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Magnetic field
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l Chiral Vortical Effect ]

(~@,) (fm™)

Phys.Rev.C85,044907 (2012).
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D.T.Son and P.Surowka,
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l Axial Chiral Vortical Effect

D.E.Kharzeev, et al.
Prog.Part.Nucl.Phys.88,1 (2016)
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f+ ~exp|—(EoFB-p)

Polarization through spin-
magnetic coupling:
_fi—f Bep .
J o J—
Magnetic moment: p = QS
AN E“%B‘L/
Orbital angular > Spin
momentum _ _
Spln-orbltal S. A. Voloshin, arXiv:nucl-th/0410089

coupling Z.-T. Liang, X.-N. Wang, Phys. Rev. Lett. 94, 039901 (2004).
J.-J. Zhang, R.-H. Fang, Q. Wang, and X.-N. Wang,
Phys. Rev. C 100, 064904 (2019)
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Spin effects
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: : ® s 20507 3 "™TsTaR  Ausau (s =200 Gev
Global (or longitudinal) st o 1R oAU (5 =200 Ge
1 I & 4 A PRCTE 024915 (2007) | T
Lambda polarization sl i
STAR Collaboration, Nature 548, 62 (2017). 4 _
STAR Collaboration, Phys, Rev.Lett. 123, 132301 (2019). L 1
2 ﬂ*ﬂ Et . “Redar fit: p,+2p sin(20-2% )
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0401 s71aR Preliminary TPC-EP K*OI QM 2018
Au+Au, 10 < p. < 1.5 GeVic * 54 4 GeV i 036
Vector meson ol ] " 200 Gov ;o . J m
spin alignment = It s0% f
£, 030+ E
: X ® 032
Subhash Singha, Quark Matter 2019. $ ﬁ e
=% + — 0.25— % :u+Au20(JGeV,y 12<p_<54 GeVic
K - K™ +7m, a0 ZDC EP !
o - Kt + K~ 0 700 '(l\‘lzéo‘ a0 0 00 200 300 400
part part
ddN9 = % [(1 — poo) + (3poo — 1) cos> 0] ¢ For midcentral collisions
ol " K*0 Poo < 1/3 ‘ " @ poo > 1/3
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Initial angular momentum and magnetic field

@ Kinetic theory with spin
Spin polarization of quarks / anti-quarks

Coalescence model

Spin polarization of hyperons / spin alignment
of vector mesons

.

A Angular distribution of daughter particles
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* Quark polarization

- Wigner function
- Kinetic theory with spin
- Thermal equilibrium state
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Definition of Wigner function Q) FERZLLx G
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Covariant Wigner function: Hartree app. (C-number field)

Wiz d'y oy B e W 0 o 8 Q
(z,p) = on )133{13‘(—1? Pl 2+ 55— b ?:J*w
Fourier transform Gauge link Two-point correlation

Lorentz covariant and gauge invariant

Gauge link:
Y Y 1/2
2 2 =5
Straight line
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Decomposition of Wigner function  (§ "’_@ 5”4‘ ZHA X é

and Technolog )01‘(1

Wigner function: 4 X4 complex matrix, with 16 constraints,
WT = ~%W4!
Expansion in terms of generators of Clifford algebra,

- Koo B a1 gy
Fi — {]Ll.‘ & f’t' / I'(.* 5(—7'( }

1 1
W(x,p) = 7 (hf + 7P + ¥ W 'y'”’/l,i + — U“L’S,”,)

NN N /T

Real functions in 8-d phase space

Te(0; W)
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1 : /|
W(r.p) = - (m iV P+ MV, + A, + 50“”8,”,)

Property Physical meaning (distribution in phase space)
F Scalar Mass
P Pesudoscalar Pesudoscalar condensate
|l Vector Net fermion current
A" | Axial-vector Polarization (or spin current)
SHY Tensor Electric/magnetic dipole-moment

Net-fermion number current, spin current

N“(x):fd4pV”(x,p), Ng(x):/d“p,zw(x,p).
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1 : /|
Ivmmy:-@gw4fp+7m¢+¢w%%+—w%&0

4 2
Property Physical meaning (distribution in phase space)
F Scalar Mass
P Pesudoscalar Pesudoscalar condensate
|l Vector Net fermion current
A" | Axial-vector Polarization (or spin current)
SHY Tensor Electric/magnetic dipole-moment

