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Pressure in the protonPressure in the proton 1/31

CANADIAN-MAPLE-LEAFPressure in the proton has become a hot topic.

CANADIAN-MAPLE-LEAFDetailed theoretical studies:
LEAFPolyakov, Phys Lett B (2003)
LEAFPolyakov & Schweitzer, Int J Mod Phys A (2018)
LEAFLorcé, Moutarde & Trawinski, Eur Phys J C (2019)

CANADIAN-MAPLE-LEAFEmpirical extractions happening at JLab!
LEAFBurkert, Elouadrhiri & Girod, Nature (2018)
LEAFDuran &al., Nature (2023)
LEAFChatagnon et al., Phys Rev C (2026)

CANADIAN-MAPLE-LEAFPopular science articles
LEAFScience Daily (2018)
LEAFQuanta magazine (2024)

Figure: Burkert, Elouadrhiri & Girod, Nature (2018)

https://inspirehep.net/literature/599384
https://inspirehep.net/literature/1673717
https://inspirehep.net/literature/1699964
https://inspirehep.net/literature/1673606
https://inspirehep.net/literature/2110821
https://inspirehep.net/literature/3123578
https://www.sciencedaily.com/releases/2018/05/180516131201.htm
https://quantamagazine.org/swirling-forces-crushing-pressures-measured-in-the-proton-20240324/
https://inspirehep.net/literature/1673606
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CANADIAN-MAPLE-LEAF1 The Energy-Momentum Tensor
LEAFWhat is the EMT?
LEAFWhat is the hadronic stress tensor?

CANADIAN-MAPLE-LEAF2 EMT Form Factors
LEAFHow do we formally describe hadronic stresses?

CANADIAN-MAPLE-LEAF3 Spatial Stress Distributions
LEAFHow do EMT-FFs entail stress distributions?
LEAFHow do we interpret these distributions?



The Energy-Momentum TensorThe Energy-Momentum Tensor



The energy-momentum tensorThe energy-momentum tensor 3/31

CANADIAN-MAPLE-LEAFThe energy-momentum tensor describes density and flow of energy &momentum.
CANADIAN-MAPLE-LEAFAlso known as the stress-energy tensor.

T 00(x) T 01(x) T 02(x) T 03(x)

T 10(x) T 11(x) T 12(x) T 13(x)

T 20(x) T 21(x) T 22(x) T 23(x)

T 30(x) T 31(x) T 32(x) T 33(x)





Energy density

Momentum densities

Energy fluxes

Stress tensor

T µν(x) =



Noether’s theorems and spacetime distortionsNoether’s theorems and spacetime distortions 4/31

CANADIAN-MAPLE-LEAFConserved current from local spacetime translations (Noether’s second theorem):

−−−−−−−→
x 7→x−ξ(x)

LEAFNoether’s theorems: symmetries imply conservation laws
LEAFLocal translation: move spacetime differently everywhere

CANADIAN-MAPLE-LEAFThe energy-momentum tensor (EMT) is the associated conserved quantity

δξSQCD =−
∫

d4x T µν

QCD(x)︸ ︷︷ ︸∑
q

{
i
2 q̄(x)γµ

←→
D νq(x)

}
−2Tr

[
GµλGν

λ

]+ 1
2 gµνTr

[
GλσGλσ

]
∂µξν(x) = 0

Felsager,Geometry, Particles, and Fields
Montesinos & Flores, RevMex Fis 52 (2006) 29
AF, Phys Rev D 113 (2026) 016011

https://link.springer.com/book/10.1007/978-1-4612-0631-6
https://inspirehep.net/literature/710900
https://inspirehep.net/literature/2929752


The stress tensorThe stress tensor 5/31

CANADIAN-MAPLE-LEAF3×3 sub-matrix of the energy-momentum tensor.

