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global polarization

L 1aF : : : _
S — Spin polarlzatlon vector:
| f 10 - gz AMPT ]
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Local polarization

Thermal vorticity:

SH (p) = —LE”PU’FPT Js A% -pnr(l—nr)@m, _ 1
“ jédz-pnp ’

8m

Thermal shear:

A : —np)i 1 .
S (p) = _ L wporprp” J5 4B pnp( = nr)pEon &uv = 5 (Ouby +0,6,) . Non-equilibrium effect
dm € jng-pnF
x1073
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Spin alignment for S=1 particle
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Taken from report of A.H. Tang, Spin2023 STAR Nature 614 (2023) 7947, 244-248
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Potential sources for ® meson

Physics Mechanisms (poo) 1
ca: Quark coalescence <1/3 Poo — =~ Cy + Ce + Cp + C¢ + .-
vorticity & magnetic field('l (Negative ~ 10-3) 3
ce: Vorticity tensort1] <13 [1]. Liang et., al., Phys. Lett. B 629, (2005);
(Negative ~ 10+ Yang et., al., Phys. Rev. C 97, 034917 (2018):
- Xia et., al., Phys. Lett. B 817, 136325 (2021);
ce: Electric field(l (Positive ~ 109) Beccattini et., al., Phys. Rev. C 88, 034905 (2013)
[2]. Sheng et., al., Phys. Rev. D 101, 096005 (2020);
Fragmentationt =or, < 1/3 Yang et., al., Phys. Rev. C 97, 034917 (2018)
(~ 109 [3]. Liang et., al., Phys. Lett. B 629, (2005)
[4]. Xia et., al., Phys. Lett. B 817, 136325 (2021);
Local spin alignmentand | __ ., Guo, Phys. Rev. D 104, 076016 (2021)
Lesiins [5]. Muller et., al., Phys. Rev. D 105, L011901 (2022)
[6]. Sheng et., al., Phys. Rev. D 101, 096005 (2020);
Turbulent color field®! <1/3 Sheng et., al., Phys. Rev. D 102, 056013 (2020)
ce: Vector meson strong E’;::?accnmc .
force field large positive signal) Taken from report of Subhash Singha, QM 2022
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Spin alignment for J/

Phys.Rev.Lett. 131 (2023) 4, 042303
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Spin alignment for p

Experimental result: Prediction from spin Boltzmann
equation with local collision term:

x10°
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Taken from Phys.Rev.C 110 (2024) 2, 024905
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spin alignment in thermal media

mesons interact Different spectra
with media ‘ (T and L mode)

Take p meson as example 1

Global spin Different coupling
i alignment - with sheatrr,
Os @D s Ou O ©d 8 d . .
vorticity...

Related paper: = Wen-Bo Dong et al. Phys.Rev.D 109 (2024) 5, 056025
 Feng Lietal. arXiv:2206.11890
« Zhong-Yuan Sun et al. arXiv:2503.13408
« Xin-Nan Zhu et al. arXiv: 2503.23919
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Schwinger-Keldysh contour

to t,
@ ¥

Z|J]] =Tr {Tp exp [i f](x)q')(x)dx] p]
P
(—=i)%6%1n(2)

—N

Two-point function: to t, t Glxxp) =

6] (x1)6] (x2)
G (xq, %) = GF(xq, %) =< Tp(x)Pp(x3) >
G (x1,%2) = G=(xq,%2) =< p(x)Pp(x2) >
G~ (x1,xp) = G?(xpxz) =< Q_b(xz)Qb(xﬂ >
G~ (x1, %) = G (g, x3) =< Tp(x)p(x3) >
Physical representation: 3 components independent

GA(X1»x2) = GF(X1»x2) — G>(x1,x2)
GR(x1,%2) = GF(xq,x7) — Gf(xpxz)
GC(xq,%5) = GF (x1,2x2) + GF (x4, x3)

Choose G4, GE, G= as variables
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Dyson equation vs. KB equation

KB equation: (A% B)¥(x1,x2) = [ dyA, (x1,y)BPY (¥, x2)
(02, +m?)g? — 0y, 05, | G5 Cxy, x2)
= ih(ZF * G (xy,x5) — (2<% GF)" (xy, 1)

Under Wigner transformation, KB equation — Boltzmann equation (equation of motion)
Widely used in spin transport theory(1902.06513, 2103.10636, 2206.05868...)

