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m A brief introduction to ultra-relativistic heavy ion collisions

m Spin polarization from the subatomic swirls : the puzzle, progress, and
opportunity

m Beyond the subatomic swirls : anomalous spin polarization from chromo-
electromagnetic fields



m Creating a little bang in the laboratory : formation of quark gluon plasmas

(QGP)
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Experimental facilities

Heavy ion colliders :

Relativistic Heavy lon Collider (RHIC) : Brookhaven National Lab. (U.S.)
Large Hadron Collider (LHC) : CERN (Europe)

collisional energy : from few GeV to few TeV

RHIC

cerncourier.com

LHC

https://www.researchgate.net/publication/308718766 _Introductio

n_to Particle_Accelerators_and_their_Limitations
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Nearly perfect fluid

m  Anisotropy flow of hadrons : hydrodynamic behaviors of the QGP
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By A. Saini, S.Bhardwaj,, Journal of Nuclear and
Particle Physics, Vol. 4 No. 6, 2014, pp. 164-170.

collective flow :
geometric asymmetry
= momentum asymmetry

m The QGP has small ratio of shear viscosity to entropy density, n/s~1/(4n)
25 . , : :
2 P2
m= 1deal < Water -
w0k " = n/si0.0S . - | X
= 1)/s=0.08 -~ 10 op
= 1/s=0.16 " =1 ] CP/Q
£ 15F STAR - * i ; n
{é_ ~20% P - PR -vzg
S10F ot ] "1 Helum
/‘ * ]
/‘ *
st . -
0.1 4 Quark-gluon //
0 L L 1 ] plasma
0 1 2 3 4 T T T T
p;[GeV] 05 1.0 1.5 20 Te

P. Romatschke, U. Romatschke, PRL. 99 (2007) 172301

J. E. Bernhard, J. S. Moreland, S. A. Bass,
Nature Phys. 15, no.11, 1113-1117 (2019).
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A polarization in HIC

m  Global polarization of A hyperons : « Self-analyzing via the weak decay :

T 3
S| Nature548.62 (2017)
CLI o oA OA
: H PRC76.024915 (2007) :
o dn & SUBATD SWIRLS
: this analysis o = i T. Niida, QM18
i *A WA .. . .
I ¢ Statistical model/Wigner-function
1 approach (in global equilibrium):
i Killing cond. : 79, (u,/T) + 9,(u,/T) = 0"
i ~| F. Becattini, et al., Ann. Phys. 338, 32 (2013)
[ — .1 \ #7 R. Fang, et al., PRC 94, 024904 (2016) (0) "
O UrMBWHLLE, A~ ‘ Pi(g) ~ L comvp, 95 upfs (1= fq7)
- ——primary ---primary+feed-down (Q) ~ 8 € o (0) ’
- AMPT, A m f dX - qfq
= primary primary+feed-down
Cioaal I Lol L1 {WV,O 2( (U’V/T) V(UP/T)j
10 102
IS [GEV] thermal vorticity =——— (lWag = —€pgu i’ U

L. Adamczyk et al. (STAR), Nature 548, 62 (2017) T=const. 7



m Local vorticity :

transverse expansion :
longitudinal vorticity & polarization

)/

<+ A “sign problem” for longitudinal polarization
F. Becattini, I. Karpenko, PRL 120, 012302 (2018).

J. Adam et al. (STAR, PRL. 123, 132301 (2019)
L __P*, Vv =200 GeV RHIC

0.001
0.016 E " STAR  Au+Au s, =200 GeV
. . . - o r 20%-60%
Spin harmonics : o 00005
0.008 7 i
i 8 L
z — . B
dP = X% ys. T o
= O 0.000 i
2wdo = i
£ 4-0.004 I
_ f o+ 2f QSiH(QQb) _6.008 —0.00051 fit: p_+2p in(20-2' )
Z, Z, 0.012 LKA p,=0.016:0.003 [%]
' 0001~ #Xx P,=0.015+0.003 [%]
' -0.016 Lo
53 0 1 2 3
th p. [GeV] ex -¥ [rad
Z,2 < 0 P > 0 (D 2[ ]
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Go beyond global equilibrium

The assumption for global equilibrium may be too naive.