T 00(x) T 01(x) T 02(x) T 03(x)

T 10(x) T 11(x) T 12(x) T 13(x)

T 20(x) T 21(x) T 22(x) T 23(x)

T 30(x) T 31(x) T 32(x) T 33(x)




Stress tensor

−−−−−−−→
x 7→x−ξ(x)

CANADIAN-MAPLE-LEAFWork needed to deform a system:

W
[

x 7→ x −ξ(x)
]=−

∫
d3x

stress tensor︷ ︸︸ ︷
T i j

QCD(x)
( strain︷ ︸︸ ︷

1
2

(
∂iξ j (x)+∂ jξi (x)

)+ torsion︷ ︸︸ ︷
1
2

(
∂iξ j (x)−∂ jξi (x)

))
LEAFStress: internal forces resisting spatial deformation
LEAFDeformations are a virtual pressure gauge

Lorcé, Metz, Pasquini & Rodini, JHEP 11 (2021) 121
AF, Phys Rev D 113 (2026) 016011

https://inspirehep.net/literature/1927693
https://inspirehep.net/literature/2929752


Stress & momentum flux densityStress & momentum flux density 6/31

CANADIAN-MAPLE-LEAFContinuity equation (integral form):

d

dt

[∫
V

d3x T 0 j (x , t )
]

︸ ︷︷ ︸
Momentum in region

=−
∮
∂V

dS n̂i T i j (x , t )︸ ︷︷ ︸
Flux out of region

CANADIAN-MAPLE-LEAFStresses aremomentum flux densities
LEAFInclude particle fluxes& forces

T 00(x) T 01(x) T 02(x) T 03(x)

T 10(x) T 11(x) T 12(x) T 13(x)

T 20(x) T 21(x) T 22(x) T 23(x)

T 30(x) T 31(x) T 32(x) T 33(x)



T µν(x) =

Particle flux ForceCANADIAN-MAPLE-LEAFKinetic pressure is pressure
LEAFIt’s the microscopic origin of gas & fluid pressure
LEAFPhoton flux is the origin of radiation pressure

Sisyphus image: Miikka Holkeri (website)

https://holkeri.fi/2021/04/23/the-myth-of-sisyphus.html


Positive or negative stress?Positive or negative stress? 7/31

Image: MikeRun (Wikimedia), very modified

Hanging monkeys
CANADIAN-MAPLE-LEAFNegative stress / negative “pressure”
CANADIAN-MAPLE-LEAFTension / pulling / stretching
CANADIAN-MAPLE-LEAFHighest monkey under most tension

∇i T i j =−ρg ẑ j = f j
grav

Monkey image by Angie Freese (Instagram)

Stacked Turtles
CANADIAN-MAPLE-LEAFPositive stress / positive “pressure”
CANADIAN-MAPLE-LEAFCompression / pushing / squishing
CANADIAN-MAPLE-LEAFMore compression at bottom of pile

∇i T i j =−ρg ẑ j = f j
grav

Turtle image by FoxKids1302 (DeviantArt)

https://upload.wikimedia.org/wikipedia/commons/2/2a/Different-types-of-mechanical-stress_EN.svg
https://www.instagram.com/wolical
https://www.deviantart.com/foxkids1302/art/Turtle-stacking-602959976


Cauchy momentum equationCauchy momentum equation 8/31
Fup =+3M g

Fdown =−2M g

Fg =−M g

CANADIAN-MAPLE-LEAFCauchy momentum equation for an open, static system:

f j
net(x , t ) = f j

external(x , t ) − ∇i T i j (x , t ) = 0

LEAFBalance between external forces& internal forces
LEAFCan infer external forces from stress tensor!

CANADIAN-MAPLE-LEAFWorks for expectation values in quantum systems!

〈 f j
external(x , t )〉 =∇i 〈T i j (x , t )〉

LEAFSchrödinger, Ann. Phys. 387 (1927) 265
LEAFNielsen &Martin, PRB 32 (1985) 3780
LEAFPolyakov & Son, JHEP 09 (2018) 156

CANADIAN-MAPLE-LEAFStress tensor in atom returns Coulomb force law!
LEAFAF, Phys Rev D 111 (2025) 034047
LEAFCould map out strong nuclear forces via stress tensor!

