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3 . Rotating fluids with spins
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m Global polarization of A hyperons : (see also Liao’s talk)
STAR, Nature 548 (2017) 62-65
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. Polarization led by magnetic/vortical fields
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m Barnett effect : magnetization of an uncharged object with rotation

S. J. Barnett, 1915 . . .
w : angular velocity Y : gyromagnetic ratio
M = )((1)/)/ X . magnetic susceptibility

m Einstein-de Hass effect ;. change of the magnetic moment generates
rotation o.w. Richardson, 1908. A. Einstein, W. J. de Haas, 1905.

m chiral separation effect (CSE) and (axial-)chiral vortical effect
(aCVE) : axial-charge (spin) currents led by magnetic/vortical fields

for massless fermions.
ticity :
1 py +ps 17 "
: _ VE : SRR N G = A T |
CSE: J5 = 55uvB aCVE : Js ( 55 T )@ 0=V

A. Vilenkin, 79, 80 ) )
K. Fukushima, D. Kharzeev, H. Warringa, 08 <* mass corrections on CSE/CVE : mq / UB/w\

D. Kharzeev, L. McLerran, H. Warringa, 08 E. Gorbar, V. Miransky, I. Shovkovy, X. Wang, 13

K. Landsteiner, E. Megias, F. Pena-Benitez, 11 S.LinandL. Yang, 18
** non-equilibrium corrections

D. Kharzeey, et al., 17
Y. Hidaka, DY, 18 3
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Evolution of the spin

&

m Previous studies in theory focused on the polarization of hadrons in
e.g. F. Becattini, et al. 13

thermal equilibrium. (no dynamics of polarization) R a0
m How does the spin polarization of partons (s quark) evolve?

m Current theoretical studies :

;’.\' o r"?;.;
© ".' 4 ".a 3
AR, e
' u.f" & 7 'f"

| V77 SR A

' {’%‘ 2 ,.‘g'..’ *'3:0

|n|t|al states pl’e-equilibrium QGP hadroniza‘tion/ hadronic gaS
phase/thermaliation freeze out
Initial polarization : . Polarization of hadrons Final polarization :
Hard scattering with in between? in equilibrium : . Observed in exp.
7T, Liangl,jxq.t-l\(l). Wang, 05 spin hydro. =9 stat.ls.tlcal model
(See eg Hongo‘s talk) F. Becattini, et al. 13

“Quantum kinetic theory (QKT) (microscopic theory, non-equilibrium,
for spin transport* weak EM fields, weakly coupled)

K. Hattori, Y. Hidaka, DY, arXiv:1903.01653



. Quantum kinetic theory for fermions
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m QKT for massless fermions : chiral kinetic theory (CKT)
O Modified Boltzmann (Vlasov) equation with the chiral anomaly

. _fi : ; D. T. Son and N. Yamamoto, 12
+ Non-field theory construction : Berry phase | Stephanov and . Yin, 12
J.-Y. Chen, et al. 14, 15

+ QFT derivation : Wigner functions (WFs) | 7% Shen & P O wang, XN Wang, 12

» Covariant CKT in an arbitrary frame with collisions Hidaka, Pu, DY, 16, 17

m QKT for massive fermions ?

> Spinis no longer enslaved by chirality : a new dynamical dof

» To track both vector/axial charges and spin polarization

» Toreproduce CKT in the massless limit

+ Axial kinetic theory (AKT) : a scalar + an axial-vector equations
K. Hattori, Y. Hidaka, DY, arXiv:1903.01653 (in an arbitrary frame)

A Similar works : subject to the rest frame = become invalid with small mass
N. Weickgenannt, X. L. Sheng, E. Speranza, Q. Wang and D. H. Rischke, arXiv:1902.06513
J. H. Gao and Z. T. Liang, arXiv:1902.06510
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w Wigner functions (WFs)
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m |esser (greater) propagators : A Imt

_~ Dirac or Weyl
S7 (x,y) = (W(2)PU (Au, 7, 9)¢" (1)) y R
S<(z,y) = W (Y)PU(A,, z,y)v(x)) to ©’ t Rer

-

gauge link (C.Y*
(Co)

=2 y=x-
ﬂ 2 Y to- 1B

review : J. Blaizot, E. lancu, Phys.Rept. 359 (2002) 355-528
Y ig- Y Y
Wigner functions : S<*) (¢, X) = /d4Ye - §<(>) (X - E’X — )

Y

2
m Fi ' i d'q &< , d*q 5 &<
leld-theory defined observables : J = (%)4@(7#5 )7 JE = / (2ﬂ)4tr(,}/u,},os )

m Kadanoff-Baym (KB) equations up to O(h): (g > 0 : weak fields)

h
2

v,5< = M (g<s> w7 5e Vi A O,
pE 5( B ) A, = d, + F,,0/0q,

1" = g + O(h?)