Killing cond. needs not be satisfied : "0, (u,/T) + 0,(u,/T) # 0"
To understand non-equilibrium effects and dynamical spin polarization :
Spin hydrodynamics (MacroSCOPIC)  prag.par auciphys. 106 (2016) 103709
Quantum kinetic theory (QKT) (microscopic)

How a (strange) quark traversing QGP becomes polarized?

J 42 - BT (p. X))
2m [ d¥ - N(p, X)

The key ingredient to generate dynamical spin polarization : quantum
corrections in collisions (spin-orbit int.).

Tracking the non-equilibrium evolution in phase space is challenging :
solving multi-dimensional differential equations.

Near equilibrium : QKT = spin hydro.

Pr(p) =



Applying QKT to spin polarization

m  Review of QKT : Yoshimasa Hidaka, Shi Pu, Di-Lun Yang, Qun Wang,
“Foundations and Applications of Quantum Kinetic Theory”,
submitted to Prog.Part.Nucl.Phys., (2022) 2201.07644

_

¢ Local equilibrium Wigner function for massless fermions
Y. Hidaka, S. Pu, DY, PRD 97, 016004 (2018)
m Local spin polarization and helicity polarization :

Cong Yi, Shi Pu, DY, PRC 104, 064901(2021)
Cong Yi, Shi Pu, Jian-Hua Gao, DY, (2021) 2112.15531

10
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Spin-orbit interaction in collisions

m Massless particles : spin locking by helicity=chirality
m Side jumps : spin locking + AM conservation J.v.chen, etal, PRL. 113, 182302 (2014)

Yy Y c y 71
() A (b) A (c) 7
| L, & %
: © z
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< e
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o boost \ boost

o CQ
o= T\
A4

m Equilibrium distribution functions receive the vortical correction in the fluid
rest frame.

1 2
=) J“—JE—Jf:/(d)\%(, ):(T_+“’_V>hwu

6] 872
A. Vilenkin, PRD 20, 1807 (1979)

(chiral vortical effect)
D. T. Son, P. Surowka, PRL 103, 191601 (2009)
K. Landsteiner, E. Megias, F. Pena-Benitez, PRL107,021601(2011)

11
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Spin polarization in local equilibrium

m  Spin polarization for massless fermions in local equilibrium can be obtained
from the CKT with Coulomb scattering. Y. Hidaka, S. Pu, DY, PRD 97, 016004 (2018)

H M M M o

L75 ‘7thermf11 shear + accT + chemical + L7EB’ (+ dissipative terms)

" = a—e"""p,d til = v

thermal 2 Vo T’ 5 — O5wW

M — 1 uva f 79

shear — _ame PolppP O(oUyy,

" 1 mva f3 D 1 9.T

accT — _aﬁé Pvlg Upg — ? B ;

0
)
C.Yi, S. Pu, DY, PRC 104, 064901(2021)
(“naive” generalization to massive fermions)
m Generalization to the massive case was also derived from the linear

response theory and statistical field theory. ¢ v ¢ [iyand v Yin, PRD 104, 054043 (2021)

(The same and similar results are found) S. Y. F Liu, Y. Yin, JHEP 07, 188 (2021)
F. Becattini, M. Buzzegoli, A. Palermo, PLB 820,136519 (2021) 12

a = 4 hsign(u - p)s(PH) A (1
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Shear corrections on longitudinal polarization