Monkey image by Angie Freese (Instagram)

https://doi.org/10.1002/andp.19273870211
https://inspirehep.net/literature/224009
https://inspirehep.net/literature/1684634
https://inspirehep.net/literature/2859392
https://www.instagram.com/wolical


EMT Form FactorsEMT Form Factors
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CANADIAN-MAPLE-LEAFEnergy-momentum tensor parametrized using EMT form factors (EMT-FFs)

〈p ′|T̂ µν
q,g (0)|p〉 = 2PµPνAq,g (∆2)+ ∆µ∆ν− gµν∆2

2
Dq,g (∆2)+2m2gµνc̄q,g (∆2)

LEAFAlso known as gravitational form factors
LEAFEMT is source of gravitation, but we’re not doing gravitational physics

CANADIAN-MAPLE-LEAFGeneral form from Lorentz covariance
CANADIAN-MAPLE-LEAFEMT-FFs encode hadron structure

Pµ = 1

2

(
p +p ′)µ

∆µ = (p ′−p)µ
p p ′

∆

Kobzarev &Okun, Sov Phys JETP 16 (1963) 1343
H. Pagels, Phys Rev 144 (1966) 1250
X. Ji, PRL78 (1997) 610

https://inspirehep.net/literature/42872
https://inspirehep.net/literature/50537
https://inspirehep.net/literature/416559


EMT form factors: spin-zeroEMT form factors: spin-zero 9/31

CANADIAN-MAPLE-LEAFEnergy-momentum tensor parametrized using EMT form factors

〈p ′|T̂ µν
q,g (0)|p〉 =

barycentric motion & dispersion︷ ︸︸ ︷
2PµPνAq,g (∆2)+ ∆µ∆ν− gµν∆2

2
Dq,g (∆2)+2m2gµνc̄q,g (∆2)︸ ︷︷ ︸

internal pressure & forces

CANADIAN-MAPLE-LEAFGeneral form from Lorentz covariance
CANADIAN-MAPLE-LEAFEMT-FFs encode hadron structure

Pµ = 1

2

(
p +p ′)µ

∆µ = (p ′−p)µ
p p ′

∆

Kobzarev &Okun, Sov Phys JETP 16 (1963) 1343
H. Pagels, Phys Rev 144 (1966) 1250
X. Ji, PRL78 (1997) 610

https://inspirehep.net/literature/42872
https://inspirehep.net/literature/50537
https://inspirehep.net/literature/416559


EMT form factors: spin-halfEMT form factors: spin-half 10/31

CANADIAN-MAPLE-LEAFSpin-half has additional EMT form factors related to angular momentum

〈p ′, s′|T̂ µν
q,g (0)|p , s〉 = ū(p ′, s′)

{motion & dispersion︷ ︸︸ ︷
PµPν

m
Aq,g (∆2)+

pressure & forces︷ ︸︸ ︷
∆µ∆ν− gµν∆2

4m
Dq,g (∆2)+mc̄q,g (∆2)

+ i P {µσν}∆

2m
Jq,g (∆2)︸ ︷︷ ︸

angular momentum

− i P [µσν]∆

2m
Sq,g (∆2)︸ ︷︷ ︸

fermion spin

}
u(p , s)

LEAFNew symmetric part related to total angular momentum
LEAFAntisymmetric part related to elementary fermion spin

Pµ = 1

2

(
p +p ′)µ

∆µ = (p ′−p)µ
p p ′

∆

Leader & Lorcé, Phys Rept 541 (2014) 163

https://inspirehep.net/literature/1254431


EMT form factors — sum rulesEMT form factors — sum rules 11/31

CANADIAN-MAPLE-LEAFMomentum sum rule: ∑
q,g

Ac (0) = 1

CANADIAN-MAPLE-LEAFAngular momentum sum rule (Ji sum rule):∑
q,g

Jc (0) = 1

2
CANADIAN-MAPLE-LEAFLocal momentum conservation: ∑

q,g
c̄c (∆2) = 0

LEAFViolated for open sub-systems
LEAFNon-zero c̄c (∆2) quantifies forces—Cauchy momentum equation!

