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Spin
[ Chiral Magnetic Effect y Y [ Chiral Vortical Effect ]
D.E.Kharzeev, et al. JH = gB* 4w D.T.Son and P.Surowka,
Phys.Rev.Lett.103,191601 (2009
Nucl.Phys.A803,227 (2008) S = EmsB o+ Eswt y (2009)
[ Chiral Separation Effect [ Axial Chiral Vortical Effect
D.E.Kharzeev, et al. D.E.Kharzeev, et al.
Prog.Part.Nucl.Phys.88,1 (2016) Prog.Part.Nucl.Phys.88,1 (2016)

* Heavy-ion collisions provide a good platform for spin studies

spin imbalance magnetic field vort|C|ty
7 T a) ]
6 ——-B, 010} | AusAu, \fs=200GeV 175 ;;- @1
wx | =B=-IB,| e |B . e -
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6 =4 £ # !
0.04 3 % 3} ey Au. |§” 0.00W
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-0.04 -, [ wo(of ) wo(of w2) |
1} . — wofv) e wr(0f ) |
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X [fm] 6 b(fm) b(fm)
Y .Hirono, et al. W .-T.Deng, X.-G.Huang, W .-T.Deng, et al.
arXiv:1412.0311. Phys.Rev.C85,0449007 (2012). J.Phys.Conf.Ser.779,012070 (2017)
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Vorticity in QGP

Relativistic heavy-ion
collisions ©y
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:?135 Vorticity in QGP

A |
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R icture from

X
The most vortical field UrQMD

human ever made
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Vorticity in QGP

» Space-time dependence of vorticity
VSNN = 200 GeV

Transverse
vorticity
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F. Becattini, et. al.,
EPJC 75, 406 (2015)
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AMPT simulation by Y. Jiang,
Z.-W. Lin, and J. Liao, PRC 94,
044910 (2016)

/ Longitudinal vorticity

Au + Au

Vs = 19.6 GeV
centrality region 20-50%
n=2~0

t = 0.6 fm

W.-T. Deng. X.-G. Huang, PRC 99,

014905 (2019)
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Magnetic field

Relativistic heavy-ion collisions

10}
-~ R
5
§ 0.1;
i
~ 0.001¢
@
—S5L . . .
0250 205 00 05 10
t(fm/c)
W.-T. Deng, X.-G. Huang, PRC 85,
044907 (2012).
Magnetic field decreases Also see:
slower at later stages if we Y. Chen, XLS, G.-L. Ma, NPA 1011
include medium feedback. (2021) 122199.
L. Yan and X.-G. Huang, e-Print:
2104.00831.

L. Mclerran and V. Skokov, NPA
929 (2014) 184.
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Spin polarization

- t th I
@ -B-p \B fr~exp|—(EoFB p)/T] 2quiﬁg?fm
h
T Magnetic moment: ,, — QS
m
. . Polarization through spin-magnetic
T l"' coupling:
S p_Jl+r—/- B-n
K Eo+B- N/ f++ /- T

fs ~exp[—(Ey—w-8S)/T] Vorticity ) SPin
Spin-orbit coupling
free / / \

kinetic S. A. Voloshin, arXiv:nucl-th/0410089.

article's L
P vorticity tor 2T Liang, X-N. Wang, PRL 94 (2004) 039901.
energy woloy, SPINVECOr ;_j Zhang, R-H.Fang, Q. Wang, and X.-N. Wang,
2 PRC 100 (2019) 064904
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Spin polarization

e Average spin polarization in global thermal equilibrium

1

~ LI ]- L1
PLp) = 5 (9 + £ @F™ ) [~ fro(Ey 1)
p

) N\

Dual thermal vorticity Dual electromagnetic fields

~uv 1 _pvop, th n
R Frv = LeworF,,
th _ 1
Wop = 5[80(51"“.0) o aﬁ'(ﬁu‘”)]
F. Becattini, V. Chandra, et. al., Annals Phys. /Additional shear-induced \

338 (2013) 32.
D.-L. Yang, PRD 98 (2018) 7, 076019.