><1O_3
m Isothermal approximation :
ji_T\
F. Becattini, M. Buzzegoli, A. Palermo, G. ‘ /’ ""\\
Inghirami, and I. Karpenko, PRL. 127 (2021) = 21 4 M
27, 272302 S
|
= o Thee=133 MeV
<8 ) S — Tiee=150 MeV
o P + A snR\ -’/ i
e T o — Tee=173 MeV
0 WI/Q T
m A and s equilibrium scenarios: o= e
B. Fu, S. Y. F. Liu, L. Pang, H. Song, and Y. Yin, PRL 127, 142301 (2021)
— T T —
41P_(1/1000) _ ‘ 10 [Pz (1/1000) -
' A hyperon = T - squark _ -~ _ |
2+ , \ 5L y \_\_
| )__._.-—-—————_._____} 0 [ g 1
O N ——-—-_____.—-—"';-—/ L\ h Vs |
2 - ~ L ” ) -5 -_ N N - - ]
- 10 - -
4 Total = = -W/O shear 1 qgL——Total - 7 ;WO shear
0 1 2 3 0 1 2 3
0, [rad] 0, [rad]
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Is the spin sign problem solved?

m Sensitive to the equation of state and freeze-out T : out-off equilibrium
corrections depending on interaction should be still considered.

IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII I||||||||IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII||||||||||||||||||
1.5 AMPT IC + CLVisc: 200GeV Au+Au T=165MeV nis =1/(4r) ] 1.5 AMPT IC + CLVisc: 200GeV Au+Au T=15TMeV nis =1/(4m)
X ] B P N
1. — - -'-.--""' ] 1 - f.-’ \.‘\ .
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R oL U.EE— . . “,_'
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B- ’a- L }""l ‘J":
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: ‘\ +"‘ l‘uﬂ‘--ii ]
-1.r .. g .
. ] - e .
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0. 0.5 1. 15 2. 25 3. 0. 0.5 1. 1.5 2. 2.5 3.
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C.Yi, S. Pu, DY, PRC 104 (2021) 6, 064901
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Helicity polarization

m A better observable to probe the strength of local vorticity?
= Helicity polarization: " — p.S(p) = p'S” + p'SY + p°S”.

F. Becattini et al., Phys.Lett.B 822 (2021) 136706

J.-H. Gao, Phys. Rev. D 104, 076016
) C.Yi, S. Pu, J.-H. Gao, DY, (2021) 2112.15531

Sthermal(p) — /({EGFGPUEDULE;V ( -

T
Ozjl\p Do
st o(p) = /dE"'F ; T {p7(O,u; + O;u, — uyDuj)uy}.
u-p
Sh- ( _ o T 1 (I@;Lf“-a _ 1 ;
Lor(p) = | dXTF,— TE P pot;( Dy, — ?OkT)_.

h 0 0
= et 0 = 1)

m  When the fluid velocity is small, (fluid) vorticity contribution becomes dominant.

15



Pchermal (1 0—2 )

Hydrodynamic helicity polarization

m  The dominant contribution from thermal vorticity :

1.0
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0.0

-1.0

0.0

0.6 (b) AMPT IC + CLVisc: 200GeV Au+Au T=157MeV nis =1/(4m)
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I 11111388 II Liiiaiial I 1111131138 I Liinlanll I L111aal III 118111181 I 11
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¢, (rad)

1-5 -I rmrrrrrrrTTa I rrrrrrrrr I rrrrrrrrTtT I rrrrrrrrt I rrrrrrrrr I rrrrrrrrt I L] I-
[ (b) AMPT IC + CLVisc: 200GeV Au+Au T=157MeV n/s =1/(4r) ]
1.0F s equilibrium scenario -
0.5k -
0.0F =
-0.5F -
-1.0F =
X —-— Ye(0,1) Ye(-1,1) === Ye(-1,0) 1
_1.5-|IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII-

0.0 1.0 2.0 3.0 4.0 5.0 6.0

¢, (rad)

0

.6~ (b) AMPT IC + CLVisc: 200GeV Au+Au T=157MeV n/s =1/(41) A
B s equilibrium scenario -