Canonical energy-momentum tensor,
canonical spin angular momentum tensor

./ 1 L/ Y
T (%) = f d*pp" V" (x,p). SEh(x) = —5€” / d*p Aa(x, p).
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« Semi-classical expansion:
Expand Wigner function and its kinetic equations in terms of

Zeroth order: classical spinless particles
Linear order: spin corrections

« Valid if
1. |AyF Ok, W| < m|W|
—  Compton wave length < wave length of macroscopic fluctuations

2. ‘hfy” Eol W‘ < m|W| = Weak EM fields

3. ARAP > h =197MeV - fm

AR typical spatial scale of EM field
AP typical momentum scale of Wigner function
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h
F = m [v 5(p? — m2)—§FWzW &' (pe— m2)] + O(#?),

h o
P = 4_6!-1.1/(_1,;3VM {P:/Z@,S 5(p2 o mZ)} 4+ O(hz),
m /

h
Vi = 86— ) (puV 4 5V7E,0 )

) ‘ " 4
_h <§pli-FQ"dza3 + ZH-UFW)&pJ> b’(p2 _ m2) + O(hz)a

1 -
A,u - _Eeuuaﬁpuzaﬁ 5(P2 — mz)—f—hFﬂ”’pUV(S’(pz = mz) + O(hz)’

h
Sﬂ“" — 6(p2 — mz)m (Z#U—z—?p[” VV] V) —mhF/_z.u\/CS,(pz — m2) -+ O(hz) .
m

* Fermion distribution V, Dipole-moment tensor > *".

* Spin corrections, off-shell contribution

* Reduce to classical desities for mass, fermion current, spin
polarization, and dipole-moment.
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Kinetic equations ) yEAsLL%g

Fermion distribution

h .
562 — 2 { P W e B 80‘2“”} Collisionless
(p ) [P Vu 4( no)0p :: Boltzmann Eq.

h
_5r(p2 - m2)§1l_—,uupavazw} —0.

Dipole-moment tensor

B
8% — o) |02V X, — FE S © 0 B a5 :> Bargmann-
(= —or] [p oy p v+ 5 (OxaFur) 5 } Michel-Telegdi

+6'(p? — m?)hF,,p*Va.V =0. (BMT)Eaq.
where V* = 0§ — F*0p, .

- Off-shell contributions because of spin-magnetic coupling
- Mathisson force, effects of inhomogeneous fields

N. Weickgenannt, XLS, E. Speranza, Q. Wang, D. H. Rischke, PRD 100,056018 (2019).
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Massless limit ) FEAZLR X g

/ Massive fermions\ / Massless fermions\

Y. S. Kimand E. P.
Wigner, J. Math. Phys.

Rotational group O(3) | 28, 1175(1987) S 2-d Euclidean group E(2)
I

Infinite Lorentz boost
+ massless limit

Spin in rest frame Helicity

Kinetic theory with | > Chiral Kinetic Theory
spin for massive Connection?

Kfermions / K /

Non-smooth connection in:

N. Weickgenannt, XLS, E. Speranza, Q. Wang, D. H. Rischke, PRD 100,056018 (2019).
K. Hattori, Y. Hidaka, D.-L. Yang, PRD 100, 096011 (2019).

2020-5-12 Xin-Li Sheng, USTC 15



Frame-dependent decomposition Q) FEAZLLL S
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Massive: rest frame ——)> Massless: frame u"
FFY = BPyY — BEYu? + e’“"O‘BuQBﬁ
MY = EFyY — EVut — e’“"”'aﬂua/\/lg

[ dade da [ da da do [ danda Jdo Jo 1

dipole moment electric magnetic
tensor dipole moment dipole moment

1 v
—5Fu S = —€,B" — M, B
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Frame-dependent decomposition Q) FEAZLLL S
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Massive: rest frame ——)> Massless: frame u"

U*n
| i
u-p
spin polarization axial-charge
vector density
(u -p) (u , 'rz,) longitudinal / trans:.verse polarization
n| = > 2 (parallel / perpendicular
(w-p)?—p to momentum in frame u")
2
B P H h prof VaV
n, » pMJ_ + _Q(TL p)ff PvUa 'V B

R e, mmimimimimimsmimimsmins side-jump in
massless case

2020-5-12 Xin-Li Sheng, USTC 17
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Axial-vector component of Wigner function

At = e+ 0| a2 - )

(u-p)? — m2?
h ~ ’
+—2(u ) " Py, uq (VV) 6(p? — m?) + hE,,p "V (p? — m?)
D .
m B 57,2 9 Y. Hidaka, S. Pu, and D.-L. Yang, 2017.
+-u. ,pMLO(p —m). ' > A. Huang, S. Shi, Y. Jiang, J. Liao, and
m= (0 P. Zhuang, 2018.
etc.

