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GFFs and EMT

Spatial component of the matrix element of GFFs : D(t)

®Spatial components of EMT — Stress tensor

Energy density Momentum denSity

Stress tensor = Momentum flux

= energy flux

Shear force

s(r)

Pressure
p(r)

T —

® Matrix elements of EMT for Pion (spin-0) — GFFs: A(t) and D(t)

Spin indices

<na§> \ Tﬂ”(x)Lnb<pl>> = 5

Pion states
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Confinement and Stabilizing Pressure of hadrons

~Nonperturbative origin of confinement via pressure~

© Pressure inside proton [V. D. Burkert et al. Nature 557 (2018)]

—— Pushes quarks and gluons
outwards from the proton

15

LR Wi

Repulsive

pressure

» Proton

Confine quarks and gluons
Inside the proton

0K 7 \/
Confining
What is the relation between the confining (negative)
” - pressure and the non-perturbative properties ?

0 02 04 06 08 1.0
—Focus on the Scale anomaly
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Scale-anomaly-induced confining pressure

~The trace-traceless decomp. of EMT and the role of scale anomaly~

© Decomposition of the EMT

I, = |\T + |71
U U U
H //\\’u //\\ H (Our approach)

(Traceless part 1 | (Trace part

— 4 —og TP

iZhv é1éhu;T1P éﬁuézvej
Scale Z:c‘race) anomaly
7 The Kinetic and potential energy > The quark mass and scale anomaly

of quark and gluon

Dynamical energy part| | Scale anomaly part

_ X:D.ﬁ,PRL(1995)
Z Pioneering work: Previous study have elucidated the contribution of the

Scale anomaly to the Hadron mass based on above decomp. of EMT
2 This work: Using this, we clarify the role of the Scale anomaly in the
Stress distributions in hadron
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GFFs and stress distribution for pions from SS model
~We can evaluate the QCD operator from the bulk gravity theory

® QCD (+¢ direction) @ The system of D8 branes
> Low energy m» embedded in the curved
> Massless spacetime (from D4 branes)

Holographic QCD

N\ /

Z Z Large N. l OH—Sh@H
— : ~ gravity
QCD String €

| | Classical gravity
2 String theory

2> Quantum gravity

Gravity (on-shell) action
@ evaluated on classical solution

with boundary condition

Partition function of
Large N. and 1 QCD
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Formula of EMT for pion :

To evaluate the matrix element of EMT from SS model

© Asymptotic behavior of the metric fluctuations

at the boundary in the bulk gravity theory
[Haro-Skenderis-Solodukhin, (2000)]

L EMT operator of QCD
— 5 2 Q
g F iy, =+

(r > 00)
(08uN) External source Boundary
Bulk
J <T,u1/> X C//w
|

'Solutions of the Linearized Einstein eq |
of the bulk theory

— constructed from
MNLOEMN Nucleon, Pion, -+
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EMT Matrix elements are related to glueballs

Metric fluctuation dg,,, in bulk couple to Tr(F  F*), Tr(F/"F?)

© Glueball spectra in SS model
12 12

1" 7
0*__|_ X
10 - % * 10 B
/" |_++U 2
—+ _
T ptSO Bl e l.
1 1,1 1 [ T 1 — S
=== == o 0 0 — >
6 F |_|_| Eo B [ o v 1o
S . - 2 E(D
n,T(0) . —
4 +0
4 0++<\ 7
11
2 2t
4d QCD . . |
AdS Glueball Spectrum Lattice
0 0 0
++ -+ +- -- ++ —+ +— —_
PC PC [R. C. Brower, et al, (2000)]

2 Other glueball states fall off more quickly near the boundary
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Results : GFFs for pion

GFFs are related to glueballs

P <7z_a(p/) | TOO | th(p)> COmponent from T(2++)

T/S —6

‘PZ/ 3(z = a,

extra | Zextra_)oo

Decay constants of n'th glueball

Coupling constants of
glueball-pionx2

~

2 T2 The n'th glueball

® (7(p)|T;|z"(p)) component from T(2**), T(0*), S(0*)

00 T2 128" 187,TT o0

TOg

(T mode) mass

.