6 —— Ye(0,1) Ye(-1,1) =——ms Ye(-1,0) 1

[ FEEEEEEENISEE RN RN EENEN SRR NI RS REN RN FENEENEETI ANE RN R NS NN

0.0 1.0 2.0 3.0 4.0 5.0 6.0
¢, (rad)
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Helicity polarization from fluid vorticity

m Decomposition of the polarization from thermal vorticity:

o p - 5 ~
SthT( ) = /dE F,—=p - (ux VT), St u(p) = /dZ F, pr-w

PchT(1 0—2)

[T RARERRERS: [T RARREREES: T RAAREEERE [T [T RERRREEES REREERERE T
0.6 (b) AMPT IC + CLVisc: 200GeV Au+Au T-157IVIeV nis =1/(4rm) 1 0.6~ (d) AMPTIC + CLVlsc 200GeV Au+Au T=157MeV nis =1/(4m)
s equilibrium scenario -1 F s equilibrium scenario -
0.4 0.4
-~ B
0.2} 27N, o
| P ~ 7/ \ 5 |
7 \ -
0.0 ra = v da ~ 0.
N N\ K )
F N K *~, s £ -
AN < —
-0.2 e .
-0.4 -0.4
-0.6 Ye(0, 1) Ye( 1,1) = Ye(-1 0) 7 -0.6 —— Ye(0, 1) Ye( -1,1) = Ye(-1 0)
[ FETENTTIT FITTTITTT NTETTETE] FTTETITT FETETTINT NI e Lavaiasay | FETTTRETE FNTTETITT FETTITYITE FINETTITT FYTTETETT
0.0 1.0 20 30 4.0 50 6.0 0.0 1.0 20 30 4.0 50 6.0
¢p (rad) ¢, (rad)

For low-energy collisions, fluid vorticity increases and the velocity decreases.

=> Helicity polarization from fluid-vorticity becomes more dominant

Probing the strongest local fluid vorticity from helicity polarization with the
beam energy scan? +7



Beyond the subatomic swirls

m s the spin polarization of QGP only related to the fluid properties?

m The role of gluons : anomalous spin polarization from turbulent color fields
in QGP

Berndt Miiller, DY, PRD 105, L011901 (2022)
DY, (2021), 2112.14392

18
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Chromo-electromagnetic fields in HIC

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

<

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

gur
m Plasma instability could enhance the color fields.™ " P18 643 (2000) 1116
) . i S. Mrowczynski, PLB 214, 587 (1988), PLB314,118 (1993)
m  No local parity violation :

P. Romatschke and M. Strickland, PRD 68, 036004 (2003)

(BL(X)BJ (X)) # 0. (EQ(X)EJ(X") #0, (Bi(X)E}(X") =0.

m Local-parity violation : (Bj;(X)E;(X")) #0
e.g. N. Tanji, N. Mueller, and J. Berges, PRD 93, 074507 (2016)

m  Nonzero (parity-odd) correlators could lead to spin pol. of quarks although
their forms in QGP are unknown.

19
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m Separating the signal from background : isobar collisions
1.02 | ) STAFrl Isob;rpost:blind a;na/ysi;, @; 200 GeV, Ru+Ru/Zr+Zr, 20-50%
I AR S I
S 098 = S 1 no
ci * CME?
i 054 od:g‘ o;;” o;q” o’q-’” o'q ();2' o‘q- 'L \wléf ¢ N @I PRI i .{\\\‘\0
\Q/Q«Q & 4 $Q e Q’QO:\Q 0@\ SQ G&\%Q;\Q Gd)\%Q:SQ o@\(gé Py NE & 6t @0;\6\6\ Py R \$ &
(same shape=background?) 5¥ gV g gV 3 N : L : _
R TGO predefine criteria unreliable :

(diff. B fields=signal)