Small-mass behaviors:
(obtained by considering a single-particle wave packet)

A=001)+0(m, m? ---), M =0m)+0(1,m,- )
classical case: A\ — QS
m

spin-orbital coupling
O(h) XLS, Q. Wang, and X.-G. Huang,
arXiv:2005.00204.
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Massless limit
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Mass corrections to CKT

% : h =
0 = (p“V”V) §(p* —m?) + ' (p* — m?) [—.F“”u“pu (pO‘VaA)]

u-p

] h vo U h Ty oY
#80° =) | e, (V) (V) 4 gt 0ua PP O5.4)

vanish in { o {gewaﬁ (V“?:L-Vp) [VQ (ﬁMﬁﬂ - Z(Uh- p) G l@;" (LMI")]}

massless 5 5w ko 1
limit +d'(p* — m*)m u—'pj_‘;"L“’uju [pava (—pM_u)] ;

‘ h -
0 = (p*V,A4) 5(p* — m?) + &' (p* — m?) [ﬁF“"uﬂpy (p“VaV)]

h s h SN
+6(p2 . m2) [§6pv&ﬁpp (V“u—p) (VBV) + mppezy(axaFﬂ )(8}) V)]

. . 2
Van|Sh In <|; —(S(pQ — m2)4m [(p - V'UJM = F}wuy) ./\/[’u + Efﬂyaﬁ (v,uv) uvvaru‘ﬁ] '
massless (u- p)? 2
limit
XLS, Q. Wang, and X.-G. Huang,
arXiv:2005.00204.
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Thermal equilibrium

* Assuming that the thermal equilibrium distribution have
the form Fea — (egs 4 1)—1

S

with g, =p- B(x) + as(z) + sgﬂw(x)z(o)“’” constant
A

spin 1] Lagrange multipliers Specifies
direction of spin
polarization

Constraints for the multipliers
a:n,u/@u + a:nuﬁ,u — O;

Oepas(z) = Fo,pB7(x), Thermal vort|c1|ty
aﬂj‘uﬂ’\” (:l?) = 0, Quu = Wpr = 5(8:1:;151/ - azw@#)

2020-5-12 Xin-Li Sheng, USTC 20
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Axial-vector current

2 ’ h 0
A = < 5(p? —m? (smn(o)” o v 5 ;\
B 2 [ ( | 2* P B(BE,) |
Analogue of axial

0) (0)_} chiral vortical effect

+ RFP p, 8 (p° — m?) | |0(°) fIOF +0(—;

d g 5pu-—cr,8 5(p? —m?) + O(R?). Analogue of chiral

2 \ Separation effect
Zeroth order distribution Not specified yet, -

determined through 7 V'"Zu = F1,E. .
-1
FOF = {exp [B(Ep F ps)] +1}

Massive: Massless:
R.-H. Fang, L.-G. Pang, Q. Wang, D. T. Son and A. R. Zhitnitsky, 2004.
and X.-N. Wang, 2016 M. A. Metlitski and A. R. Zhitnitsky, 2005.

J. Bhattacharya, S. Bhattacharyya, S. Dutta, R. Loganayagam, and P.
Surowka, 2011.

D. T. Son and P. Surowka, 2009.
2020-5-12 Xin-Li Sheng, USTC 21
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Average po|arization pt = (Epa +P) for fermion / antifermion
1 i |

Projecting onto y-direction
Boltzmann limit

Average polarization along y-direction
1 1

Pfﬁ(t,x,ps/g) = 2“’1;11 == Qmsy - (& X ps/E)
Q QS ~
:I: BQ e E s/8
2msT v+ mgTy (E % py/s)

{ Acceleration € = —(1/2)[0;(Bu) + V(ﬁ’u”)]}

2020-5-12 Xin-Li Sheng, USTC 22
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» Spin alignment of @

- Coalescence model
- Numerical simulations
- Mean-field of Qb
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qqq9 —> b

