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– Mechanical (energy-momentum) structure of nuclei 
	 studied by relativistic mean field theory (Walecka model) 
	 with Dirac nucleons + (S+V) meson mean field
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EM form factors of proton ( ) 

Electric form factor ⇔ FT of charge density (at Breit frame) 

Magnetic form factor ⇔ magnetic moment 

EM form factors represent charge and current distributions.

P

EM Form Factor
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Source of Gravitation: Energy-momentum tensor (EMT) 

  symmetric tensor (BR improved) 

Gravitational Form Factors of proton: 　 
 
 
Form factors: 	

Tμν (μ ↔ ν)

A(t), B(t), D(t)

Gravitational Form Factor (GFF)
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Gravitational Form Factor (GFF)

Many studies for the proton (+other hadrons) 
Review: M. V. Polyakov, P. Schweitzer, Forces inside hadrons: pressure, 
surface tension, mechanical radius and all that, Int. J. Mod. Phys. A 33 (2018) 
1830025, arXiv:1805.06596. 

Model calculations (examples) 
M. J. Neubelt, A. Sampino, J. Hudson, K.Tezgin, P. Schweitzer, Energy 
momentum tensor and the D term in the bag model, PR D101 (2020) 034013. 
M. Fujita, Y. Hatta, S. Sugimoto, T. Ueda, Nucleon D-term in holographic 
quantum chromodynamics, PTEP 2022 (2022) 093B06. 

Other studies:  
– Individual contributions of quarks and gluons, scale invariant and 
non-inv. terms, etc. 
– Relations to Generalized Parton Distributions (GPD)
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Gravitational Form Factor (GFF)

GPD - GFF correspondence 
GPD (quarks) from DVCS 
	  and  (unpolarized) 
    (helicity-non-flip)   (flip) 

GPDs are related to the EM form factor 
and GFF (quark part) as 
 

Hq(x, ξ, t) Eq(x, ξ, t)
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Why? Nuclear GFF

Nucleus is an isolated self-bound system by the strong interaction. 
Its mechanical structure is interesting because the nucleus shows 
various quantum phenomena, such as deformation, effects of non-
central spin-orbit and tensor forces, paring correlations, 
clustering, and so on.  
Nuclear GFFs represent distributions of mechanical forces and 
structures and bring new aspects in nuclear physics. 
For  nuclei 
 
	  

 and  are GFFs of nuclei 
In the forward scattering limit: 
	 momentum conservation 
	 new constant (D-term)

J = 0

A(t) D(t)

7

<latexit sha1_base64="M/EZlJiqByMPjYMb+8FPJQVRVIA="></latexit>

A(t = 0) = 1
<latexit sha1_base64="PJTZWijY1T6TuBIJ58aFTCz/xRs="></latexit>

D(t = 0) = D

<latexit sha1_base64="uvQPeMI/l4//Sx+g/cwmSUQnmOo="></latexit>p

<latexit sha1_base64="CXHMy9vsZzlUHVFrnCF4c6LzEhY="></latexit>

p→

<latexit sha1_base64="sbVyqAHmhvQaqzkN1qswjvbKqVc="></latexit>gµω

<latexit sha1_base64="QdmE2bWZIW6lclYgBAmHmKomc6w="></latexit>

Tµω
<latexit sha1_base64="Sd/XKs6vfa8Nodxfy6AoyksoaOA="></latexit>

→p→|Tµω |p↑ = 2A(t)PµP ω +
1

2
D(t)(qµqω ↓ gµωq2)

<latexit sha1_base64="HS+PB/yzD8NzlJrQAKQ5tLYacGs="></latexit>

P =
p+ p→

2
, q = p→ → p, t = q2



Makoto Oka (RIKEN Nishina Center)

Nuclear GFF

Relativistic mean field (RMF) formalism of nuclear structure  
Serot-Walecka (1979)  (Walecka model)  
	 nucleons as Dirac particles 
	 scalar mean field (attraction) + vector mean field (repulsion) 
	 ⇒ nucleon effective mass, relativistic spin-orbit force 

Local Lagrangian form gives covariant energy-momentum tensor 
and its expectation values as functions of spatial coordinates. 