〈 f j
c (b)〉 =−m∇ j

∫
d3∆

(2π)3 c̄c (∆2)e−i∆·b

LEAFCalled non-conserved form factor—quantifies local conservation violation

X. Ji, Phys Rev Lett 78 (1997) 610
Polyakov & Son, JHEP 09 (2018) 156

https://inspirehep.net/literature/416559
https://inspirehep.net/literature/1684634


Spatial Stress DistributionsSpatial Stress Distributions



Densities and Fourier transformsDensities and Fourier transforms 12/31

CANADIAN-MAPLE-LEAFMomentum transfer→ densities via Fourier transforms:

〈Ψ|T̂ i j (x , t )|Ψ〉 =∑
s,s′

∫
d3R

∫
d3∆

(2π)3Ψ
∗
s′(R , t )

EMT form factors appear here︷ ︸︸ ︷
〈p ′, s′|T̂ i j (0)|p, s〉Ψs(R , t )e−i∆·(x−R)

∣∣∣
2i P→←→∇∇∇

CANADIAN-MAPLE-LEAFThis depends on the proton’s wave packetΨs(R , t )
r1

r2

r ×

Ψs(R) ψ(r )

CANADIAN-MAPLE-LEAFNeed a bit more effort to distill out internal densities

Li et al., Phys Lett B 838 (2023) 137676
AF &Miller, Phys Rev D 108 (2023) 034008

https://inspirehep.net/literature/2101770
https://inspirehep.net/literature/2163186


Dynamic and internal stressDynamic and internal stress 13/31

〈Ψ|T̂ i j (x , t )|Ψ〉 =∑
s,s′

∫
d3R

{ dynamic pressures︷ ︸︸ ︷
−Ψ∗

s′ (R , t )

←→∇ i←→∇ j

4M 2 Ψs (R , t )as′s (x −R)︸ ︷︷ ︸
internal mass density

barycentric flux︷ ︸︸ ︷
−

iΨ∗
s′ (R , t )

←→∇ iΨs (R , t )

2M
p

j
s′s (x −R)︸ ︷︷ ︸

internal momentum density

barycentric flux︷ ︸︸ ︷
−

iΨ∗
s′ (R , t )

←→∇ jΨs (R , t )

2M
fi

s′s (x −R)︸ ︷︷ ︸
internal mass flux

+
barycentric probability︷ ︸︸ ︷
Ψ∗

s′ (R , t )Ψs (R , t )ti j
s′s (x −R)︸ ︷︷ ︸

internal stresses

}

Image: dynamic pressure from wind

CANADIAN-MAPLE-LEAFInternal densities smeared out by barycentric distributions
CANADIAN-MAPLE-LEAFDynamic pressures due to barycentric motion & wave packet dispersion
CANADIAN-MAPLE-LEAFInternal stress due to internal motions and forces

LEAFSmeared by barycentric probability
CANADIAN-MAPLE-LEAFStrictly non-relativistic breakdown

LEAFAfforded by Galilei symmetry (absoluteness of simultaneity)
AF, Phys Rev D 112 (2025) 034037
Cosyn, AF & Sosa, Phys Rev C 113 (2026) 055208

https://inspirehep.net/literature/2919771
https://inspirehep.net/literature/3122080


Relativity of simultaneityRelativity of simultaneity 14/31

CANADIAN-MAPLE-LEAFMomentum-space wave packet contains boosted versions of composite system
LEAFBoosts mix up planes of simultaneity
LEAFInternal constituents get boosted to different times

t

z −−−→
0→p

t

z

z ′
t ′

∆t???