Y.-G. Yang, R.-H. Fang, Q. Wang, and X.-N.
Wang, PRC 97 (2018) 034917.

polarization in local

thermal equilibrium

S. Liu and Y. Yin, e-Print: 2103.09200.
B. Fu, et. al., e-Print: 2103.10403.

F. Becattini, et. al., e-Print:
K2103.10917; e-Print: 2103.14621. /
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Hadron’'s polarization

Coalescence
models with spin

Polarized : Polarized
quarks hadrons

l QS
pY ) = g ¥ i
Mﬁ(t’ ) - ARL AT ™
1 4 d*p

Pt ~ 3 -5 | GrsPY@IPIP) [be(p)l

Z.-T. Liang, X.-N. Wang, PLB 629 (2005) 20;
PRL 94 (2005) 102301; PRL 96 (2006) 039901.

Y.-G. Yang, R.-H. Fang, Q Wang, and X.-N. Wang, PRC
97 (2018) 3, 034917.

XLS, L. Oliva, Q. Wang, PRD 101 (2020) 9, 096005.
XLS, Q. Wang, X.-N. Wang, PRD 102 (2020) 5, 056013.
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« Spin polarization of A hyperons

Weak decay  CP violation A —> p 7Z'_
(uds) (uud) (ud)
strangeness 1 0 0

¢ Angle distribution of daughter protons

in A's rest frame _ N's polarization

| ~ direction in rest

. spin
dN 1 14 and n -p frame
A 4n HEA e )
/ \ 5 proton's
~~§~~ momentum in N
decay parameter A's sDi " N's rest frame
pin
(constant) polarization cosd
2021-04-01
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N\'s polarization

Global polarization

T T |
Au+Au 20-50%
+ A this study —

@ A this study |
¥ A PRCY6 024915 (2007)
O A PRC76 024915 (2007) |

77?77

* I | - Polarization along direction of total
5L # f i angular momentum
_ Emj $ _ - Agree with theoretical prodiction
0 S I e,—k— e - - Difference between A and anti-A
o may be contribution from magnetic
10 102 field
Vs (GeV)

L. Adamczyk, et al. (STAR), Nature 548 (2017) 62. - Strange enhancement for anti-A's
polarization at very low energy
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N\'s polarization

Longitudinal polarization

0.001

| STAR  Au+Au\s =200 GeV
- @U%-ﬁﬂ% { o, Y| (t=0.6 fm)

0 t}}su b

a

<@ 0.0005 0.024
i 0.018

0.012

0.006

0.000

(cos

-0.018

a0 b

~0.0005

fit: pu+2p1sin(2¢-2'}'2)
[ *A  p =0.016+0.003 [%]
-0.001F #A P,=0.015£0.003 [%]

0 1 2 3

x (fm) D.-X Wei, W.-T. Deng. X.-G. Huang,
J. Adam, et al. (STAR), ¢-¥, [rad] PRC 99, 014905 (2019)

PRL 123 (2019) 13.

- Sign problem S. Liu, Y. Sun, C. M. Ko, PRL 125, 062301 (2020).
H.-Z. Wu, et. al., PRR 1, 033058 (2019).
- Possible reason: W. Florkowski, et. al., PRC 100, 054907 (2019).
Angular momentum conservation: S. Liuand Y. Yin, e-Print: 2103.09200.

T-vorticity; shear-induced polarization =" &t al. e-Print: 2103.10403.
Y P F. Becattini, et. al., e-Print: 2103.10917; e-Print: 2103.14621.
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Vector mesons

* Spin alignments of vector mesons

Decay of ¢ SK "+ K~ Angle distribution of daughter
vector mesons %0 N B particle depends on the wave
K >K +nrx function of mother meson
J" 1 0 0 AN
| | For vector meson — Yis.(6,0)]

I withS=1,m=S: 4O

pesudo-scalar mesons Y.-G. Yang, R.-H. Fang, Q. Wang,
X.-N. Wang, PRC 97, 034917 (2017).