Dyson equation:
G:)/R(prz) = foéo(xpxz) + (GX/R * LA/R * GA/R)W(Xsz)
G2 (x1,%7) = Giw'o(xpxz) + (GR * Zg * G<)W(x1»x2) *
+(G£ * Lok GA)W(Xsz) + (G2 x 2y * GM (x4, %)

1.Equation of state, solvable
2.R/A-component equations are independent with “<* component.
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Wigner transformation

Wigner transformation:

0(X,p) = J dye® 0(X,y) = [ dye?0(= +x2,x1 — x;)
Wigner function:
(6 ) = ( v _P“P") ! A
R/A,0\A D g mZ | p? —m2 + ipYe

GEL (X, p) = 2m8(p? — m?)0(—p°)e; (A1, —p)ey, (A2, —p)
+0 ()€, (A1, p)es (A2, )y 10 (X, D)
N +0(=p*)en(y, =P)ey Ao, —p)fi s, (X, —p)

e (\p) = [ B € T+ P €x p Matrix-valued spin dependent
| VP’ VP2 (0 + V) distribution(MVSD)
Ghrao X, 0)~0(g°0%), GLy(X,p)~0(g%) = 0(g°d°) +0(g°d") + -
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Leading order DSE

0(0°): Spatial gradient expansion = i expansion
/G}é‘, L (X, p) = Gy (X, p) + Gp7 (X, P)Z55 (X, p)GRYL (X, p) \
= Ar|Gr 0l + BLo (X, P)GRL(X, p) (1)

GEL(X,p) = G ,(X,p) + G’ o (X, p)Z55 (X, p)GSY (X, p)
+GE (X, p)Zoy (X, p)GIL(X,p) + G’ o (X, D25y (X, p)GZY.(X, )

= A2 614, 34", 6L, | + BE (X, p)GZL(X, p) 2) y

\_

A"V Iindependent with variable. . A
B*V: same for two identities. Solution: G 1-B
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0(0Y):

Next-to-Leading order DSE

\

GENM (X,p) = G{flf})( X,p) S5P7 (X, p) GRL (X,p)] Selfenergycorr@
(1 - )
+§ G (X,p), B{7 (X, p) GEE (X, p) |
P-B-1 Poisson
R,L | R,po (v A
GWJ (X.p) 2077 (X.p), GEF (Xop)],

+GE (X, p) 177 (X, p)GENE (X, p)

On

bracket

= ANV [GRL, GrL, 5, 28] + BY? (X, p)GENE (X, p/

ARL: Poisson bracket + self energy correction

A

|

Wigner transformation

|

[A, B]P.B. — aanpB - apAaxB

Non-trivial distribution
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0(0Y):

Next-to-Leading order DSE

Gt (X,p) =

(13

Non-trivial
distribution

BL’J (X’p)G<1NL (X p) + A\<\L ,(w[(;f/l]l GJ\?I/_,l o ]
GRL (X,p) S0 (X, p)GaN" (X, p)

O,pp

(\;RL(

70 .“P

+G (X, p) Eai (X,p) GF (X, p)
>+(" 0. (X, D) E< L7 (X, p) GH (X, p)

D) It (X, p) GSE (X, p)

ar

Self energy correction

NL
+(Tf;m (X

X,p) i (X, p) GAE (X, p)+G5 - (X, p) 277 (X, p) GAE (X, p)

T0,p1p

+00 P (

X,p) 5577 (X,p) G5 (X, p)+Gayy,, (X p) B (X, p) G (X, p)

ov T0,up

_a_
e

70, ,up

(‘v<L

T0,1p

(wRL

0, 1o

E
3
E‘
T3
7

70, 1p

CRL (X, p) _Eﬂ’ P7(X,p), Gt (X,p)}

+ Cﬂ MO (X p) _Ei}.pd (X"p) (Ic}r/L (X p)}

\c*ﬁ:; (X.p) [SE7° (X.p), GAL (X, p)], y

L (X,p), D7 (X,p) G- (X.m)]
1P.B.

(X,p), 207 (X, p) G5E (X, p)
41 P.B.

(X.p), S5 (X.p) GAL (X.p)|

avr

1PB.

P.B.

P.B.