CANADIAN-MAPLE-LEAFCannot decompose structure to overall wave packet ⊗ internal structure at fixed t

CANADIAN-MAPLE-LEAFLight front coordinates fix this by defining a new, boost-invariant time variable!

A. Einstein, Annalen Phys 17 (1905) 891

https://inspirehep.net/literature/4181


Light front coordinatesLight front coordinates 15/31

CANADIAN-MAPLE-LEAFLight front coordinates are a different foliation of spacetime.
LEAFInvolves redefining equal-time surfaces.

x± = 1p
2

(
t ± z

)
x⊥ = (x, y) x+ = 1p

2

(
t + z

)= time

t

z

Minkowski coordinates

t

z

x+x−

Light front coordinates

P.A.M. Dirac, RevMod Phys 21 (1949) 392
Brodsky, Pauli & Pinsky, Phys Rept 301 (1998) 299
AF, A friendly introduction to the light front (lecture series)

https://inspirehep.net/literature/26316
https://inspirehep.net/literature/443682
https://www.youtube.com/playlist?list=PLWB50RFxjvdsRY_1GOaiLNdxcZz6s-3yx


Synchronization vs. seeingSynchronization vs. seeing 16/31

t

zAlice Bob

tA

tB

τ= tA+tB
2

fixed 1p
2

(
t + z

) CANADIAN-MAPLE-LEAFFixed t surfaces require coordination
LEAFDistant clocks must be synchronized
LEAFMust wait for light to arrive
LEAFReconstruct after the fact
LEAFRuined by boosts

CANADIAN-MAPLE-LEAFFixed x+ surfaces require looking
LEAFLook in the +z direction
LEAFThat’s a fixed x+ surface
LEAFInvariant under boosts!
LEAFAllow relativistic densities

A. Einstein, Annalen Phys 17 (1905) 891
Brodsky, Pauli & Pinsky, Phys Rept 301 (1998) 299
AF &Miller, Phys Rev D 107 (2023) 074036

https://inspirehep.net/literature/4181
https://inspirehep.net/literature/443682
https://inspirehep.net/literature/2634715


Transverse boosts and Terrell rotationsTransverse boosts and Terrell rotations 17/31

Dice images by Ute Kraus,

https://www.spacetimetravel.org/

CANADIAN-MAPLE-LEAFLorentz-boosted objects appear rotated.
LEAFTerrell rotation
LEAFOptical effect: contraction + delay

CANADIAN-MAPLE-LEAFLight front transverse boost
undoesTerrell rotation:

B (LF)
x = 1p

2

(
Kx + Jy

)
LEAFStandard boost + counter-rotation
LEAFLeaves x+ (time) invariant
LEAFPart of theGalilei subgroup

J. Terrell, Phys Rev 116 (1959) 1041
M. Burkardt, Int J Mod Phys A 18 (2003) 173

https://www.spacetimetravel.org/
https://inspirehep.net/literature/46640
https://inspirehep.net/literature/589769


Galilei subgroupGalilei subgroup 18/31

CANADIAN-MAPLE-LEAFPoincaré group has a (2+1)DGalilei subgroup.
LEAFx+ is time and x⊥ is space under this subgroup.
LEAFP+ = Ep +pz is the central charge.
LEAFx+ and P+ are invariant under this subgroup!

CANADIAN-MAPLE-LEAFLight front time gives fully relativistic 2D picture that looks a lot like non-relativistic physics.

dP⊥
dx+ = P+ d2x⊥

dx+2

H = Hrest+
P 2
⊥

2P+

v⊥ = P⊥
P+

G. Pinski, J Math Phys 9 (1986) 1927
M. Burkardt, Int J Mod Phys A 18 (2003) 173

https://pubs.aip.org/aip/jmp/article/9/11/1927/1031140/Galilean-Tensor-Calculus
https://inspirehep.net/literature/589769