W

/gTOﬂ']T

D(t)o<—< Y =

A2+ + (m])2

I
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Results : GFFs for pion

@ GFFs for pion (HQCD and Lattice) p. Fujii, A. iwanaka, M. Tanaka, PRD (2024)]

10—

“from T

A(1)

; Lattice

04
t [GeV?]

00 02

06 08
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[D. C. Hackett et al, (2023)]

Determine the two parameter
(Mg, and 1) from p meson mass

and pion decay constant
Truncate the momentum

expansion at * (k = 10)

Valid in the region below ~1GeV
D form factor decreases faster
than A form factor.

A(0) = 1 D(0) = — 1 at chiral limit
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Energy, Pressure, and Shear force for pion

From SS model on the LF form

008 — 0020l T
— | Energy density = Pressure
= 006 LS 0015 ;
= i N> i
+ f ©  0.010]

& 004 O

5 | = 0005

- | ~ 7

c\l 0.02 a ,

© £ 0.000!

= I :

oool S~ § -0005
0.5 1.0 1.5 2.0 0.5 1.0 15 2.0
r [fm] r [fm]

T on Shear force

h I
%, 003

> f

O :

= 002

5 :

2 001

!
+><—| i

R 00 D. Fujii, A. lwanaka, and M. Tanaka,
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From the top-down HQCD, we confirm

Scale-anomaly-induced confining pressure for pion
on the LF form

D. Fujii, A. lwanaka, and M. Tanaka, arXiv: 2507.1869 (2025)

@ Pressure for pion on the LF form in chiral limit
—— — Pp(x) ~Total

[ T T T T [ T T T T [

x—lri_1 0.15 | ————— Pop(x;) ~Dynamical

E | f \ |———— Dop(x,) ~Scale anomalyl
— 0.10 “ In the intermediate region, - mediated by scalar
. 005 RN 4’8 sign flip is observed ] glueballs T(0*"), S(0*)

. _ \ ) 4

o |
O
— 0.0
=

= —0.0
A '

S _0.10} N

le ' I Behaviors are different from
+>< ~0.15 ,' those of nucleons
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By using the results of [X-H. Cao et al, Nature Commun. 16 (2025) 69791,

Decomposed pressure forpions and nucleons

both on the Instant and the LF forms

Based on ChPT and Dispersion relation

Nucleons
[ ~, N |
003 [ Por
- o '\\ _____ Prr
A A
oo [N -
> 001
g i
—~ 0004
é i
=2 001 \ -
(‘\]Q.‘ i \ /',/ §
~ . \\ 7 JDynamical part produce
77 =7 Jthe positive pressure
— 006 7 % LF |
| L .
E 004 |
o I
> 0.02;
O |
Q !
— 0.0
5 \ f
=& —0.02] == i
~ -\ p Scale anomaly part produce
SS-0040 N 7 the negative pressure
R L N T ——
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Pi

r*pi(r) [GeV - fm™]

P x pla(x)) [GeV? - fm™!]

D. Fujii and M. Tanaka, PLB (2025)

ons m, = 140 MeV
003 —— Pgr

A O N PBE

002 ! -——— Dgp

\
\\ Near the center and the surface,
\\ the behavior is the same as the

0.01H 'nucleon case
o00{ | s \\ ___
Ce
-0.01
fi Intermediate — P
N : .
0.041! i | 0 - Prr-
ii : === DiF
0.021 The sign of decomposed
i pressure changes
oool P\ N ——m
—0.02 ~Total

~Dynamical
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From the top-down HQCD, we confirm

Scale-anomaly-induced confining pressure for pion
on the LF form

D. Fujii, A. lwanaka, and M. Tanaka, arXiv: 2507.1869 (2025)
@ Pressure for pion on the LF form in chiral limit

| Pap(x)) ~Total

e Pop(x;) ~Dynamical

|_——— Dop(x,) ~Scale anomalyl

0.10f | -

mediated by scalar
glueballs T(0*), S(0**)

_OOS | ‘\ ‘/’ _:
, b : The pre e must have
—-0.10 :% P+[d2x¢P2D(XL) = = Zmz =0 ] — pressur u Vv

| the opposite sign
I
-0.15 Intermediate ¥
_region -1 The light pion mass may explain the observed

0.5 sign flip of the decomposed pressure

P*x,pop(x,) [GeV - fm™!]