Poisson bracket
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Self energy

p — m interaction(example):

L = Liin +19pn (8ﬂ7r+7r_ — 7r+8ﬂ7r_) P+ gg,ﬁﬁ_FW_py,p“,

’ —<.‘
¢
----- >-.".~ ’ Y
Xo,e : ' L1 ' !
. '
)8‘0 RS ‘. ,"
oo .* >———rpi—
.."-<--‘. 331’ «

4 N

TP (2,25) = g2 [agls(:cl,xg)agm(xg,xl)+8gls(x2,x1)8525(a:1,x2)}

—gfm { [6‘;18;28 (581,1172)] S (xo,x1) + {8;’";18;25 (:Eg,zcl)] 9 (3:13332)}
+2ig% gapS (21, 22) 8 (x1 — 22)

- )
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Self energy

0 v
0(0") (Aﬁw — g _ p’ug A
74 74 74 p
Y (Xop) = —ASL (p%uep, B7) = ASr (b u-p, B°) i ARPAYTuu,
XL (X p) = — AT (pz,u ., 52) — A'YS (pz,u-p, 52) L APy,
AL = AP — AP
0(0"): S <
Sop = 0XBsEr (PP u-p,B%) 40X Bpusp” B (pP,u - p, )
+0X B ugu’ Es (p*,u-p, B?) — (o & (" )
Bous 3(p P, ) ( b) Z(xl,x2)~0x15(x1,x2)6x25(x2,xl)
+Pa,s Proportional terms, 0(0Y):
SRas = OXBsF (0% u-p B) + 0L Bpuap Fa (0% uep B) P gt
05 Bpupu”Fs (p°,u - p, f7) — (> ) {S(X, P)~fr (X, p) + fi (X, p)
+pq.p proportional terms. \- i T J
eﬁ(X)‘P — 1
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0(09):

Solutions(l)

i Y A+ i BT

a=1T,L

= ) ALpapsEe

a=T,L

pr'p” A

p*m vV 5 B 1
L/T = :
/ pQ—m%,—zEL/T

J

specific relation for p — m interaction:

.

YT =2npRe (

1
Pa

iy

/E;LI/L ()(7 p) — eﬁp-uEiUL (ij) ’

~

YL YL =Yg — X)L = 2Re (Z%VL)

/

pr,r: function of p?,u - p, B*

‘ G;;,L = 2np Z A%, Re (ip,)

a=T,L

Fluctuation-dissipative theorem

Wen-Bo Dong
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Solutions(l1l)

0(0Y): GINL (X, p) =|GEE (X, p) S (X, p) GEY (X, p)

. pOi o g
gt Gl (Xp) 0% [9 (X.p) G

1 p o
+§ m2 (pzlu_ mg) apX [EpR,L (X,p) fo/L (X: p)]

[ -
(50551‘ (X, p) [E??,,L (X.p).Gqy (X, p)]P-B- ) Self energy
- correction
PbOIST(on G (X, p) G (X, p) SR (X, p) GEE (X, p) 557 (X, p) GAF (X, p) \/
racket +GEN (X, p) 5577 (X, p) G2 (X, p)
+GEL (X, p) S5 (X, p) GEL (X, p) 247 (X, p) GAE (X, p)
; [ —1.p0
_§G§;;L (Xap) |:GR,II_’:O (Xap):'G;r;L (X?p)]P.B. \
Non-dissipative i[G< (X.p).Gob% (X )] GAL (X.p)
distribution g [TLwa P EAL AP g Hov WP

; . 7 [ —1,a0
(no contribution \EQG&L (X,p) GT, ga (X, p) _Gafﬁpﬁ (X.p),Gax (X?p)] L G (Xp) p

to spin alignment!) Pp/» PrOportional terms.
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MVSD

No-interaction case:
GEo(X,p) = 2n8(p? — m*)0(—p®e, (A1, —p)ey (A2, —p)
+0 ()€, (A, p)es (A2, DI Sy 5 (X, D)
+0(-p”)en (M1, —p)ey (Ao, —D) i3 (X, —P)
f;’&? (z,p) = €,, (A1,p) G (%, p) € (A2, p) ,

Assuming this relation works for interaction case

o, (@p) = €, (A,p) G2 (z,p) e, (A2, D)
. t , J dpopoes;, (0,p) GL7 o (%, p) €, (0, p)
In alighment. —
bin &9 o Ya =0+ | dpopoes, (A1, p) G (%, ) € (A1, D)
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P00 (fCaP) 3

Rearrange
particle number correction

Spin alignment

(
dp
21

0
dp® 0 [

V,L
00

—ire ()]

\.