Galilei subgroup and densitiesGalilei subgroup and densities 19/31

CANADIAN-MAPLE-LEAFWave packet separation works for transverse spatial coordinates
r⊥1

r⊥2

r⊥ ×

Ψ(P+,R⊥) ψ (x,r⊥)

LEAFWorks thanks to the Galilei subgroup
CANADIAN-MAPLE-LEAFApparently stuck with 2D spatial densities

LEAFMomentum fraction x gives third dimension
LEAFx dependence visible in impact parameter parton distributions—beyond scope of this talk

Brodsky, Pauli & Pinsky, Phys Rept 301 (1998) 299
M. Burkardt, Int J Mod Phys A 18 (2003) 173
Vary, Honkanen, Li, Maris & Brodsky, Phys Rev C 81 (2010) 035205

https://inspirehep.net/literature/443682
https://inspirehep.net/literature/589769
https://inspirehep.net/literature/819886


Light front stress tensorLight front stress tensor 20/31

∫
R

dx− 〈Ψ|T̂ i j (x)|Ψ〉 =∑
s,s′

∫
d2R⊥

{ dynamic pressures︷ ︸︸ ︷
−Ψ∗

s′

←→∇ i←→∇ j

4(P+)2 Ψsas′s (x⊥−R⊥)︸ ︷︷ ︸
internal P+ density

barycentric flux︷ ︸︸ ︷
−

iΨ∗
s′
←→∇ iΨs

2P+ p
j
s′s (x⊥−R⊥)︸ ︷︷ ︸

internal momentum density

barycentric flux︷ ︸︸ ︷
−

iΨ∗
s′
←→∇ jΨs

2P+ fi
s′s (x⊥−R⊥)︸ ︷︷ ︸
internal P+ flux

+
barycentric probability︷ ︸︸ ︷

Ψ∗
s′Ψst

i j
s′s (x⊥−R⊥)︸ ︷︷ ︸
internal stresses

}

Image: dynamic pressure from wind

CANADIAN-MAPLE-LEAFEchoes non-relativistic breakdown—light front Galilei symmetry!
CANADIAN-MAPLE-LEAFEMT-FFs Dq (∆2

⊥) and c̄q (∆2
⊥) in stress tensor.

t
i j
q (b⊥) =

∫
d2∆⊥
(2π)2

(
∆i
⊥∆

j
⊥−δi j∆2

⊥
4P+ Dq (∆2

⊥)− m2

P+ δ
i j c̄q (∆2

⊥)

)
e−i∆⊥·b⊥

Lorcé, Moutarde & Trawinski, Eur Phys J C 79 (2019) 89
AF &Miller, Phys Rev D 103 (2021) 094023

https://inspirehep.net/literature/1699964
https://inspirehep.net/literature/1844411
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CANADIAN-MAPLE-LEAFStart with a closed system (sum quarks & gluons—no c̄):

t
i j
LF(b) =

∫
d3∆⊥
(2π)2

∆i∆ j −δi j∆2

4P+ D(∆2
⊥)e−i∆⊥·b⊥ = −∇i∇ j +δi j∇∇∇2

4P+

∫
d2∆⊥
(2π)2 D(∆2

⊥)e−i∆⊥·b⊥︸ ︷︷ ︸
≡D(r )

Polyakov pressure potentialCANADIAN-MAPLE-LEAFSimple tripole model:

D(∆2
⊥) = D0

(1+∆2
⊥/Λ2)3

=⇒ D(b⊥) = D0Λ
4b2

⊥
16π

K2
(
Λb⊥

)︸ ︷︷ ︸
modified Bessel functionLEAFTripole from perturbative QCD; D0 &Λ from experiment or lattice

Polyakov & Schweitzer, Int J Mod Phys A (2018)
Lorcé, Moutarde & Trawinski, Eur Phys J C (2019)
AF &Miller, Phys Rev D 103 (2021) 094023

Combined tripole form

D0 = D (q)
0 +D (g )