M. Abdallah et al. (STAR), PRC 105, 014901 (2022)

different backgrounds! 20



Anomalous spin polarization & spin
alignments of vector mesons

m  From the QKT with background color fields :  B. miuller, DY, PRD 105, L011901 (2022)

P (p) ~ —m327. B [dS - p((E - B*)u" + (B E™Yp, 3(1 — 2fuq(p - 1)) foq(p - u) (1 — foq(p - u)ﬂ
B} Amp - u [ dY - pfeq(p - u) J
= Decay daughter: ——— [1 — poo +cos” 6% (3pop — 1)] 00 = 377 PP
I— T T T T ' T T T S Z.-T. Liang and X.-N. Wang, PLB 629, 20 (2005)
C:. 0.5 Event plane -1 Event plane (b) S8 _ ) i .
" 0.4 Poo # 1/3 : spin polarization
0.4 .
03...%.3"&.?..52 E {am _'.lﬂ #H ............ l’o'% What is the source for the large
' H ; H o3 deviations ??
0.2F .
B -p =13 1025
0.4 m - "
= 0.2

1 2 3 4 5 1 2 3 4 5 p_(GeVic)
S. Acharya et al. (ALICE), PRL.125, 012301 (2020)

m  Could spin alignments complement the CME study to probe the local parity

violation?
21
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The axial charge currents and Ward identity

G

m A constant axial charge current (finite t,.):

hut

v [ 4 w o
JL :43’(_1/ (2?)481%11@0)“4 / {IJ-X):[_W\/%TAE . B"I

J ZT=1form=20
(similar to the steady state in Weyl semimetals ngs~tzFE - B)
m Vanishing axial-Ward identity : 9. .J. = 0

. . . ) B(L * E(I. - . |
m Constant-field limit (z, — o) : O, JH(X) = —h< = ) + 2m (i),
DY, (2021), 2112.14392 h(B P > = | | .
. : a a oo p 1
DUyl ) = — ({ ] —— ) —— — —
(i.— t ,.Jl. > 8"!?1%2 A |p| ( Ep) d|p| [feq(ep) feq( Ep)]
el
TC — CO ’




v Relativistic heavy ion collisions provides an opportunity to study the spin transport
of the most ideal and vortical fluid.

v Although local-equilibrium corrections (in particular the shear) yield substantial
contributions to local spin polarization, non-equilibrium effects should be involved.

v Helicity polarization may be a better probe for local vorticity.

v Not only the collisions, but also dynamically generated color fields may affect the
spin polarization of quarks in QGP.

v~ Anomalous spin polarization could be triggered by parity-odd correlators of color
fields, which may possibly explain the spin alignments in high-energy nuclear
collisions.

23



Phenomenology :
Investigating helicity polarization at low-energy collisions
Local polarization with p dependence

Hydro. simulations : with Yi Cong, Shi Pu et al.

Thermal model ; with Avdhesh Kumar

Theory :
Non-equilibrium corrections from QKT with Shuo Fang, Shi Pu

More realistic estimations for spin alignments from color fields with Berndt Maller
Scattering with polarized photons (gluons)

with Koichi Hattori, Yoshimasa Hidaka, Naoki Yamamoto

Transport and particle production with strong EM fields and vorticity (or strain)
with Koichi Hattori, Patrick Copinger %

24




Thank you!
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Some properties of kinetic theory

m  Kinetic theory : microscopic theory for quasi-particles in phase space

9,
% Boltzmann (Vlasov) Eq. : ¢"A,f(q. X) =¢"CL[f], Ap=0,+F,

Ju(_) v
< Physical quantities : .7#(X) :/ dgg_ U (¢.X), 'T#IJ(X):[ q 4 . X)),
J (2m)? E, - (2m)® Eq © 7

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

/1d~P_1 system size : L » L s, — equilibrium

) lmfp""r_l ] g g g

** Near equilibrium : kinetic theory = hydrodynamics

m Classical kinetic theorye== 9, J* =0, J,T"" = F""],.