(I —m)S= +~"i

6
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. Vector/axial bases
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m For simplicity, we focus on the collisionless case (<) = 0).
a Decomposition . D. Vasak, M. Gyulassy, and H. T. Elze, 87

;

=&+HBY” HV v HANY Y+ = D Ty = 5[0 W)
N Y N W
(pseudo) scalar  \acior/axial-charge currents magnetization

condensates
——> 10 vector/tensor equations with implicit redundancies

m Reducing redundant dof : replacing S, P,and S*¥ interms of V* and AF
h hE - B

eg. mpP = _EVMAM — aﬂjg 52 —+ Qme’%w
m  Master equations :
AV =0, q-A=0,
(¢* — mQ)V,J, = —ﬁFMVAZ/ (¢> —m?) A" = ge””’paquVVp,
h h

WV — @V = =€upe AP A%, q- AAM + F"FA, =

> —€e"P7(9,F3,)0)V,

2
7
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Leading-order kinetic equations
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m Perturbative solution : (V/A)* = (V/A)L + KV A

= Leading order (LO): (Vo/Ao)" = 27(q/a)"6(¢> — m?) fy/a
Dynamical variables : fy/4(q, X) & a*(q, X)
> Spin four vector a*(q, X) :

g- A=0= q-a — q2 —m? (vanishes on-shell)
m=0 /— at = (]'u (spin enslavement)

m LO kinetic theory :
VlasovEq.: 0 =08(¢* —m?)q-Afy, A, = 8, + F,,0/9q,

BMT Eg. : 0= d(¢° —m?) (q - A(at fa) + F”“%fA)

Bargmann-Michel-Telegdi, 59 (off-shell, g = 2)

m=0:BMTEq. = 0 =6(¢*)q"q- Afa
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. Collisionless WFs for massive fermions
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m WFsupto O(h') :

Vi =2 8(q® — m?)(¢" fu + hG") + hE"a,8 (g% —m?)fa),

Al =2m [5 (> —m?)(a" fa + RH") + hE"q,6' (¢7 — m?) fv]j

Magnetization currents (spin-orbit int.) : Side-jump terms : for CVE
VPO ] Chen et al. 14.
G = % n”[Ap(aafA) + T ] Hidaka, Pu, DY, 16
Y — "B qmp
Vo S —
LHM _ ! 6qan5Ayfv} m=0 (G/H) 51 Ayfvya
2a-n
. Jvia=IrRE[L

obtained from the wave functions for
free Dirac spinors instead of KB equations

N. Weickgenannt, et al, arXiv:1902.06513
m The rest frame : n# = C[”/m — J. H. Gao and Z. T. Liang, arXiv:1902.06510

m  WFs for Weyl fermions are reproduced in the massless limit
Hidaka, Pu, DY, 16, 17
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m  AKT in an arbitrary spacetime-dep. frame (n* = n*(X)) :
m Scalar kinetic equation (SKE): remaining in the massless limit .m::()> CKT

2 2 E“Sg(lf”) v v 5,((12 — m2) ~u
0=0(q~ —m~)|q-Afy + h( n Ay + Sa(n)(aquv)ag + (ausa(n))A”)fA - q_—nB‘“lea

h
=5 2 2y prap
t3 (g —m?)e T

A, (”_f) [(Ava0) + Fuo] + L2 ((0uF) (0f0) + [ (Bvaa) = Fyu (9fa)] Aﬂ)] fas
O,,a" = q - Aa, + F,,a".

m Axial-vector kinetic equation (AKE) :
BMT Eq

r(S( - 2) A( '“‘f ) Fe f Ea* 5( 2 2) (8 Saov )A ST(;I,IE’II,)EO(AZ/ S/)l/ (8 F )83
— — . v - aPm(n v m(n vI¥q
0 g —m (q a’ fA) + a A)] q qg-—m () + + S () 9p L8 )0,

remaining in the massless limit

g-n+m

J

4 i
4i B 5 q°B (S(q2 = m2)e’“""ﬁ (Ea — 0a(q - n))
_ _ _H Wn3)A, : ¢ Ay
0 (q m )q-n—}—mq }vaJr hm{ - 52 m(0ang) + (mng + q3) pa———

\

(8,,F,)a)8[j>

(mng + qg) F*P m=20 spin enslavement by

L2 2
+4'(¢" —m”) q-n+m Q'A}f‘/' == q" CKT chirality & momentum
10
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m  WFs are “frame independent” though the wave-function parts and
distribution functions therein are both frame dependent.

m  Solving AKT for fy/4(q, X) & a*(q, X) with a proper choice of n*.

m  Using the WFs to compute the field-theory defined observables :

vector/axial-charge (anti-)symmetric
currents : energy-momentum tensors :