N— [XTIIT]
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Summary

> Discuss how to formulate the pion GFFs in the SS model

2 This is accomplished by evaluating the bulk metric fluctuation
Induced by the pion field.

2 We show that the pion GFFs is constructed from the glueball

states~ A(t) from T(2**), D(t) from TQ2*), T(0*), S(0*)
> Negative (confining) pressure is induced by scale anomaly
mediated by scalar glueballs T(0™), S(0™)

2 The pion’s small mass may explain the sign flip in the
decomposed pressure (reflecting that the pion is NG boson?)

Future work

2 Vector/Axial vector meson, Kaon, ---
2 By introducing the current quark mass, investigate the relation
between chiral condensate and pressure

Thank you for your attention
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Buck up
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Stability conditions for stress distributions

~What role does the scale anomaly play in these conditions?~

Liquid drop Surface tension| I 4‘ \\\\\\\ ]
oxi
R
R 0
Negative pressure—
R

Surface tension| &y p(r)

% zj“’d/“'"’)
X A T
p(r) ¢

r :_ E"\ ''''''''''' ~'~|~ """"""""" E_:
¥ 1 Negative pressus

Hadron
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Internal structure of hadrons
can be probed by £V, Weak, Gravity interactions

+ Electric Charge

, EM form factors —

—Charge distribution [
- Magnetic moment U

Electromagnetic
(EM) current

EM int.

> Axia

(Axial-)Vector

r
form factors
+ Axial coupling g4

- Pseudo-scalar coupling gp.

curren

eak int.

Gravitational

Energy Momentum( form factors A
nsor (EMT) | -MassM
—Energy distribution
- Spin J
Gravitational —Spin distribution
interaction | * P-term D
—Stress distribution
. (Pressure, Shear force),
(V] | ) 0 = 1.602176484(40) x 10~1°C
Vector n = 2.792847356(23)/@,
(N’ JH . N> g4 = 1.2694(28)

Axial vector

gp = 8.06(0.55)

<N,‘ Tgrlzlvity N>

Tensor

M = 938.272013(23) MeV
J=1/2
D=7

D-term : last unknown fundamental global properties
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Results : Glueball dominance

gim

..... Vector meson
T/5\2 i

+ (m175) dominance

Q)

A
Graviton Z

Photon

0
Z N Then’s
Vector meson
n

The n’s Glueball

Hadron Hadron

EM interaction with hadrons
occurs via Vector mesons.

Pion

Gravitational interaction with hadrons

occurs via Glueballs.
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EMT and GFFs

®Spatial components of EMT — Stress tensor

‘ | -l’ ------- — energy fluX
oo , o1 Loy 1o3

033

Shear force 073
T, = 5(r) . A
Pressure . A

Stress tensor = Momentum flux

® Matrix elements of EMT (spin-0 particles) — GFFs: A(t) and D(t)
o Spin indices i
<Jt“(p2) ‘ T(x) n'b(pl)> = 5 [2P”P”A(t)+5 (k#k* — nk?) D(t)] e

Pion states Pt =(pi'+p))2, k'=pli-pl, t= k*

® Breit frame (P* = (P°,0,0,0), k* = (0.%))

. 1
<Jz“(p2) TOO(x)‘ ﬂb(p1)> = 5 lzm,%A(tHEkZ (A@2) +D(t))] (Time comp.)