* Polar angle distribution of daughter particles

W(®) = (1~ poo) + (300 — 1) cos? ). - ~

l More mesons have magnetic

<
“ 3 quantum number +1 or -1

2021-04-01 Xin-Li Sheng, CCNU \ / 13
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Spin alianments of 54.4 GeV 200 GeV STAR Preliminary 0.401 s7AR Preiiminary TPC-EP
p g N I S R oLl AR VRS AutAu, 1.0<p <15GeVic 54.4 GeV
vector mesons B | ® 20Ga
0.35-
20.35[- % o
Significant derivation ¢ .| 4 i #i % %, 0.30 f
from 1/3 ) | ? I
0.25 0.25
P [ S S W (N T T W N I I T S T i " i i 1 i i i L | L L L I | I
1 2 © 3/ ) 4 5 0 100 ( N200> 300
p. (GeVlic .
T Subhash Singha (STAR), bt
NPA 1005 (2021) 121733.
STAR Preliminary, 10-60%, 1.2<p <5.0 GeVic 0.4 Q_g 0.6 _l ;Lllc;;_;,el“,;in;r; shrrrrrrEee I_
® Au+Au ' | 0K, Po-Pb |5, = 2.76 TeV, 04<p <12GeVic |
s . B P relisiod e CE
0.3 A oA @ + * ® B m|y|<o.5
0_8 + + + + g J" s Production plane |
- + Q 0.3 0.4 Uncertainties: stat. (bars), sys. (boxes) —|
4 "y s = L i
- STAR Preliminary, 20-60%, p_ > 1.2 GeVic Ny ]
0.2 = ® Au+Au 4 l H * H H
ALICE, 10-50%, 0.8 < p_< 1.2 GeV/c ALICE, 10-50%, 0.8 <p_<1.2 GeV/c ‘ I i
u Pb+Pb i 0.2/~ mPb+pb - 02 H -
Lo | L L M| L A | | L - .
10 107 10° 10 10° 10° | | | o
sy (GeV) sy (GeV)

2021-04-01

Subhash Singha (STAR),
NPA 1005 (2021) 121733.
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Motivation

collisions thermalization hydro hadronization freezeout 5
L . “ ‘\
s: ® . ést
) & §* : . ! "‘:s
N a® .
™ i a ® .
Initial fluctuation hydrod?ic model final state interactions
Initial state: Final state: Freeze-out:
quarks are E—) quarks are )  D(arized
randomly Evolution polarized Combination ~ hadrons
polarized of spin along vorticity of polarized
quarks

Detected through

In this talk, we will neglect electromagnetic fields. angle distributions of
decay daughters

2021-04-01 Xin-Li Sheng, CCNU 15
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Related works

Quark polarization from parton scatterings in heavy ion collisions
J.-J. Zhang, R.-H. Fang, Q. Wang, X.-N. Wang, PRC 100 (2019) 6, 064904.

Quantum Kinetic Theory of Spin Polarization of Massive Quarks in Perturbative
QCD: Leading Log
S. Li, H.-U. Yee, PRD 100 (2019) 5, 056022.

Effective quantum kinetic theory for spin transport of fermions with collsional effects
D.-L. Yang, K. Hattori, Y. Hidaka, JHEP 07 (2020) 070.

Chiral kinetic theory with small mass corrections and quantum coherent states
C. Manuel, J. M. Torres-Rincon, e-Print: 2101.05832.

Generating spin polarization from vorticity through nonlocal collisions
N. Weickgenannt, E. Speranza, XLS, Q. Wang, D. H. Rischke, e-Print: 2005.01506;
e-Print: 2103.04896.

