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Polarized Nucleons
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Polarized Proton

PR, SR SR SR, SO B O O A S RS, B

Proton has spin-1/2... that means:

¢ e

[Wikipedia]

Jaffe-Manohar decomposition
~30%  ~40%

1 1
—=—AX+AG+L!
2 2

+ L8

can can

based on the canonical EMT
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Polarized Proton

BRGNS 0GR SN, i RGN, i RGN,

(0, s'| T () |p, 5)
AMPAY — g,LLI/A2
AM

Puigv)e Ap

A(t)yHPY) + B(t) + D(t)

= a5

| |
J(0) = 5 [A(O) -+ B(O)] = 5 in J1’s decomposition

W,/ [T (@) |p,s) = S A (/| (2) | s)
p[uia'/]pAp
2M

= a(p,s") |G(t) u(p, s) PP cf. spin hydrodynamics

Spin form factor only in the canonical decomposition
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Polarized Proton

BRGNS 0GR SN, i RGN, i RGN,

%, 1
g L OVAY — g L4 = —F',0"AY + n g F Fop

T —
A,can a(aﬂ Aa)

0L _ i,
Hy A PN /2% — iR A, — oMYy (7% —

. . A
Belinfante improved form ngl =TI + O\K BZ{’
Kg’é‘l" = —FHAY 4 %gﬁ(—isﬂ“”p%yp + 2gHY yt — 2g/b’)/'“)tﬁ
~ — 1
Type = ~FaF" =gy eA’y + 2 ¢ FF Fop

THY gﬁiy“?vcﬁ + lg,uvﬂpa (lp W)
:,b,Bel 4 A )/SYP
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Polarized Proton

BN N R, BN NP Y AR, N NS SRR, R

Analyzing the pseudogauge problem with gluons is
technically complicated (with subtlety of gauge
invariance).

Quark sector is better defined, but less nontrivial...

What if... we have a theory described by pions (ChEFT)
with vector mesons ? — pseudogauge problem!

Adking-Nappi (1984)
Igarashi-Johmura-Kobayashi-Otsu-Sato-Sawada (1985)
Meissner-Kaiser-Wirzba-Weise (1986)
Meissner-Kaiser-Weise (1987)

No need to introduce an ad-hoc Skyrme term but the
WZW term makes the solitonic baryon stable!
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Polarized Proton

PR O N RS BT, O S T, A O B B

Fukushima-Uji (2026)
[Vectorized Skyrme Model]

Spin quantization axis

Distribution on
the x-y plane

Distribution on
the x-z plane
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Polarized Proton

G ot GO OGO G RGO SN R n gt OGNt Gt G RGN, NN

Fukushima-Uji (2026) [ ~036 S, 6 ~0.14

“Canonical” total angular momentum distribution

J5,, [fin=] 075 J%,, [fn=] 075
-0.60 0.60
045 0.45
&
N
0.30 0.30
0.15 0.15
—0.5 0.0 0.5 0.00 —0.5 0.0 0.5 0.00

x [fm] x [fm]

OAM suppressed at the center naturally... but...?
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Polarized Proton
AR WO R g R R OGP WO SRR R SN S

1
Fukushima-Uji (2026) Lpy = Jge = 5

“Belinfante” total angular momentum distribution

JBel [fm Jge [ fm
0.45 0.45
0.5 0.5
_ 0.30 0.30
E 0.0 E 00
>
-0.5 015 o5 0.15
0. 0. . 0. 0.00

0.00
X [fm X [fm]

Why the “total” AM has a hole at the center? Puzzling...
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Polarized Proton

G ot GO OGO G RGO SN R n gt OGNt Gt G RGN, NN

Jig [fim=]

0.45 ° .
Has something to do with
(14 2 2
.  the “rotation controversy” ?
T
0.15 Braguta-Chernodub-Roenko (2023)
T/T =0.95, v?=0.04 T/Tx =095, v2=0.12 '( T/T.o = 0.95, v2=0.24 - T/T =095, v?=0.48
: S — 0.4
10
0.00 ' 1 0.3
2Scan 0.1
— 10
25Bel 0.0
%= %0.25 | u
‘% 5 X ! !
<) = 000EE 0 10 —10 0 10 100 010
S~ @ (fm) x (fm) x (fm)

%.;) 05 1.0 15 Larger AM denSity

N ~ Stronger confining (shear) force?
Fukushima-Uji (2025)
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Polarized Proton

St iR .m-.!mé* Lt

Jia [ [fm~—3
0.45
0.5
— 0.30
£ 00
>
—05 0.15
-0.5 0.5 0.00
x [fm]

Rotation seems to have

no direct coupling to
spin at the center ?