... |
<7t“(p2) T’J(x)‘ er(pl)> = 5“’95 (klkf — 5Uk2> D) =P D(t) encodes the stress
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Experiment (Pion)

Y /no(P)
/\/\/W\/V\A /

Pion cannot be used
GDA as fixed targets
— t-channel

M\\

[Polyakov, Schweitzer (2018)]

T 10 [Kumano et al. (2018)] KEKB

v (P’

' & % (3 # !

Lattice QCD (Pion)

[Hackett, et al. (2023)]

Lo, ¢ monopol.e 0.0
z-expansion
\& ; I NLO 4PT —02- %
0.81 3
¢ ; * F % % }
= 061 iiiih{{i ORG H;H}H 1
h b c :
< 0.4 {H % Qe % #
0.2 1 —0.8- monopole
Z-expansion
00, o I NLO 4PT
000 025 050 075 100 125 150 175 2.00 000 025 050 075 1.00 125 150 175 2.00
t (GeV?) t (GeV?)

2025.11.13, BARYON2025 @ Jeju /14



Some context

@ The nucleon GFFs have been studied by using the lattice QCD

and some models.

2 E.g. Gluonic scale anomaly play a crucial role of the confining pressure
D. Fujii, M. Kawaguchi, M. Tanaka, PLB (2025)

@ There are few studies of pion GFFs.
— 5d phenomenological model built by adding fields and cutoffs by hand.
@ The bottom-up holographic QCD covers both nucleon and

pion GFFs.
— Directly derived from string theory with brane setups.

@ In the top-down holographic QCD, nucleon GFFs have been
formulated. M. Fujita, Y. Hatta, S. Sugimoto, T. Ueda, PTEP (2023)

© Recently, pion GFFs have been formulated. «— Today’s talk
D. Fuijii, A. lwanaka, M. Tanaka, PRD 110 (2024)

@ How chiral symmetry breaking is related to internal pressure
of pions based on this approach. <€ Future work

2025.11.13, BARYON2025 @ Jeju /14



Top-down Holographic QCD Sakai-Sugimoto (2005)

Is derived from a string theory with

D8 X N D8 . .
] /D8 Ny 2 D brane is the end points of
open string, and Dp brane
p

Anti-quarks IS p+1-dim object.
/ Compactify one direction

/ F/%IM > On O4)brane x Nc\:\,'@ﬂ—dim
(5xtra dim-)D4 — SU(Nc) YM is realized.

03 ¢ 2> D8 branes is the source of

()I\C/Iinkowski) flavor.

T /

(compactify) Replace the D4 branes
Field theory Into the corresponding
on D4 branes curved spacetime

Quarks

® QCD (4 direction) @ The system of D8 branes
> Low energy @ embedded in the curved
> Massless spacetime (from D4 branes)

Holographic QCD
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Low energy phenomena from Sakai-Sugimoto model

© Successfully covers low-energy phenomena in hadron physics

QCD String theory
_ Low energy o _
Glueball «— Closed string CD —  Gravitational fields
Meson <«—— QOpen string /¢ ;7D8><Nf_' Gauge fields

D4
Baryon <«— D4 brane —  |nstanton on D8xNf

S4
wrapped with §* /.7‘ | ?7D4 .
X

The top-down HQCD contains most of
the building blocks of low energy QCD

Limitations to use

© The system deviate from QCD above 1GeV
(Compactified direction is not negligible)

® Typical computations assume the leading order in 1/N. and 1/2
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Linearized Einstein eq. for metric fluctuation

© Metric fluctuation around b.g.

b.g.
SMN = 8M]gv + 08uN

@ Einstein eq. with matter sector (pions) in 11dim

2 P P 12
V258un + Vi Vnogh — VI (Vibgnp + Vogup) — EégMN
The same as EoM for glueball spectra

EMN
— 22| g gr

7dim Newton const. (compactified %)

‘55

Bulk EMT: gMN _ - &
O _,b.e.