From Kadanoff--Baym to Boltzmann equations for massive spin-1/2 fermions
XLS, N. Weickgenannt, E. Speranza, D. H. Rischke, Q. Wang, e-Print: 2103.10636.
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Closed time path

branch 1,causal ,
Lo Closed time path contour

& > (Schwinger-Keldysh)
< I P. Martin, J. S.Schwinger,

O
t \ t PR 115 (1959) 1342.
0 i L.V. Keldysh, Zh. Eksp. Teor. Fiz. 47

branch 2, anti-causal
_ (1964) 1515.
Gas(r1,22) = <T0¢a(331)¢6(35’2)>

) In this way we establish a
<1f Pra(21)P15(w2) exp [_1 /( dt Hl(t)} > direct con>r/1ection of

observables and scattering

GF G< matrix S.
Matrix form G(x1,22) = (G’> GF ) (71, 22)
t1 to
Gy s(wy. ) = (Ta(21)U4(x2)) . branch 1 branch 1 time-ordering
Gi;(wl,iz) = (Tata(x1)Y4(22)) , branch 2 branch 2 anti time-ordering
Gis(xi.a2) = — (Yg(z2)ba(r1)) . branch 1  branch 2
Gyl 22) = (Ya(z1)Vs(22)) . branch 2 branch 1

2021-04-01 Xin-Li Sheng, CCNU 18
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Wigner function

e Two point Green function G3;(x1,72)

1 Fourier transform w.r.t. relative position

1 pu/h [T y y
<s(x,p) = diyePy/h <: ( ‘—) Ve, ( + —)>
Gos(x,p) s ye b (=3 ) Yalz+3

* Wigner function (up to a constant factor)
Heinz(1983);Vasak, Gyulassy, Elze (1987); Zhuang, Heinz (1996); etc...

A well-defined quasi-probability distribution for quantum particles.

e Classical particle distribution « Wigner function is well-defined
f(t,x,p) 1 1

o o= Z (pH 4 P o L - e
is not well defined if we consider =3 (7 +d3), p'= 5 (D7 — P5)
the Heisenberg uncertainty G4, Y] = —ihgH" S,
principle. B o

Oz0p 2 5 izt p"] =0

p is the conjugate momentum of x Average position is commutable with

relative momentum.

2021-04-01 Xin-Li Sheng, CCNU 19
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Docomposition

* Wigner function: 4x4 complex matrix, with 16 constraints,
(G<)T = "}/OG<"}/O
» Expansion in terms of generators of Clifford algebra,
I, = {L, ";"’}-':"'. YH, 151.-“. %rﬂ“’}

IT=7T" 1+1+44+4+6=16

1 i i 1
G=(@,p) = (M +i°P + 7V + 77 Ay + —a’”’wa)

NN N /LS

Real functions in 8-d phase space

T (I 6%)

2021-04-01 Xin-Li Sheng, CCNU 20
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Physical meanings

1 - - 1
G< (IL', p) — Z (]LIJE’ + ?:’“/")73 + ﬁ/}LV/_L AL ’\/"Dr\/“’A!_L + 50.”1/5/”/)

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

2021-04-01 Xin-Li Sheng, CCNU 21
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Physical quantities

o Net-fermion number current, spin polarization

N“(x)zfd“pv»u(x,p), Ng(x)zfd“p,zw(x, p).

« Energy-momentum tensor, spin tensor, and orbital angular
momentum tensor

sl ' B [d4p p"V¥(x,p) canonical, in general not sysmmetric
v 1 Vo
Stat (X) = —5€™ / d*p Aa(x, p)

L& (@) = aPT4%, (@) — 2" T4, (x)

mat mart

2021-04-01 Xin-Li Sheng, CCNU 22
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D-S equation

