ZC’ + ihq - d) G=H + hpre (Z::-_cr x G L X0 % G+W) = —',T-? (Z *x G — X, *G ) 1

v 15 1h = v - 1’ ]- ~ L Al o~ -
P (q) = P*(q) = 5P (q) .[aP“ (0) = pmat (97 + 24 cn)]

-

essential for the gauge constraint : (q 1+ %"a Lp) G<r — 0

Effective QKT for photons : . 0 Hermitian ¥ :
: : = O(n?) -
> A practical power-counting scheme : ns, = i(35)

v _
A =00 sym : O(ho) anti-sym : O(#)
» Effective QKT : (applicable to weakly coupled gluons without background color fields)
q-0fy = ——EE:pr —ZF;;"”CSM,
q-0f = 43;;',, (PW[(ERE@A); + (CiCs),| - el [l P (Sr ) - @2 (SnCs),]

A

—— 4B [ Z— 4} B{Ju 44{ B}G’I}.
+5 P“P[ - (Zre0aGs) Y = 0a(Ered, QGS);’]) A5 "

Cﬁ‘y — (Tq‘uy —I_ G%“y 19
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Conclusions & outlook

The generic forms of (effective) QKTs for spin-1/2 fermions & massless spin-1
bosons have been established from WFs.

Quantum corrections in collisions will be essential for the spin polarization led
by vorticity or other non-equilibrium effects, but details matter.

Applications to weakly coupled QGP need further calculations for the detailed
scattering processes.

Study the near-equilibrium corrections from QKT.
QKT could also be applied to construct spin hydrodynamics. (see e.g. Shi's talk)

What will be spin polarization of fermions & bosons when they coexist?

20



Keio University

Thank you!

21



o J
WFs from free Dirac fields

Q
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m QKT for massive fermions (e.g. for strange quarks)?
» Spinis no longer enslaved by chirality : a new dynamical dof
m Construction from wave functions :

dS
00 = [ s T w0 w) = (Ve )T

Peskin & Schroeder, Intro to QFT
m Lesser propagator . (p- expansion : j expansion)

S<(x.y) = / Zu"’ (p)a* (p')(a’ ,Ta;)>€?p—'x_ip+'y pi=({@=xp)
p.p’ 5,8’
m Parameterizing the density operators : (aQﬁa"’} = s Nv(p,p’) + Ass (P, P’)
] . ZS gsgl = n - 5- — I
parameterization : a A
Y&l =96 = §.n =0
— 3 .
m 4 dynamical variables : f, (¢, X) = f (d)f}; Ny (q n p_)— q— I%—) o—ip—-X
K. Hattori, Y. Hidaka, DY, 19 . (;;p pH pH
2 _ 9 P2 N e —ip_-X
‘Sﬁi-(q>X) —/ (271_)3 SH‘ (Q+ 5 - q 5 >€

(-.'n. — 0 Sr,w — qLﬂfA(g.X)) 22
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. Vector/axial bases
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m For simplicity, we focus on the collisionless case (2<*) = 0).
m  Decomposition : D. vasak, M. Gyulassy, and H. T. Elze, 87

i
.+.fy HVy HABY Y, +

5 s Dy = 5[7;&771/]'
N

(pseudo) scalar  vector/axial-charge currents magnetization
condensates

m Reducing redundant dof : replacing S, P,and S*” interms of V* and A*.

h h
[ mS =1I-V. mP = _EV'UA# ) '-'??Spy = _fpprHpAg + Ev-pvﬂ--]

V,u = A;L + O(hz) HH — qu+%(UPF?’F5)OQPC):;+O(}E4)

m Master equations . (another redundant one is implicitly removed)

AV =0, q-A=0,
(¢° — mQ)V,LL = —hF’W.AZ/ (¢ — m*) A" = ge””p"qu,,Vp,
h g 1% h Voo
[q,,V,u — gV = §eﬂ,,paApA ,J q- AA* + F"FA, = 56” P (aUFB,,)agvp

AM conservation 23
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Expressions of AKE

m Restframe:
) —— T — T — e — ]_ e ——
8(q> —m?) {ff O(a” fa) + a" @, X8 fa + m*Yh fv — ¢ S5 fv + 'M(a-“Esz — EEWWQVET,;aft-')

h
_2 .H'/pO' (8 EVO‘)f‘l } — 0

m Constant frame vector :

———

1
(g° —m® {q Oa" f2) + @S fa+ m fr — @ a Sl +m (e Ssfa — 57 0 i)

F. - N . - = . Ea SRV f Y
_é {E“!;PUq:/(é}pEL’cr)fv + 2500 (m(dy}::g)fl" + 4" (O 2vp)fv — (q- O%v) fvﬂ} o

or equivalently

1

5(g2 —m ){q d(a" fa)+a qu” fa+m Z W — q“q;,-iﬁ; + m( “Ebf_l “I’pgquTWﬁ )

P

WP (g, +mn,) .
nse (8, v fv — se 8,55) fy + ——de 8,5 v) fo —0
2 (Gp2vy) fv m( ) )fv + 23 ntm) (Oo Xy )ﬁ)]}
24