\/g gMJ\gMN—gMJ%/ This work

Nucleon,|Pion] -

M. Fujita et al, PTEP (2023)

2 To calculate the matrix element of EMT for pion, we evaluate
the metric fluctuation induced by the matter field of pion.
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GKP"Wltten relatlon thbser-KIebanov-Polyakov (1998)

Witten (1998)

Bulk (5 dim.) Boundary (4 dim.)
5 dj
Action : S T \

; » /° (extra dim.)
EoM in bulk

_/\/WL 5¢Pey external source of (Oqcp) (BC)
Field : ¢ U@ | _ e
CD/ —
TP Sy

© Solutions of bulk EoM

o0 Asymptotic behavior A4 > A_

NNANNNNNNNN ~ 8. 12+ + (0O A
¢C1 EoM in bulk ¢cl ¢ex < QCD>

Leading: BC  >ub-leading

2 Solve the EoM for a field ¢ in bulk under the BC
2 Analyze the asymptotic behavior of ¢,

> Leading term é¢,, (BC) is external source of Oqp,
Sub-leading term Is expectation value of Oy
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GKP_Witten I‘elatlon Gubser-Klebanov-Polyakov (1998)

Witten (1998)

Bulk (5 dim.) Boundary (4 dim.)

. . o5 di
Action : S,
_ I' (extra dim.)
EoM in bulk S¢. - external source of (Oycp) (BC)
Field : ¢ (0, y = 220
CD/ —
Q 5¢CX

© Solutions of bulk EoM .

F — 00 symptotic behavior AL > A_
A A
¢cl NNNNNNNNNNr ¢cl ~ 5¢exr + 4 <@QCD>"” -

EOM Ih bUIk @ng: 80 Sub-leading
‘ Substitute into S S
s g 2 Only the surface term
0S5 ravity S . survives.
X d X<@QCD>5¢GX 2 Sub-leading term can
5¢€X 5¢€X

Surface term be regarded as <@QCD>
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—Einstein eq. simplifies

Gravity sector (SS model) JAsymptotically AdS
)

© Background metric in 11dim. (M theory
(corresponding to the Nc D4 branes) R z?

/f(’")zl_ S 1422
2 L? dr? |L?

be g Mg.N_ T 2 AW 2
gy = — <;7deﬂdx1/+dx11 + f(rde ) o
. . . AdS; /\ S4

By compactifing x,, direction, r 1/ My

we obtain the metric of SS model / Since QCD has no SO(5)
7 - symmetry, we often
(6 r=F(z=0) T

integrate out $*

X11

he fluctutation around the b.g. geometry — Glueballs

__ . b.g.
EMN = gMN +‘5gMN‘Glueballs
© The 7dim Linearlized Einstein eaq.

2 P P 12
Voogyuny+ Vy Vnogp — V (VM58NP + VN5gMP> — EégMN =0
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Gravity sector (SS model)

© The 7 dim Linearlized Einstein eq.

0 P P 12
Voogyuny+ Vy Vnogp — V (VM58NP + VN58MP) — EégMN =0

Mode expansion Complete set

SN, = ) PP, (1)

" 4dim glueball fields gsT®™), piSO™, ouTO™) ...

Spin decomp.
Gauge fixing

© Einstein eq. decompose two part

€.g. (Tensor glueballs case)
1 Tensor glueballs
d@ -

0 (r (r6 — R6) Or‘{’g(r)) = (mg)z‘@r)
@ ;' (x) satisfies the 4d Klein-Gordon eq.

P34

® Determine a complete set W>(r), the ¢ >(x) satisfies the

4d Klein-Gordon eq. and obtain the glueballs mass m ">
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Gravity sector (SS model)
© Glueball spectra

Sepn (. 1) = ) @i )r %, (r)

12
12 1 7
0*__|_ L
/ e b
- _
CD;ZZUT(z )s L n S 8
~ P
6L | ++| ++| E: 6 Lo
n,T(0) "
4 + E <\§0n 4
11
2 2 |
4d QCD o
AdS Glueball Spectrum Lattlce
0 0 0
- - -- +4 —+ +— —
- “pC PC [R. C. Brower, et al, (2000)]

2 Metric fluctuation &g,y in bulk couple to the EMT of QCD
2 Other glueball states fall off more quickly near the boundary
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Matter sector (SS model)