0 =−3.46

Λ= 1.12 GeV

Burkert, Elouadrhiri & Girod, Nature (2018)
Duran &al., Nature (2023)

https://inspirehep.net/literature/1673717
https://inspirehep.net/literature/1699964
https://inspirehep.net/literature/1844411
https://inspirehep.net/literature/1673606
https://inspirehep.net/literature/2110821
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t
i j
LF(b⊥) = D0Λ

5b⊥
128πP+

{(
Λb⊥K0(Λb⊥)−2K1(Λb⊥)

)isotropic pressure︷︸︸︷
δi j −2Λb⊥K0(Λb⊥)

shear stresses︷ ︸︸ ︷(
b̂i b̂ j − 1

2δ
i j

)}

0 1 2
b⊥ (fm)

−0.2

0.0

0.2

0.4

2π
b ⊥
p(
b ⊥

)
(G

eV
/f

m
)

Combined tripole form

p(r ) = D0Λ
5b⊥

128πP+
(
Λb⊥K0(Λb⊥)−2K1(Λb⊥)

)
D0 = D (q)

0 +D (g )
0 =−3.46

Λ= 1.12 GeV

Burkert, Elouadrhiri & Girod, Nature (2018)
Duran &al., Nature (2023)

CANADIAN-MAPLE-LEAFIsotropic pressure: average stress over all directions
LEAFOften just called “pressure” in the literature

https://inspirehep.net/literature/1673606
https://inspirehep.net/literature/2110821
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t
i j
LF(b⊥) = D0Λ

5b⊥
128πP+

{(
Λb⊥K0(Λb⊥)−2K1(Λb⊥)

)isotropic pressure︷︸︸︷
δi j −2Λb⊥K0(Λb⊥)

shear stresses︷ ︸︸ ︷(
b̂i b̂ j − 1

2δ
i j

)}

0 1 2
b⊥ (fm)

0.00

0.25

0.50

0.75

1.00
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Combined tripole form

s(r ) =−D0Λ
6b2

⊥
64πP+ K0(Λb⊥)

D0 = D (q)
0 +D (g )

0 =−3.46

Λ= 1.12 GeV

Burkert, Elouadrhiri & Girod, Nature (2018)
Duran &al., Nature (2023)

CANADIAN-MAPLE-LEAFShear stress: anisotropy in stress tensor
LEAFDescribes howmaterial elements are sheared by the stresses

https://inspirehep.net/literature/1673606
https://inspirehep.net/literature/2110821
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ti j =
[
txx tx y

ty x ty y

]
−−−−−−−−−−→
polar coordinates

[
pr 0
0 pt

]

←−−−−−−−
shear strain

s

p −−−−−−−−→
local rotation p ′

CANADIAN-MAPLE-LEAFNormal stresses push (compression) or pull (tension) on material element
CANADIAN-MAPLE-LEAFShear stresses cause medium to shear
CANADIAN-MAPLE-LEAFShear stresses eliminated by diagonalization—get principal stresses

C.S. Jog, ContinuumMechanics
Polyakov & Schweitzer, Int J Mod Phys A (2018)

normal stresses (pressures)shear stress

https://www.google.com/books/edition/Continuum_Mechanics_Volume_1/lN1wCgAAQBAJ
https://inspirehep.net/literature/1673717
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t
i j
LF(b⊥) = D0Λ

5b⊥
64πP+

{
−K1(Λb⊥)

radial pressure︷ ︸︸ ︷
b̂i b̂ j +

(
Λb⊥K0(Λb⊥)−K1(Λb⊥)

)tangential stresses︷ ︸︸ ︷(
δi j − b̂i b̂ j

)}
Combined tripole form

pr (r ) =−D0Λ
5b⊥

64πP+ K1(Λb⊥)

D0 = D (q)
0 +D (g )

0 =−3.46

Λ= 1.12 GeV

Burkert, Elouadrhiri & Girod, Nature (2018)
Duran &al., Nature (2023)
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CANADIAN-MAPLE-LEAFRadial pressure is strictly positive in the proton—but not in all systems

https://inspirehep.net/literature/1673606
https://inspirehep.net/literature/2110821
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t
i j
LF(b⊥) = D0Λ