5 - h
m CKT: (¢-A+hA)fr=q Clfr] +hClfr) == 0,J0.=——F-B

472
(for right-handed fermions) (chiral anomaly) 26



CKT with collisions

m WFupto O(h): (forright-handed fermions) quantum corrections
> o (q-
5(¢, X) = 0,2mé(q - n) (Q“O(J )£y [ho A)SIDIF + e g, Fp A )f“ﬂ)

20q% '
: - D =A |
= CKTwith collisions (9pn" = 0): b= Bals” P 9, 651501 (2017
S,uf/ E PRD 97, 016004 (2018)
B - n Y n
%(qz_h q)]{ q- AJF% (( ) A, +thn)(d F,.,)0 ] f( ) _ } =0,
q-n q-n)
magnetic-moment __. e €OP
coupling Spin tensor : 5, = 2(q - n) QaTlp

(F*¥V = 0 : the quantum corrections only appear in collisions)
m  Quantum corrections on the collision term :

- S'(L:)E af (n) < (n) >

induced by inhomogeneity of the medium

:(1 — £ —f(g”)- 2-2 scattering :/p

also include hbar
corrections
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Applications : Chiral fluids

= Anomalous hydrodynamics (R-handed) : 9,7 = F**J, 0,J" = ig(E .B)

. . 4
m Constitutive equations : "
T = u'u"e — p@O" + TILY + 1107, JF = Nout + o + 0!

dis?

O — nuy —ulu?

dls’

o(1) om o) +0om 01 om o) +om_
Son & Surowka, 09 equilibrium : CME/CVE
our focus

m In local equilibrium ;  (inthe co-moving frame n* = u)

hq - w - 1
(u) — o — L T praf
f{;ﬁq o — (exp [B(q Uu ,u) =+ 7T u] + 1) , wht = 26‘! e uv(ﬁau[g).
S o _ J.-Y. Chen, et.al. 15
spin-vorticity coupling Hidaka, Pu, DY, 17

m  Equilibrium anomalous transport :

Vhon = hopB" + ho,w" 1% = h&, (w'u” + wut) + hép (B u” + B u")

T2 302 {4 T3 =3 T2 32 (agree with different
gwﬁ(lq—%), UB:ﬂ’ £ = — (lu—|—'u—2)7 fB—(lJrL). approaches,
i T e.g. Son & Surowka, 09.

_ K. Landsteiner, et.al.
CVE CME Hidaka, Pu, DY, 17 Lect. Notes, 13.)

28
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Axial kinetic theory

m QKT for massive fermions : |
> Wigner functions : §<(p. x) — / Y YR (. 2 ()

vector/axial-vector , 1 ) L 1 .
components : Vi(p, X) = a0 (v"S<(p, X)), A'(p,X) = Ztr( S (p, X))

4-
> Dynamical variables in V" / A" : fv/a(¢, X) &[a"(q, X) ?glﬂ :V?ﬁtf;A)

K. Hattori, Y. Hidaka, D.-L. Y, PRD100, m=0
096011 (2019) — aM = q,u’ fV = (fR + fL)/Q’ fA e fR — fL-

» Axial kinetic theory : scalar/axial-vector kinetic egs. (SKE/AKE)

.. o A D.-L. Y, K. Hattori, Y. Hidaka,
> Collisions for AKE : | O™ g~ :[Cg]Jr[hcg”)”J JHEP 20, 070 (2020)
spin diffusion spin polarization coupled to vector charge
x L' a, o« H*Y 0, fv

<+ E.g. diffusion for massive quarks in weakly coupled QGP : s.Li, H.-U. Yee, PRD100, 056022 (2019)

<+ The quantum correction is only studied for purely fermionic interactions.
Z. Wang, X. Guo, P. Zhuang, Eur. Phys. J. C 81, 799 (2021) global-equilibrium sol. is reproduced from detailed
N. Weickgenannt, et al., PRL 127, 052301 (2021) balance (|Oca| eqw“bnum’?)