© The Effective action on Nf D8 branes embedded in
the curved spacetime
2 Integrate out $* /é%ég
2 bdim U(Nf) gauge theory
Fyy = 0y Ay — OnAy, + i[Ay, Ayl

i 1
Son = x| @t ( SR +EID)

1y

oy WD) =1+ k@D =1+24 z=q/1-=

Model expansion

A 2) =) "D AL =) VIO (2)

n

r meson, - p meson, -
n meson, - a; meson, ---
w meson, -+
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Evaluation of EMT

© The metric fluctuation in bulk becomes the external source
of EMT of QCD at the boundary

© Formula for Asymptotic AdS spacetime

Formula fOI" asymptotic AdS7 [Haro-Skenderis-Solodukhin, (2000)]

— QCD operator
.
ég,uy r ;/]/u/ | 1’4 | (I" —> OO)
(08yn) External source
<T,uy> X C,m/

2> Solve the linearized Einstein eqg. for the metric fluctuation
iInduced by the matter fields (pions)

> Read off the 1//* term in the metric fluctuation
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Linearized Einstein eq. for metric fluctuation

© Metric fluctuation around b.g.

b.g.
SMN = 8M]gv + 08uN

@ Einstein eq. with matter sector (pions) in 11dim

2 P P 12
V258un + Vi Vnogh — VI (Vibgnp + Vogup) — EégMN
The same as EoM for glueball spectra

EMN
— 22| g gr

7dim Newton const. (compactified %)

‘55

Bulk EMT: gMN _ - &
O _,b.e.

\/g gMJ\gMN—gMJ%/ This work

Nucleon,|Pion] -

M. Fujita et al, PTEP (2023)

2 To calculate the matrix element of EMT for pion, we evaluate
the metric fluctuation induced by the matter field of pion.

2025.11.13, BARYON2025 @ Jeju
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Solve the Einstein equation

@ Decompose into glueballs with different spins

Bulk metric _ T S other Main comp. of
08un = 08un + 08un + 08N | P
T: (wv), (11,11)
Bulk EMT

o N erd | oS ;- other ,
@ Einstein eq. become (by gauge fixing)

. T
2 — VI" 26 O o)
r 1 L r
6 6 H T _ ~.26T

L2 L2r5ar{r(r K )a,,} TR (0 =9

21 11475RS \| r200| 2
0.2 r(r®=R®%) 0.+ | — s —Sg> = k2>
L2 ||L25 ( )( " (516 — 2R6)(r6 + 2R6)) 2 (L2 EMN 7Y MN
= V>

2> VIS is same as the diff. operators of Glueball eigenvalue eq.

Tensor, Scalar, Scalar
2 Only consider the T(2*™+), T(0t"), S(0**) states.

Degenerate
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Green function

@ Solve this equation by using the Green function

QK2
5gu> = L—;rzjdr’r’3GT/S(r, r T (', k)
73 7 > >
o —EV;“S + k2) G™(r,r, k) = 5(r —r')
VIS are same as eigenvalue eq. for Glueballs
00 T/S T/S
GTS(r. 1. ) = Z v ()
=R+ (mls)?

© At the boundary r— o0, YI5@F) ~ al’3/r°

/3 T/S
b 4 r -
oS ~ 2 aT/SJ w7 LqT/s(r,’ 7
2 4+ (mTIS)2 id
J\ n 7" from pion fields

rzr_6 = r_4

2025.11.13, BARYON2025 @ Jeju
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Formula

The matrix elements of EMT for pions

(T,,y =(T,,) +(T,) T2+, T(0), S(0+)
/3\PT/S(’,./)
T/S T/S n o~T/s
v) = 7,10 Za J K2 + (mT/S)2 (7 2

@ The remaining problem: How to calculate the infinite sum

o0 ISqT/S (. 00
6 OCnT "Pz (I”) _ ZFZT/S(I,/)(_%)Z)Z

— ) =
L =1 K2+ (m>)? 5

00 3 i\PT/S(r)\PT/S(I,)