5b⊥
64πP+

{
−K1(Λb⊥)

radial pressure︷ ︸︸ ︷
b̂i b̂ j +

(
Λb⊥K0(Λb⊥)−K1(Λb⊥)

)tangential stresses︷ ︸︸ ︷(
δi j − b̂i b̂ j

)}
Combined tripole form

pt (r ) = D0Λ
5b⊥

64πP+
(
Λb⊥K0(Λb⊥)−K1(Λb⊥)

)
D0 = D (q)

0 +D (g )
0 =−3.46

Λ= 1.12 GeV

Burkert, Elouadrhiri & Girod, Nature (2018)
Duran &al., Nature (2023)
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CANADIAN-MAPLE-LEAFDiffuse tangential tension
CANADIAN-MAPLE-LEAFProton is like a liquid drop with a very fuzzy, diffuse boundary

https://inspirehep.net/literature/1673606
https://inspirehep.net/literature/2110821
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Radial pressure
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CANADIAN-MAPLE-LEAFProton is like a liquid drop with a very fuzzy, diffuse boundary
Polyakov, Phys Lett B (2003)

https://inspirehep.net/literature/599384
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von Laue condition

∫
d2b⊥ p(b⊥) = 0

CANADIAN-MAPLE-LEAFSatisfied for every hadron
CANADIAN-MAPLE-LEAFCan be shown from:

〈p|T i j (0)|p〉 = 0

von Laue, Annalen Phys 340 (1911) 524
Polyakov & Schweitzer, Int J Mod Phys A 33 (2018) 1830025

https://inspirehep.net/literature/1703313
https://inspirehep.net/literature/1673717
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Polyakov’s conjecture

D(0) = P+
∫

d2b⊥ b2
⊥p(b⊥) < 0

CANADIAN-MAPLE-LEAFSeems to be true for hadrons
CANADIAN-MAPLE-LEAFSeems intuitive:

LEAFCompression against collapse
LEAFTension against disintegration

CANADIAN-MAPLE-LEAFIs false for some systems!
Perevalova, Polyakov & Schweitzer, PRD 94 (2016) 054024
Polyakov & Schweitzer, Int J Mod Phys A 33 (2018) 1830025

https://inspirehep.net/literature/1477829
https://inspirehep.net/literature/1673717
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CANADIAN-MAPLE-LEAFSign of D-term correlated with spin
of force-mediating field

LEAFPotential & wave function
underdetermine D-term!

CANADIAN-MAPLE-LEAFSpin-odd: postive
LEAFIncludes electromagnetic systems
LEAFHydrogen atom has D(0) > 0

CANADIAN-MAPLE-LEAFSpin-even: negative

CANADIAN-MAPLE-LEAFHadrons break this pattern—why?
LEAFGluons are spin one…
LEAFSomething to learn about QCD!

D-term for Yukawa potential ground state

10−3 10−1 101 103

∆2 (GeV2)

−20
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0

D
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2 )

Spin-zero

Spin-one

AF, 2609.33151

https://inspirehep.net/literature/3208575
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CANADIAN-MAPLE-LEAFStresses are momentum flux densities
LEAFHow a system responds to deformations
LEAFPositive/negative stress related to compression/tension

CANADIAN-MAPLE-LEAFDivergence of stress tensor gives forces between sub-components.
LEAFThis makes c̄q (∆2) the most exciting form factor.
LEAFCan map out color force distributions!

CANADIAN-MAPLE-LEAFLight front densities give relativistically exact 2D stress distributions
LEAF3D Breit frame densities are a non-relativistic approximation

CANADIAN-MAPLE-LEAFWe don’t really understand why the D-term is negative for hadrons
LEAFSomething interesting to learn about QCD here?

Thank you for your time!
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