e Dyson-Schwinger equation Self-energy
= — +
G = Go+ GoX2G
l Integral over whole CTP
+i(iv, 08 — m)G(x1,z2) = 8 (z1 — xo) -I—/ dz'X(x1, 2" )G(', 22)
~~~~~~~~~~~~ C
operator Gy '
— when z; is on branch 1 Green function (self energy) on CTP contour
+ when 7 is on branch 2 £ o branch .o
o > - . G" G
:0 \ br;chz | ; G($1jaj2) - (G> GF ) (3:15372)

Kinetic equation of Wigner function is the top-right element.

2021-04-01 Xin-Li Sheng, CCNU 23
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K-B equation

e Kadanoff-Baym equation

(y- K —m)G<(z,p) = —%ﬁ [E<(z,p)G (z,p) — £ (x,p)G<(,p)]

~vN

ﬁ2
l _Z [{E{:(Hf,p)_.,G:}(.’I},p)}PB i {Z}(:IJ_._IJLG{ (JJ,IJ)}I,B}
K* =pt+ %ag \ Y J
- Corrections from self-energy.
L. P. Kadanoff, G. Baym, (1962 : L
ym, ( ) - A gradient expansion is used and

Quantum Statistical Mechanics. _ s
higher order contributions are truncated.

Collisionless: D. Vasak, M. Gyulassy, _ Poisson bracket -

H.T. Elze, Annals Phys. 173 (1987)
462. {A, B}pp = (0:4) - (0,B) — (9,4) - (9. B)

2021-04-01 Xin-Li Sheng, CCNU 24
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Self-energy

e |eading order: ¢ Next-to-leading order: Born diagrams,
mean-field contributions scattering contributions

A
W neglected

S(x1,72) = [Ss(21) + 7.2 (21)] 69 (21 — z2)

Solid lines: propagators of fermions

effective  effective

Mmass momentum Wave lines: propagators of bosons
3 +/- sign: location of vertices on CTP contour
analogue of
electromagnetic
gauge potential M. Schonhofen, M. Cubero, B. L. Friman, W.

Norenberg, G. Wolf, NPA 572 (1994) 112.

2021-5-11 Xin-Li Sheng, CCNU 25
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NJL self-energy

e NJL model as an example:

Lt = Y (ihy - 9, — m)i + Z Ga ¢Fa¢)
{1[4. r,,}’j'. ,}_,,u.‘ ,}57;1.. %0‘””}
d'py  d'pa  d'ps
3 = 4 21h) 46 —p -
(=.7) G“"Gb/ @yt k)t @ayt o7 O (PP =P pa)
Coupling X {'I\I' [FQG< ($:p3)FbG> (:E;pl)] FbG>($:p2)Fa
constants —IyG” (2,p1)LaG= (2, p3)Ts G~ (2, p2)Ty } X
S<(z,p) = X7[G” & G bare vertices
instead of full

XLS, N. Weickgenannt, E. Speranza, D. H.

vertices
Rischke, Q. Wang, e-Print: 2103.10636.

2021-5-11 Xin-Li Sheng, CCNU 26
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Component equations

: ih
e KB equation (fy g 57" Oy — m) G=(z,p) = Lon(z,p)
H 1 - b ) 5 _ 1 1 L
Decompose in terms of T°.. G=(z,p) = 5 (H4F+ P 4V + A+ 50! SW>
. o,
Real parts p"Vy — mF = ReTr (Icon) , Imaginary 3 OV, = ImTr (Leon)
h - arts , .
mP + 5 0 Ay = ReTr (i7" Leon) g P Ay =ImTr (—iv"Leon)
i’ h I
puF —mV, + g 7Sy = Re Tr (yuleon) P Sup+ 5 OupF = ImTr (yuleon)
1 } h h A o3 5
E Eﬂvaﬁpugﬂﬁ + WLAPL — 5 8Iﬂrp = ReTr (’}fﬁ’}fﬁfmu) , p‘LL‘P L E Z E,LLI/QIBdIS 7 =ImTr (ﬁ) ’Y‘u[coll) ;
h h no AL
E;waﬁ}’)a./d.ﬁ + WLS#U = %81[}11/’1,] = —ReTr (Upufcoll) s p[pvp] En § E;walﬁdm A‘j = —ImTr (O-m/[coll) ’

| J \ J

[ |
Source terms from interactions =l

Free case has been solved analytically in
J.-H. Gao, Z.-T. Liang, PRD 100 (2019) 5; N. Weickgenannt, XLS, E. Speranza, Q. Wang,