Spin is eaten by many
body interactions ??

: ::'-)""’3}*3:'

g%y Wyt

Has something to do with
the “rotation controversy” ?

S NS SRS R

Braguta-Chernodub-Roenko (2023)

1.00F__ “'
EEEiEi%gk‘i;%ES .Eg"-ﬂ—aﬂm-ﬁ-m EEEm
ii x*ﬁ:‘;d v S
i\{%{i\gﬁ\%}‘ t:‘::{! ®o0g
0.95¢ §~§‘§ ¥ g\g\ is\z& ¥ .
. \i\ \‘ﬁ;ﬁ:ﬂi\ ii x ¥
530 %1812 B mli® 2 .
R L L
; 1.00F T(g v1)/Teo \m\'m.h\'m. %, m T
= 0.9 ety 3 " ta g@ 3
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; : L confinement §
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r/R
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Polarized Proton

ARt e G BRGNP 0GRt N 0GR R R e

1.0
[ ) [N ]
Fukushima-Uji (2026) T
084 9~ Bel
0 ~
0.61
2 IS
041 I
S/ —21 ,//',/ 0.21
3 090 02 0.4 0.6 0.8 1.0
/ — Dcan —t [GeV?]
,'I _____ DBel
~bo 02 0.4 0.6 08 1.0
—1[GeV?]

Form factors have milder
dependence on pseudogauge

except for the D-term...

Is this really physical?

See a recent work by Ji-Yang (2025)

J(#) and G(¥)

May 12, 2026 @ Hefei, China 12



No

Ideas...

B BT, WG R  OGSR RGP g e W T N RS RSP e

y [fm]

Fukushima-Uji (2026)

0.5

0.0

—0.5;

Nonzero spin boost
charge density inside

Sean [fM™] the polarized nucleon.
N A A A4 cf. ST =0
XX R AAAAAA 0.4
XRXRXRAAALAALAAAS
S RRRXRRAAALAAAA T e
CNRNKAA A A AT Jd3xLOOZ give the center
CENCXRXRKXKRAA A T ¥y
o S S N SIS A ¥y ryryryzrr . OO
IDDDDDTESGGGEe of energy weighted by 7.
PN EEE TS 0.2
A& KK ¥ P YL A
LEFFF TN Makes contrast to the
KK F PV VYN . .
AR RN 3dof spin hydrodynamics?
. . . Fang-Fukushima-Pu-Wang (2025)
—-0.5 0.0 0.5 —0.0
x [fm]
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Some New Ideas...

S SR SN Y 5 SN S O TS R R SR T S T S

Fukushima-Uji (2026) coming soon!

0 [fm™*] 004 Such a model is so useful
for thinking experiments...
1.0
-0.02
0.5 Topological dipole is
E 0.0 000 1nduced by polarization!
~0.5
~1.0- CME or CVE counterpart
| | 004 At the nucleon level may be
IR [?m] detectable at EIC.
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Polarized Matter
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Local Polarization Sign Problem

G ot GO OGO G RGO SN R n gt OGNt Gt G RGN, NN

Becattini-Buzzegoli-Palermo-Inghirami-Karpenko (2021)

P*(¢ — Ugrp)

><10 3
= \ Shear Importance of shear discussed by:
v Liu-Yin (2021)
Fu-Llu-Pang-Song-Ym (2021)
4 ‘P (1/1000) _ 1
A A hypero/n/ N .-
ne w A kA STAR\ :_’/ 0l e
VOFthltyA A, STAR ™. L\ “7’
0 2r .
7r/2 T N _ <
¢ — Wrp [ - '
4 ——Total - - ;WO shear |
. 0 1 2 3
Why such nearly cancellation o, [rad]

seen between vorticity and shear?
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Anisotropic Gubser Flow

AR WO R g R R OGP WO SRR R SN S

Bjorken flow: 1D conformal sol.
Infinite homogeneous 1n transverse

Gubser flow: 1+1D conformal sol.
Transversely localized and expanding
No elliptic anisotropy

1t

Anisotropic Gubser flow:
Ellipticity introduced perturbatively

-
=

T
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Anisotropic Gubser Flow

SRt e i g, OGN, BN NP ih g N, RN, BN S SN

0020 N\ — ldeal || Hatta-Noronha-Torrieri-Xiao (2014)
T Hatta-Monnai-Xiao (2015)
£ 0.010 e — 8(1 + €,A cos ngb)
0.005 u, — u, +e¢,Bcosng
0.000
23 45 6 7 8 4, Bdetermined by (viscous)
Higher harmonics from hydrodynamical equations

anisotropic Gubser flow

Let us follow this prescription with dominant
perturbation at n=2 and small correction at n=3.
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Local Polarization

ERugih,, OPrs,, TP, WO, ORGP O, TR, R R, O, WP

Cao-Fukushima-Pu-Wang (2026) coming soon!