Hp=a [0rAy, T4, = / (Vigr £ V), [, = [d'q/@m)".

m  The anti-symmetric EM tensor is responsible for angular-momentum
transfer (via spin-orbit coupling) :
Spin orbit

MM = 0. — h (see also DY, 18 for
Ao [——6/\‘“”’98)\ J5J —I— =0 the analysis with

(AM conservation ) 2 m = 0)

h
already captured by one of master Egs., ¢.V, — ¢,V = —€up0 AP A7

2 11
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Conclusions & outlook
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m We have presented the AKT for massive fermions with EM fields, which
can track the dynamics of vector/axial charges and spin polarization.

m The AKT incorporates the quantum corrections such as spin-orbit
Interaction and chiral anomaly.

m The AKT reproduce the CKT in the massless limit with the
manifestation of spin enslavement.

Extensions and applications :

» Spin transport for strange quark in HIC : collisions have to be involved
In AKT (where QCD enters)

== track the evolution of the polarization for A hyperons

» Itis not guaranteed that the polarization should reach thermal

equilibrium in the hadronic phase (chemical freeze-out+polarization

freeze-out).
12
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Thank you!

13



Keio University

. Theoretical models for spin polarization

m Statistical model/Wigner-function approach :

<+ The present studies of A polarization assume thermal equilibrium of A at

freeze-out, where the polarization is mostly proportional to thermal vorticity.
F. Becattini, et.al. 13 R. Fang, L.-G. Pang, Q. Wang, and X.-N. Wang, 16

3. 5 (0) 1 — (0)
PH(q) = i‘5UW'OQO—fd Lovpla_| 1) Wyp = %(aP(UV/T) - 5u(u,o/T)).

(0) ’
3m f dY - qf;
< Sign problem for local polarization :
todi At zy. P?, /3Ny =200 GeV RHIC = 0.001
Longitudinal Polarization (P?); 3 ——28 =" >~ =0 A : AU+AU 5,00 = 200 GeV
S. Voloshin, SQM2017 - § i 10%-60%
~ 0.0005 q
0.008 -
& 0.004 i
8 o000 V.S. o
: < —-0.004
—0.008 E
-0.0005
—-0.012 r
—0.016 i STAR preliminary
—0.001 L
Niida, Quark matter 2018. . [GeV] . . . .
F. Becattini, I. Karpenko, 17 ¢"P2 [rad]

(same structure, opposite signs!) 14



AM conservation in global equilibrium
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m Global equilibrium (no collisions w* #£ 0, B* #£0.): GMJ{“}/S =0, T" =0,

m Conservation of canonical EM & AM tensors :

DY . i) orbit
QuT 0, :> sSpin [—56)\#’”'08)“]53 + QTEj — 0

INMM" = 0.

Weyl fermions : [ _ 1 v o
. y [TZ = 5Na (Wi’ —w U“)J from side-jumps
DY, 18 :
MA;W(X) — _EA,ul/p (NAU;) +[hUBABp 1 ﬁUwAwp)]

spin 9

CSE & CVE

O(ﬁ): spin-orbit cancellation
Higher orders : we need higher-order WFs.
Near local equilibrium : local torque even without EM fields

3AM£;W — X[MFV]PJVp — %X[#dTpV] _(ga)\ (X[,ueu]/\ofﬁm
TR T

15
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WFs from free Dirac fields
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m Construction from wave functions :

00) = [ o S ) = (T

m Lesser propagator :
G< (z,y) = / dpdp/ Z (US (p)ﬂsl(p/)<a;/Ta;>61p X—ipy- Y) , pi = (p £ p)H

m Parameterizing the density operators :

d’p_ 't s i . ~ -
/(271:)3 <ai),TG6p>€ ip—- X :533’f\/'+«438ff14, ASSI(X’ q) ?é 0 when s 75 ‘S,

Nl =n-c =1
Yoo EAwE, =86 = §.p =0

m  Performing p_ expansion ( f; expansion) = WFs without EM fields

parameterization :

16
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Magnetization currents
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m Re-parameterization :

hSW/ urao prof
_ 7 Tm(n) 4 ; _F po € Qaltp _ € doTtp
fV —fV - S'uayan fA _fA7 Sm(n) z(qn+m) 2a - n -
o g o _S “q 5\* o — o H
a-n— — .q’ aJ—M_qu—M_I_m I {UL:U —(vn)n

m Free WFs upto O(ﬁl) ;

vaf3
0 > o[ u e’ *ng
V= 2ma(q? = m®) ¢ fu + B0, (a0 fa)|.

Al = 2m5(q® — m®) [a fa + S D fr | == H" =5 A,fy

m(n)
generalization

m Freedom for redefining a* : a* fa = a* fq4 + hH"
non-uniqgueness of magnetization-current terms
17