D. H. Rischke, PRD 100 (2019) 5; K. Hattori, Y. Hidaka, D.-L. Yang, PRD 100 (2019) 9.

2021-04-01 Xin-Li Sheng, CCNU 27
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Semi-classical expansion

« Semi-classical expansion:
Expand Wigner function and its kinetic equations in terms of /

Zeroth order: classical particles
Linear order: spin corrections

+ Validif  |my*0,,G<| < m|G<|

Compton wave length << wave length of macroscopic fluctuations;
Wigner function is slowly-varing in space-time.

Y% In absence of electromagnetic field, semi-classical expansion is
equivalent to gradient expansion.

¢ Zeroth order can contain classical spin degrees of freedom

D. Vasak, M. Gyulassy, H.T. Elze, Annals Phys. 173 (1987) 462.

2021-04-01 Xin-Li Sheng, CCNU 28
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Mass-shell & Boltzmann Egs.

* Mass-shell conditions

Interactions induce mass
(p* —m*)FO =0

corrections at first order

(p? — m2).7:(1) = 2m ReTr (Iéil)l)
(p* —m?) AP =0 / P, V., S, are
B~ m)AD = —e,0ap"ReTr (o_aﬁ Iéil)l) expressed in terms of 7, A,
e Constraint conditions XLS, N. Weickgenannt, E. Speranza, D. H.

. Rischke, Q. Wang, e-Print: 2103.10636.
PAD =0 prAD =TmTr (- 1G))

e Boltzmann equations
1
p- 0, FO = 2mImTr (Iéol)l)

p- 0, FD = 2mImTr (13)) +ReTr (v- 0,15}

coll

- 83;A£LO) = _Epvcxﬁpvlmn (Jaﬁléil)l)
p- 0, A} = —2p"TmTy ('}’51(531)1) — 2ImTr (7 -m%”éﬁ) — ReTr (758§I§i1)1)

2021-04-01 Xin-Li Sheng, CCNU 29
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* Wigner function can be separated into three parts

G<(z,p) = Gi(z,p)+ GS(x,p)+ Gog(x, p)

G;fc(a:: p) = %(’T -p+m)(Fye +7°7 - Aqe) Quasi-classical contribution
On- 771
shell | _ ik i _

GS(z,p) = T Y, 2G5 (x,p)] + O(coupling constant)

Gradient and collision contributions contribution of collisions,
depends on [
1 A
Giplr,p) = (Pt m)(For +977 - Ao)  Off-shell contribution

In the Kadanoff-Baym equation, off-shell part of Wigner function
cancels with off-shell part of collision term.

XLS, N. Weickgenannt, E. Speranza, D. H. Rischke, Q. Wang, e-Print: 2103.10636.

2021-04-01 Xin-Li Sheng, CCNU 30
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® Quasi-classical part takes the same form as that in absence of
interactions. It can be expressed in terms of free-streaming wave

functions 2x2
.. Hemitian
Goeapl®,p) = —2mh6(p* —m?)0(po) Y tr.a(p)ils 5(p ) f ) (z, ) matrix

—27!'5(5(}02 — mg)ﬂ(—po) ZUS a(p)vs' ﬁ( ) [ fss' ( )]

. = = _
e Scalar and axial-vector components " = (Ep, —P)
_number density

Fac(@,p) = —Erﬁ% {a‘(nu ~ E,)tr [f[H(.r. p)} +8(po + Ep) tr [ff—)(.r.m - 1] } + O,

D

p

Alto(,p) = —2mh— {3(po - E)t |2 ) (z,p)| + 8(po + Ep)tr |n(5) ) (@, )| }+ 0(r%),

spin density

W (i" P,y —Pp) (0,0) in rest frame
m m(E, +m) _ _
o are Pauli matrices
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Boltzmann equations

e Boltzmann equation for particle number density

E o0
p - Optr [f(—’_)(ﬂi‘,p)] = f’fm / dpo [2mIm Tr(I.on) + Re Tr(y - Opleon )]
0

0
~~~~~~ O(0:)