[ T T T T T LI 40F T T T T T T=
8l (a) FLPSY, &=0, £3=0.01, m = 1116 MeV i (b) FLPSY, £,=0, £3=0.01, m = 300 MeV
I 20 7~ ~N
‘_—--.~~ / \
< < -
) )
< AV || (LI L LI LLLT LT TTTTTT TS TP TPITPPITPPPTPPPIPPRS
73 7
[ \ / =
-20F \\ v -
N
— — Vorticity ===== Shear Total
1 -40E 1 1 1 1 1 L=
0 2 4 6 0 2 4
3¢p 3¢P
. T T T T T T [ T T T T T T
(c) BBPIK, £,=0, £3=0.01, m = 1116 MeV gk (d) SBR, &,=0, £5=0.01, m = 1116 MeV i
T e ' T TN
~N AN /
N N\ -
NN 7/
by KN \ -
- \/ \
Nx ‘\ 4
) / " e
/ AN /' -
X s ’
~‘~-—" -8 ~N e / * ‘--—"’ i
6 —— Vorticity =====- Shear Total | — — Vorticity ===== Shear Total
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Local Polarization

B g Rt PGt PGt g g ey IRe e IReR ey NGt N0

Spin polarization from the thermal vorticity

—1
() — pvpo
St (p) = SN () /zf[dZ]E P po

[d¥X] =dX -pnp(l —np)

Spin polarization from the thermal shear

—1 N
SE®) = [ sty
2 f

~ 4mN (p) DN

FLPSY: n* « u*
BBPIK: n* « (1,0,0,0) in (¢, x, y, z) dropping 0*f
SBR: n* L 2 [n* o 0"p for isothermal 2. ]

Sheng-Becattini-Roselli (2025)
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Local Polarization

B BT, WG R  OGSR RGP g e W T N RS RSP e

v

1
‘f,LLI/ — f/ﬁ — 55(8,uu1/ - ayu,u)

1
BBPIK w'uy — wK — —55(@Mu1/ _ a,/u,u)

With anisotropic Gubser flow giving T(p):

1
s = — 5 Optto — Otg) — 3 (150,5 — 1,0, )
~ —B(0pus — Osu,) + (higher order)

T-gradient not negligible but simply doubled.
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Local Polarization

G ot GO OGO G RGO SN R n gt OGNt Gt G RGN, NN
* * * *

BBPIK Perturbed Gubser flow
has no non-accel. terms.

N Iiptic fl

3l =y il K e

cFVPo Z;l/ng p)\fg — prg — pygg@ Only remaining parts
Accelerations dyu, , 0,u, exactly cancel out!

SBR

Choice of n* « 0"f makes cancellation between
the T-gradient terms of @, and £ justifying

the BBPIK replacement. Why no remaining parts???
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Local Polarization

AR WO R g R R OGP WO SRR R SN S

<= To reproduce the sign

inverted behavior,
small and positive
would be preferable.

Anisotropic Gubser flow
is a (over)simplified model
but seems to grasp the
nature of previous studies.

Cao-Fukushima-Pu-Wang (2026) coming soon!
O T T T
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- \~ -
b — — ~
P S N (@) S@),a/Sw).¢
& °r N
2) L SO,
\B.—3-_ \\~\\ —
S [ NI
& | Ng
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- 3 \~\
- s
-5F S _
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o+t b | ::\:z:‘::
_1‘—.‘“.-— ':"N --------------------------- _-
=~ Js ]
«_of ~al (B) Si)elSea).
D | --- FLPSY,m=300MeV g ;
B -3 AU 3
= ~°F —— FLPSY, m = 1116 MeV en :
5 e ]
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[ —— BBPIK, m = 1116 MeV :
_5:- -=-= SBR, m =300 MeV or 1116 MeV _
o U (T S TR R RN U U ST RN T ST N N
0 1 2 3 4 5
pr (GeV)
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Summary

Wi g g, N, RGN, SR SR g SN, N, bR, S0

I Our theory technologies can be applied to the spin
polarization problem of nucleons and the GPD
(moments) measurable at EIC.

I Spin-related observables are calculable in
hadronic models and in lattice-QCD simulations,
including topological contents inside the nucleons.

} Simple analytical modeling is useful to understand
physical mechanisms underlying the local spin
polarization phenomena. Anisotropic Gubser flow
gives an intuitive insight!
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