R. C. Hwa and C. B. Yang, Phys. Rev. C 70, 024904 (2004) s

R. J. Fries, B. Muller, C. Nonaka, S. A. Bass, q q _) 1\ I
Phys. Rev. C 68, 044902 (2003)

V. Greco, C. M. Ko, P. Lévai, L.W. Chen, Phys. Rev. C 68,

034904 (2003);

L. W. Chen, C. M. Ko, Phys. Rev. C 73, 044904 (2006)

include spin DoF

Yang-Guang Yang, Ren-Hong Fang,
Qun Wang, and Xin-Nian Wang, Phys.Rev.C 97, 3 (2018).

2020-5-12 Xin-Li Sheng, USTC 24



<y

Coalescence model @) ¥8#4z&&*¢

d1,d2; 51, 52; P1, P2)
Quark-antiquark state e
flavor of  spin in a fixed
quark or  quantization
antiquark direction

di d&
Density operator » = V> ) _ Zf pl - )3 Wat, s1(P1)wg2,s2(P2)

81,82 41,92

X |(11=CI2; S1, 32;I31=P2) <Qla(_12;51332;p11p2‘ ,

. . | Average
Welghted functions ’wq,:;ﬂ/z(P) = 3 [1+Z4(p)] polarization along

1 given direction

'wq,il/Q(p) = 5 11+ Z5(p)]

Yang-Guang Yang, Ren-Hong Fang,
Qun Wang, and Xin-Nian Wang, Phys.Rev.C 97, 3 (2018).

2020-5-12 Xin-Li Sheng, USTC 25
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Meson state |M; 18 p) Yang-Guang Yang, Ren-Hong Fang,
~—— ———— Qun Wang, and Xin-Nian Wang,
type of spin Phys.Rev.C 97, 3 (2018).
meson status

Spin density matrix element for mesons
P3.15.,(P) = (M; S, S21,P|pgq| M; S, Sz2,p)

dp; 3
=YY [ SR S (P olpo)

8182 142

wave functions in

_ 2
== X |{q1, @25 P1, P2 | M; p)|
momentum space

/K (M; S, Sa1 | qu, @25 51, s2) {q1, G2; 51, 82 | M; S, Sz2)

spin-flavor wave functions

2
Example: [(a:. i p1. p2 | 6 p)* = om0 (b py — pa) [0 (a)”
1 1
, 1,00 =—|s,H) |5 —)+—=|s, —) |5 +
6.1,0 = =I5, )15 =) + =5, -5, 4
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. . . . Yang-Guang Yang, Ren-Hong Fang,
Normalized spin density matrix ;' wang, and Xin-Nian Wang,

element for ¢(1020): J" =1~ Phys.Rev.C 97, 3 (2018).
S=1
P00
S= S5=1 S=1
P11 T Poo TP

¢ _
Poo =

Wave function can be

ey 1 _ %/ d3p pY (p)p_’y(_p) |¢¢(p)|2 found in quark potential
3 9/ (2n)3°° N

model

Polarization of Baryons

B B Calculated using quark
Py _ PIL — P_1 1 ==) polarizationand
B~ B B baryon wave function
Pri1 TP 1 1 @ @
2 2 2* 2

r v q

)

2020-5-12 Xin-Li Sheng, USTC 27
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B Acceleration ;

Polarization of s and s e = —(1/2)[0y(Bu) + V(Bu)]

PY, (1,%, Pajs) = nuly & =2 By £ ——§ - (€ X Pass) + =2o=§ - (E X Pasa)
s/83 77 2 4B D VT Oy 2m2T

Polarization of A hyperon

1 4
Pi/ﬁ(t,}{) = Ew?h:{:mBy

00-element of spin density matrix for ® mesons

1 4 i |
po, At (PP — 7 <p2>¢ (e2+¢2) Average over
, 8 fireball volume and
€ 2 2 2 finite polarization
i p EZ+ EZ), P
243m; o (B¢ ) time

