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Mechanical properties




Let us recap

(P, s'|TE(0)|p, s) = u(p', s")TL (P, A)u(p, s)

prpY AFAY — ghv A2 §
P (P, A) = —— Ao (t) + Mg Co(t) + Mg Gy (1)
PlrjgViIAAy PligVIA A,
+ o Sl = Wi Sa(t)
AG(O) <+ Momentum
Ca (0) <> Pressure
Ja, (O) <+ Total angular momentum
Sq (0) <+ Intrinsic angular momentum
Cu(0) < ?



Rest frame energy (or mass) distribution
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[Polyakov, PLB555 (2003) 57]
[Polyakov, Schweitzer, IIMPA33 (2018) 26, 1830025]
[C.L., Moutarde, Trawinski, EPJC79 (2019) 1, 89]



Rest frame pressure distributions
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[Polyakov, PLB555 (2003) 57]
[Polyakov, Schweitzer, IIMPA33 (2018) 26, 1830025]
[C.L., Moutarde, Trawinski, EPJC79 (2019) 1, 89]



Some figures

Density (kg/m?3) Pressure (Pa or N/m?)
Atmosphere at sea level ~ 1.2 ~ 105
~ 1.6 x 10° ~ 2.5 x 101°
Center of sun ~ 1.0 X ~ Z.0 X
1
Center of neutron star ~ 8 x 10 7 ~ 1035
~ 17 ~ 33
Atomic nucleus ~ 2.3 x 10 ~ 3.5 x 10
1 4
Center of nucleon ~ 3 x 10 S ~ 3.7 X 103
PhD student
| ~ 103 > 10%2
(one month before graduation)




Mechanical equilibrium

VT () = 0

von Laue relation

/ drrp(r) =0
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[Laue, AP340 (1911) 8, 524]
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[Bakker, Kapillaritdt und Oberflachenspannung (1928)]
[Kirkwood, Buff, JCP17 (1949) 338]
[Marchand, Weijs, Snoeijer, Andreotti, AJP79 (2011) 999]



First experimental extractions

LETTER
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The pressure distribution inside the proton

V.. Burkert'®, 1. Elouadrhiri' & F. X. Girod'

The proton, one of | of atomic nuclei, i
i gluons. Gluons arc the

(2)W tll mnvk't(.FF M, Hl.nt.hbdmﬁ)i refated to the
ables describing the DVICS process, thal is, the

of |

carriers of the force that binds
are never found in isolation — that is, they are confined within
the composite particles in which they reside. The origin of quark
confinement is one of the mast important questions in modern
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d the beam- mmm

{3) The real and imaginary parts of # can be related through a disper
ston refation 1° at frxed £ where the term D0, of T term, appears a5
asublraction term'”.

1) We derive di(1) from the expemston of D(1) i the Gegenbaner

protona
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by deeply virtual Compton scatfering'~, =pmminnrikl\=h:lmns\

transfer to mesumawnt
(s)mwwﬁnmmmmmmn (1)
(6) Then, we determine the pressure distribution from the relation

offl quarks inside
emit high-cnergy photons, which are dmcled in coincidence
with the scattered electrons and recoil protons. Here we report a

in the “We find a.

the profon (up
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pascals, which exceeds the pressure estimated for the most
packed known objects in the Universe, neutron stars’. This work
ofpens up a new area of research on the fundamental gravitational

Tl 2 e " \hea
The

the proton ded In the
h entum tensor ',
Gravilon—profon scatiering 1s the only known process thal <an be used
to directly measure these form . whereas generaltzed parton
distrabutsons™# enable indirect access to the basic mechanical prop-
erties of the proton’”.
A direct ‘the quark mlhepm
fon (Fig 1) equi

pr
lensor®. This malrix element conlains b |

GFFs that depend on the four- momenturn transier { o the proton.
e of these GFTs, dy(f), encodes the shear forces and pressure distri-
bution an the quarks in the proton, and the other two, My(f) and J(1).
anglar n
tnformatton on these form factors s essential o gain insight inlo the
dynamics of the fundamental constituents of the | “The frame-
(GPDs)*
o obain information o0 di(1) from experiments. The most effective
waly lo aceess GPDs expertmentally 15 deeply virtual Complon scl-
tering (LVCS)™, where high-energy dectrons (¢) are scattered from
the protons (p) 1 hquid hydrogen as.e p — ' p' v, and the scattered
electron {#7), proton (') and photon {) are detectad In coincidence.
T this process, the quark strocture 1s probed with high-energy virtual
photons that are exchanged between the scatiered electron and the
proton, and the emitied (real) photon controls the momentum (ransfer

even GPDs to the GFFs are'-
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about the GPDs and the related
Compton hrmiacms{ﬂ"FFi) from TWVCS data™ .

To determine the pressure distribulion in the proton (rom the experi-
minlal dala, we follow e sleps al we briefly describe bere. We noke
that the GPDs, CFFs and GFFs apply only to quarks, not to ghuons.
(1) We begin with the sum rules that relate the Mellin moments of the
GPDs to the GFFs',

the centre of the
d
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A Contribution from C,(¢) still missing !