takes out particle contributions and
drops antiparticle contributions

. 10
Lo = —5 [£(2,p)G” (2,p) = £ (2. p)G<(.p)]

ﬁ2
4

Gz, p) = G (z,p) + G (z.p) Off-shell part of Wigner
O(1) ©(9,) function does not contribute

{Z<(z,p),G” (z,p) } py — {Z7 (2,0), G (2,p) } .5 O(0,)

[p ' 833131‘ lf(—'_)(map)] = Cﬁscalar (Ico]],qc) + Cgscalar (Icoll.JV) n Cﬁscalar(fco]],PB) L Cgsca]ar(ax-[coll)J

o) | O(La.) |
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Boltzmann equations

e Boltzmann equations for spin density

E oo
27rf:m /0 dpo [e”mﬁpUIm Tr(0aplcon) + Re Tr(’y58§;[coll)]

Spin polarization
density in lab frame

p- O tr ln(““f(ﬂ(a:,p)]

= Choi(leolqe) + Cho(Teott,v) + Choy(Leot,pB) + Gy (Ozlcon)

p

\ J

O(1) |
O(0:)
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Center of energy (mass)

: . . h
¢ Heisenberg uncertainty principle Op0p 2> 5
e Center of energy (dynamical mass, or inertia) A. D. Fokker, Relativiteitstheorie, P.
Noordhoff, Groningen, 1929.
1
Iz == 3 w00 M. Born and L. Infeld, Proc. Roy.
(#%) g = po | ¢ xz"T () Soc. Lond. A 150, n0.869, 141-166
(1935).

Total ener _ 3 0 M.H.L. Pryce, Proc. Roy. Soc.
9Y pr= [dT"@) | ond. A195, 62 (1948)

e Center of mass e
Rest frame means vanishing

1L B v spatial components of total
center of energy Prist - (Ma 0,0, 0)

in rest frame

P* = A% P

rest

® (Center of mass is a manifest Lorentz vector, but center of energy
Is not a Lorentz vector.
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Center of energy (mass)

¢ Relation between center of energy (mass) and matrix-valued
distribution

: : tr[o £ (z,p)
f &’x f do’p (X M 2'”'fEbp x tl['[ffﬂ(.z:.p)]]) Eptr [f(—l—) (Tp)}

(g = [ dx [ dp Eptr [f)(z,p)]
) B [d&3x [ dpxtr[fF)(z,p)]
Mo [d3x [d3ptr [f(D)(x,p)]

¢ Physical meaning

tr [f) (2, p)] is number density of particles at time ¢

. with mass center located at x- S
tr|or T,p
tr[f(+) (z,p))

and energy center located at x + ;—=p x

Pt Pt Pt Pt Pt Pt P P

Average polarization
in rest frame
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Center of energy (mass)

e Distance between
energy center and mass
center

1
2mkE,

<X>E - <X>ﬂ.-j — pxXn
e Side-jump in chiral kinetic
theory

<'/E'u>1 o A#I/ <'TV>2

J.-Y. Chen, D. T. Son, M. A. Stephanov,
H.-U. Yee, Y. Yin, PRL 113 (2014) 18,
182302.

J.-Y. Chen, D. T. Son, M. A.
Stephanov, PRL 115 (2015) 2, 021601.

Y. Hidaka, S. Pu, D.-L. Yang, PRD 95
(2017) 9, 091901.
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* Transverse charge densities for a
proton polarized along x-axis.
Proton is moving along z-axis.

by Lfm]

e Center of energy
x  Center of mass

by [fm]

=15 -1

-0.5 0 0.5 1 1.5

C. E. Carlson, M. Vanderhaeghen,
PRL 100 (2008) 032004.
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Microscopic description FroFE X

p-dstr [fP(a,p)| =

— EH  (Lcollqe) + ngol([coll,V) + ‘(a"lfol(Ico]],PB) -l- ‘%";01(8&00]1)

|

’ ,’
N N

7 _______ 7 \____/ ______ s,

Interactions can
modify full propagator
and distribution
functions

XLS, Y.-C. Liu, ...,
in preparation

e Center of energy
x  Center of mass
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Summary

« Derived Boltzmann equations for particle number density and spin
density, respectively.

 All first order terms in space-time gradient are included.

» Microscopic descriptions are given for collision terms in Boltzmann
equations.

« Transform between orbital angular momentum and spin happens
at first order in spatial gradient.
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Outlook

* Numerical simulating evolution of spin?

» Kinetic theory for polarized bosons and collisions between
polarized fermions and bosons?

* Angular momentum conservation?
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Thanks for your attention !
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