XLS, L. Oliva, and Q. Wang, arXiv:1910.13684
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Electric field
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r..'_:xg}r'm;-,—;‘
‘ Au+Au, b=6 fm
* UrQMD
Average of E. and E. | Q —ErGi
i — 115GeV
over the fireball volume ey
B — 62.4GeV
—— 200 GeV
0.001 kS
! . t/(fm/c)
0 1 2 3 4 g 6
c.‘_:gzlr-'ﬂ'r;—r'i
Peak value ———= 1}
. — 7.7 GeV
2 2 2 5 115 GeV
[(Ez + E$> < 1OmW} 0.100 L B
0.010 — 62 .4 GeV
— 200 GeV
0.001 §
I A . . t/(fm/c)
0 1 2 3 4 g
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Acceleration FeMedsxe
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. L. Pang, Q. Wang, and X.-N. Wang, Phys. Rev. C 86, 024911 (2012)
CLV'SC L.-G. Pang, H. Petersen, and X.-N. Wang, Phys. Rev. C 97, 064918 (2018)

Average over the freezeout hypersurface:

(2 +2) ~ 10~

10 — 0.20
I. Karpenko and F. Becattini, ;. 0.16
Eur. Phys. J. C 77, 4 (2017) | 8
T ] 0.08
freezeout hypersurface, - 0.04
projected onto x-y plane E o - [o.00
> -0.04
-0.08

-5 sl
=012
-0.16
=4 7 7 4 & &

X [fm]
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Mean-field

4 1 4
Pg)o — 379 <Pypy> 272 <PQ>¢, <5§ +53> Can not be significantly
. y larger / smaller than 1/3
€ 2 2 2
F o A ) (e + B
N 243mis T g ) Au+Au 200GeV
) 5 | Py~ (1.08£0.15+£0.11)%
5 (PATA) ~ 10 | Py~ (1.38+0.30+0.13)%
N 2 2 —4
g +¢e%2) ~ 10
(p?) (2 462y~ 1078 (& ez)
27m2 ¢ (p?), ~0.18 GeV*
[ mg ~ 450 MeV

2

: _

243m2T 2, (P?),(EZ+E;) ~107° —
s e

Tegr ~ 100 — 300 MeV
e’ (E7 4+ EZ) < (10m3)?

—
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Vector meson field

Strong interaction mediated by a scalar field
and a vector field

Leg = Z@j(i@— m; + gojo — gvj V)¢;
g
+% (8#08“0 — mf,crz) - %V“’”VW - %m%/VHV“

0
Ey =-VV,— -V
Vi =8,V, —8,V, == "V 2 By

BV:VXV

Proposed in
L. P. Csernai, J. |. Kapusta, and T. Welle, Phys. Rev. C99, 021901 (2019)
to explain difference in polarizations of A and A
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Vector meson field Q) FEAzLEL xS

Mean field of ¢

Fy7 = 0tgr —0V¢H ¢t~ —(gg/m3)JH
Strangeness current

J.g(t?X) — (pSvJS) — (psa (m),ng)’]g ))

O, JE =0  [dxps(t,x) =0
Contribution to Pgbo

g ~ (o 2 _ 2
Cop = 277’)’1,4 ¢4T2 <p > <(Ec§5 )) + (Eq(b )> > Positive!

(Z) = 8p,/0z + 055" /0t
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Mean-field

¢ (2 4 (z 2
Beam-energy dependence of P00 C! =g} <(E§, )) + (Ec(b )) >

0.37
036 [ C(Sy)= 400 fm_8

-=- cY¥)= 600 fm=8
el — ¢¥)= 1000 fm™8

€
0.34] eallttvennano
It LT P L L LT T T TPy

0.33}

50 100 150 200
1{ snN (GeV)

XLS, L. Oliva, and Q. Wang, arXiv:1910.13684
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Results shown at QM 2018

= 0.44;_ —a— 1st order EP
0.42— —e- 2nd order EP
0.4F
0.38
0.36| ?
034 ¥ ﬂﬁ_ﬁ _______
0.32]
0.3 > meson
0285 STAR preliminary  ceoin sneos
0.26 T

10 10°

Vse (GEV)
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* Summary
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« Derived kinetic equations with spin corrections for
massive fermions

* Found smooth connection between kinetic theories for
massive fermions and for massless fermions

« Studied thermal equilibrium with spin, reproduced
polarization of fermions in electromagnetic field and
vortical field
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Summary L) tERzLLxS

« Derived 00-element of spin density matrix for ¢ mesons,
in which electric field and acceleration also contribute

« A significant derivation from 1/3 for Pgo maybe result of a
mean field of ¢, instead of electromagnetic field or
vorticity

Thanks for your attentlon !
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