[Burkert, Elouadrhiri, Girod, Nature557 (2018) 7705, 396]
[Kumericki, Nature570 (2019) 7759, E1]
[Dutrieux, C.L., Moutarde, Sznajder, Trawinski, EPJC81 (2021) 4, 300]



D-term and stability
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[Laue, AP340 (1911) 8, 524]

Equilibrium

r'p(r) x4xm [fm™)

« pressure »

M/OOO dr 7‘4p(fr) = 40(0) — D(O) Druck =

[Polyakov, Weiss, PRD60 (1999) 114017]
[Goeke et al, PRD75 (2007) 094021]
?
Stability < D(0) <0

[Perevalova, Polyakov, Schweitzer, PRD94 (2016) 5, 054024]
[Polyakov, Schweitzer, IIMPA33 (2018) 26, 1830025]
[Varma, Schweitzer, PRD102 (2020) 1, 014047]



D-term and stability

This conjecture is supported by both Lattice QCD and experiments
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[Hagler et al, PRD77 (2008) 094502]
[Shanahan, Detmold, PRD99 (2019) 4, 014511]
[Shanahan, Detmold, PRL122 (2019) 072003]

... but does not apply to long-range forces,
like Coulomb forces
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[Duran et al., Nature615 (2023) 7954, 813]
[Meziani, PoS SPIN2023 (2024) 168]

[Varma, Schweitzer, PRD102 (2020) 1, 014047]
[3i, Yang, NPB1024 (2026) 117342]
[Meija, Schweitzer, PRD113 (2026) 11, 116008



Validity of the mechanical interpretation

Fields are the fundamental Point particles are fundamental
degrees of freedom and interact via fields

* Continuum mechanics concepts * Continuum mechanics description
apply as is at microscopic level valid only at « macroscopic » level

* Particles emerge as quantized * No « pressure », just momentum flow

field excitations

[Polyakov, PLB555 (2003) 57] [3i, Liu, PRD106 (2022) 3, 034028]
[Polyakov, Schweitzer, IIMPA33 (2018) 26, 1830025] [Ji, Yang, R9 (2026) 1155]
[C.L., Schweitzer, APPB56 (2025) 3, 3A-17] [3i, Yang, NPB1024 (2026) 117342]

[C.L., Freese, in preparation (2026)]



Frame dependence (longitudinal polarization)

Energy
distribution

2D isotropic
pressure
distribution

2D pressure
anisotropy
distribution

o (P, =0GeV)

0.0 0.5

by

o (P, = 0.1GeV)

0.0

b,

o (P, = 2GeV)

©) @ @ | 4

1.0 -1.0 -05 0.0 0.5 1.0

o (P, = 00 GeV)

-0.

‘ l—0.05

0.20
0.15
+0.10

0.05

be

0.0 0.5 0.0 10 -10 -05 0.‘0 0.5 1.0
b, b, b,
v (P, 29 (P, = 0.1GeV) 7 (P, =2GeV) Y7 (P, = 0o GeV)
x x ¥ 1 ¥ % % x x X x T F % % = x T x 1TE T = w1 TE
X X X + A % ®x X X X o+ S+ A x x % X X + + ® x X X X 4 f A w ox
P % X X X X x * XX X + A X x x * X X + A x * X X X 4+ A X x x
R AX XX X R AX XX X x| | F KX A LF AR X A X X o
TR I — I I ' TR R B I R e ol of e 1 PR R B | Ne Ao o4 4
T I L R B | 1 7T T 1 ] T LA R I LA
¥ X X X XA A A X X X X A A || X X e I E A i i e i G S S
Fx x X 4 XX % A X X X O T X X A% % x X X+ X * X X X A+ X K A+
x %X A A X X x % x X KX+ 4+ X X X = x E S *® x X K S+ X X X %
A xR T A ey Pt R T e Y X X B e ¥ AR W A S A
10 -05 05 -10 -05 00 05 10 -10 =05 00 10 -10 -05 00 05 10

b.

[Won, C.L., PRD111 (2025) 9, 09421]
[Won, C.L., PRD106 (2022) 1, 014012]



Key players in the near future

Electron-Ion Collider (~2035)
Brookhaven, Long Island
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but also JLab 20+ GeV, EicC,...

>1500 members from 290 institutions in 40 countries
[Abdul Khalek et al., NPA1026 (2022) 122447]

[Anderle et al, FP16 (2021) 6, 64701]
[Accardi et al, EPJA 60 (2024) 9, 173]



Some reviews

Hadron structure [C.L., Metz, Pasquini, Schweiter, 2507.12664]

GPDs [Diehl, PR388 (2003) 41]
[Belitsky, Radyushkin, PR418 (2005) 1]
[Kumericki, Liuti, Moutarde, EPJA52 (2016) 6, 157]

EMT & GFFs [Polyakov, Schweitzer, IJMPA33 (2018) 26, 1830025]
[Burkert et al.,, RMP95 (2023) 4, 041002]

Spin [Leader, C.L., PR541 (2014) 3, 163]
[Wakamatsu, IIMPA29 (2014) 1430012]
[Liu, C.L., EPJA52 (2016) 6, 379]

[Ji, Yuan, Zhao, NRP3 (2021) 1, 27]

decomposition

Mass [Ji, FP16 (2021) 6, 64601]
decomposition [C.L., Metz, Pasquini, Rodini, JHEP11 (2021) 121]

... and references therein !
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