T/Se,.n — -
Fior) = [R dr JE (mT/S)2

n=1

@ F'5(r) satisfies following recurrence relations
2
_ VIS 4 32 FT/S FT/S
( L° )
and F,>(r') = 1 due to the completeness relations
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Gravitational Form Factors (GFFs)

Matrix elements for EMT

( Proton ‘ T, Proton ) » Mass distribution ~Form 0%

o\ > Spin distribution ~Form 4@, 5@

Characterized o _
2 Stress distribution

A(Q?), B(Q?), D(Q?) : d sh \
pressure and shear
GFFS ~Form D(Q?%), ( D(0) : D-term)

Graviton (spin 2)
= 2 Photons

Photon Photon

Electron

Quark

Proton Proton Proton Proton
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Liquid drop 0

p. 0
Liquid drop / .......... ) T.=10 p O
0

7
5~\‘

0 pt

ARG

R

Attractive int.

\‘ , pt( 7‘) between water

Pr Q) S— H molecules

] 2;/
o Kelvin relation: p
‘ ",'pr — pt O R

T — —

l 2 At the surface, there are no water molecules outside the boundary,
so the radial pressure is not balanced from the other side

2 To balance this, the tangential pressure changes direction,
and their net force balances the radial pressure
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Stablllty of Hadrons

Hadron 1
= —S + = ——S5+
3 P D; 3 P

R

r°p(r)

= Surface t%nsion like

% 2s(r)
Kelvin relation: p(0) = -
0

N —

2 The surface tension like force is distributed
widely along the radial direction, r

P What is the origin of surface tension-like force

(confining pressure)?
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Gravitational Form Factors (GFFs)

® Pion (spin 0)

> 1
(1700 1p) = 2P A + (@ — g 0D0)

® Nucleon (spin 1/2) Spatial components

A PHs AP
(P51 7@ p.s) = u(p',s) | iy “PIA®) + i—+— B0

N AHAY — HWAZ (t)] ( ) N
u\p, s)e -+
M P

P=(p+p)2 A=p'-p (=-A'=AZ_R

Determine by Lorentz sym. and EMT conservation

2025.11.13, BARYON2025 @ Jeju /14



Stability condition

® Static EMT conservation Vl.TlJ = ()
Azr’p(r) [GeV/fm]

_> Jdrrzp(r) =0 \-L
[+

=g D = D(0) Jdrr4p(r) <0 O \—/

0 0.5 1 15 I [fm]

— — Jdrr4s(r) < O [Polyakov, Schweitzer (201 8)]

471'7’4p(7‘) [fm~!]

=g 5(r) >0

0.5}

Kelvin relation Al
— > 2s(r) 15}
p0) =
0 14
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. . Gubser-Klebanov-Polyakov (1998)
GKP-Witten relation 2> o0

© How to calculate the expectation value of QCD operators
2 Solve the bulk EoM with a boundary condition given
by lexternal source| of|the QCD operators
5¢ex <@>QCD
2 Analyze the behavior of the solution near the boundary
> The slowly vanishing term corresponds to §¢,, and
the fast vanishing term give (0)qcp

¢cl ™~ 5¢exrA+ + <@>QCDFA_ T...
™~

This is what we need !!
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Two definition of spatial densities

on the Instant and Light front form
© 3D Stress distribution of Breit frame on Instant form

Jj (2\ — —ix-A 0 l 0 _
ST (X) = J TN (P, A/2|TY0)| P°, — A/2)

p Many studies use 3D Breit frame densities on the instant form (x° = 0)

? Not boost-invariant: mixing of time slices and EMT components (7% « T%)
2 Results retain frame/definition ambiguities

© 2D Stress distribution on LF form

e [ dPA
Rl oy

e AL PN 12| TO0) | P, - A /2)

2 To overcome this, one use 2D densities on the LF form (x* = 0)

2 This definition eliminates contamination from different time
slices and avoids component mixing under Lorentz boosts
2 Clear interpretation and fewer ambiguities
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