<+ The role of gluons and color dof. for spin polarization is unknown.
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Probing local parity violation in QCD matter

m Transition between topological sectors in QCD vacuum yields parity
violation and chirality production.  Energy of

O,(Np — Np) = 2¢°0,Ncs,

Ncg E/dg;vKg,

hvpo

KM —

\1_

(Aﬁ'apﬂg T §f“f""AfiAi’)A§)- instanton = ©

B 167]_2 - P V
m Probing the local parity violation via the chiral magnetic effect (CME) :
¢a’ ¢,3 J 1205 D. E. Kharzeev et al.,
. V — 5 o Prog. Part. Nucl. Phys. 88, 1 (2016)
ReactioN/_. 271'2
e W : Isobar collisions : so far, negative
£ 7 S STAR, M. Abdallah et al., (2021), 2109.00131
= . Ru| = _[*Ru
_— _— (observed in Weyl semimetals)
LIJRP —5_ Qiang Li, et.al., Nature Phys. 12 (2016) 550-554

X (defines ‘¥y)
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m Chiral matter in the condensed matter system.
Weyl semimetals :

E-B
272

ns

TR
¢ // \
relaxation

time

steady-state approxtion (us~trE - B):

aMJE) —

JV = —M5 — Sﬂ?TR|B|2
272 2(m2T? + 4#%/)
1 1
) P = E"'ﬁ

“negative magnetoresistance”
(the signal of CME)

E E
~ \Q:y \\:7
B \w \\'/
TaAs T> ‘0 o (”k
NbAs E i -
NbP
A '@J
TaP
charge pumping via parallel
E & B : generate yus~ns~E - B
1 0.06
204 (b) 0.04
0.02 ol

B (T)
Qiang Li, et.al., Nature Phys. 12 (2016) 550-554 31



WFs and AKE with source terms

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

m Color decomposition : O mI+Oata U. W. Heinz, Phys. RevdL_lett 51, 351 (1983)
-> physical observable e.g. J& = 4[ (2;; Tro A" (p, X)
O :0(g"), 0% : O(g).
m SKE, AKE, WFs are decomposed into color-singlet & octet components.
m Perturbatively, we may rewrite f{-, a** in terms of fi-, a*/.
m  Modified Cooper-Frye formula :

P (p) = J ¥ - pT5 (p. X) N¥(p, X) = AN(P" 7).
PIT S NG X)  JpX) = ANL(@ 4 RO AL
, Opre |7
m Sourcetermin WFs: Aj = 2 PPEE (XY F (X 0oy fy (p. X')
k,X"

B. Muller and D.-L. Y, (2021), 2110.15630
M. Asakawa, S. A. Bass, B. Muller, PRL. 96, 252301 (2006)
~g? > collosions~g* : anomalous

. SKE&AKE: 0= P Ofi(0.X) =05 2, [f7] | viscosity
0=p- 00" (p. X) {0 Zula™)|+ 10y (L' [f7])

diffusion source 32




Spin polarization from color fields

m The real color- field correlators can only be obtained from real-time

simulations.
m Physical assumptions : ( ,;‘A(X)FQP(X’)) (FFS e —(t—=t")? /72

(B BY)| > (ELB)| > (ELE)|

m fy reaches thermal equilibrium @ 72 (p, X) = 4N..(a*" + RCyAL).

- ﬁ(_ (IL - f[) ; a a
a'ﬂ(t'f)) - = p[]feq p[} mpv mpj_

2p2
1L Trg’XQTC N 2 a a\l ap oaf
(AQ)eq = o o(p” —m”)((E* - B"Ju —EB E ﬂpﬁapo)f)pofeq(po)
= Origin of the source terms: , . .
. Bu (‘A\I) E”(‘\ )
correlation of the Lorentz force &
A — " -
anomalous force from quantum f2(p. X") —~ At (p, X)

corrections
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