MPOTT (f;?/\z)

Pure interaction effect

J

ff

{ V.NL lTr (f)ZI;JL

~N

)|

0
207 (1130)

dp”
27

pOT'r (f,xl)\Q)
p’ [

V,L
00

- 370 (45,

\f

pTr (f/\l)\z)

[ 3=

T (R)

_ 77 X (pr) + W Ypo] + 0°BoZ,, |

5p8%,X,Y,Z: relate with T — L,
whenT =L or g — 0, vanish

XEpcr) = X(po) T N(pUo)
[;a} = Y{po] + N[pUo]
Z:; =2y, —Np,

Wen-Bo Dong
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Flow rest frame

Choice:
m, = 770MeV, m, = 140MeV, g, = 6.067, T = 120MeV,

u=(1,0)and Z° =0

0.04f o) - parallel: (py, 0, |p|, 0)
Poo | transverse: (py, 0,0, [p])
general: (p,y, 0,0.8|p|, 0.6|p|)
0.00F
—— frAHSVErSE |
parallel No global spin alignment at 0(0°)
-0.04F general il
1 . i . 1 . 1 . L 2
04 06 08 10 12 AL ebet + % = % -~ p—yg.
Ipl(GeV) |
Tr (fff;ﬁ;) = 2np [3Im (pr) +Im (pz, — p7)]; /
2 dp” 1 y . .
5P(()%) - = / o p’ (g + ESEDAﬁu) ngIm (p1, — pr)-

dpO VL
f %pUT?" (f)\l)\z)

Wen-Bo Dong New formalism for spin alighment

23/27



Coefficient to thermal shear

0.2k {1 02F
xOO xﬂ?.
0.1F 4 01f
0.0F 4 00F
-0.1pF 4 -0.1F
0.4 0.6 0.8 1.0 1.2 0.4 0.6 0.8 1.0 1.2
0.2k 22 {1 02 23
0.1F {1 0.1F
D_O = - 0_0. - e O O W O O O O O O e O e e .
—O»‘] - - _041 -
1 1 5 (1 A L i 1 A L A 1 A 1 1 L
0.4 0.6 0.8 1.0 1.2 0.4 0.6 0.8 1.0 1.2
Ipl(GeV) Ipl(GeV)
par __ tran ybar _ tran ybpar _ tran y
XOO _ 2XOO 02 T 2XOS 14222 T 2X33 :X 0.1

0.2

0.1

0.0

0.2

0.1

0.0

x33 — [T ANSVETSE

parallel

general

1 M 1 A 1 M L i L

04 0.6 0.8 1.0 1.2
Ipl(GeV)

Inhomogeneous ¢, induce
global spin alignment
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Coefficient to thermal vorticity

0.04} 4 oo4} 4 o004}
YDZ 4 Y03 ! Y23
0.02} 4 o002} { o002}
0.00} 4 o.00} { o.00f
— (1 AISVEFSE 1 \ .
-0.02} i 4 -0.02} 4 -0.02}
parallel
-0.04} general 1 _0.04} { -0.04}
..............................
04 06 08 10 12 04 06 08 10 12 04 06 08 10 12
IpI(GeV) Ipl(GeV) Ipl(GeV)
yPar _ _oytran y._.0 01 Inhomogeneous wy,, induce
02 03 .

global spin alignment

To induce a global spin alignment at 0(91):

Interaction(deviation between T and L) + inhomogeneous ¢, or wy,,
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Summary

1. We present a new formalism to calculate the spin polarization
phenomena based on DSE on CTP contour. It can introduce the effect of
Interaction or the off-shell correction.

2. We apply this formalism to the p meson’s spin alignment in a pion gas.
Coupling between the thermal shear/vorticity and spectral difference
Induce the global spin alignment.

3. We study the self energy correction at 0(d') and it gives a non-trivial
contribution to the spin alignment.

Wen-Bo Dong New formalism for spin alignment 26/27



Outlook

1. Spin-1/2 particle has a non-dissipative distribution at 0(91), it will
contribute to 0(91) self energy. For other vector mesons (i.e. J/¥, D),
this effect may be important.

2. We can solve the spin-1/2 DSE on CTP and study the relation
between quark’s polarization and its spectral function.

3. Other 0(0") effects(d, us, 0, 1s)

4. Particle number correction contains #Vp,p,ng(1 + ng)p,Im(p,), at

fixed p#, increasing |p|, ratio between NL with L larger than 1, spatial
gradient fails (general question for spatial gradient!)
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Thanks for your time
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