Realistic model  
Niksic, Vretenar, Ring, PPNP 66, 519 (2011) 
	 DIRHB program code with a parameter set DD-ME2 
	 by Niksic et al., Comp. Phys. Comm. 185, 1808 (2014)

8



Makoto Oka (RIKEN Nishina Center)

Nuclear GFF

Liquid drop model  
M. V. Polyakov, Phys. Lett. B 555, 57 (2003) 

Skyrme model  
Garcia Martín-Caro, Huidobro, Hatta 
PR D 110 (2024) 034002 
Deuteron 
Freese, Cosyn, PR D 106 (2022) 114013 
He, Zahed, PR C 109 (2024) 045209 

Walecka model  
Guzey, Siddikov, J. Phys. G32, 251 (2006)
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Relativistic Mean Field

Nuclear Lagrangian  
	 for (point Dirac) nucleons, and mean-fields , , and . 

Eq. motion for static mean fields of mesons 
 
 
 
	 rearrangement term  generated by density dependent  
	 coupling constants according to DIRHB (DD-ME2).

σ ω ρ

ΣR
μ
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Relativistic Mean Field

DD-ME2: Density dependent couplings to fit observed nuclear 
binding energies and radii. 

Parameters
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Relativistic Mean Field

Solutions for 
Even-even nuclei ( ) with spherical mean fields,  
	 ,  ,   

Partial wave solutions 
 
 
spinor spherical harmonics 

Slater determinant wave function for A=Z+N nucleons 
(No deformation, no paring, no SR correlation)

J = 0
σ(r) ω(r) = ⟨ω0⟩ ρ(r) = ⟨ρ0

3⟩
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Energy-Momentum tensor

Energy momentum tensor for the RMFT 

Mean fields for “spherical”  nuclei, N ≠ Z
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Energy-Momentum tensor

Stress tensor decomposed into traceless, , and trace part, . 

Pressure and shear force distributions	  

s(r) p(r)
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Energy-Momentum tensor

Stability condition 	 (von Laue condition) 

Scale invariance 
For a scale invariant theory, dilatation current	 	  is 
conserved and the trace of EMT is zero. 

The total energy (mass) is given by 
 
 
ex 
 
	 RMF
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Energy-Momentum tensor

pressure and shear force distributions 
 

16
Y. Hatta, T. Oishi, M. Oka, Phys. Rev. C 114, 024343 (2026)

Contribution of the orbits with large l

large peak at the surfaceprop to the matter density
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Radius Zoo
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by Y. Hatta

Shear radius

Radius zoo
Charge radius

Magnetic radius

Baryon number radius

Mass radius

Scalar radius

Tensor radius

Mechanical radius

2312.12984 

(proton)

(proton+neutron)
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Nuclear Radii and D term

Results for double-magic (closed shell) nuclei 
RMS radii 

Order of the various radii 
	  
Shear distribution has large contribution from nuclear surface. 
 

rB < rt < rm < rs ≪ rshear
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charge baryon tensor mass scalar shear

Y. Hatta, T. Oishi, M. Oka, Phys. Rev. C 114, 024343 (2026)



Makoto Oka (RIKEN Nishina Center)

Charge/Mass Radii

Charge (proton) and Mass radii for doubly closed shell nuclei 
They increase ~  for the mass number . 
 
 
 
 
 
 

Nuclear saturation:  
, i.e., Radius, 

A0.3 A

Volume ∝ Mass number,  A R ∝ A1/3

19

<latexit sha1_base64="ILnfgysLBEAtoY1qQpywtz58eAI="></latexit>rch

<latexit sha1_base64="XrKJ5AI6kJsDjiP3zFaKtp9hjIE="></latexit>rmass
<latexit sha1_base64="uOzvHKdtkk25/xIZ3hi/rZQQask="></latexit>

A0.3

16O
40Ca

68Ni
90Zr

132Sn
208Pb

Y. Hatta, T. Oishi, M. Oka, Phys. Rev. C 114, 024343 (2026)



Makoto Oka (RIKEN Nishina Center)

Isotope dependencies of proton (charge) distribution 

Mass distribution

Charge/Mass Radii

20
Y. Hatta, T. Oishi, M. Oka, Phys. Rev. C 114, 024343 (2026)
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Nuclear D term

Double magic (closed shell) nuclei:	 Our fit   ∝ Aβ ∼ A2.3
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A2.3

A

RMF

16O 40Ca 68Ni
90Zr

132Sn

208Pb

Y. Hatta, T. Oishi, M. Oka, Phys. Rev. C 114, 024343 (2026)

 (liquid drop, Polyakov) 
 (Skyrme model, Martín-Caro, Huidobro, Hatta)   

 (Walecka model, Guzey, Siddikov)

β = 7/3 = 2.33
β = 1.9
β = 2.26
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Nuclear D term

Isotope and shell effects for proton-magic isotopes 

D terms do not increase monotonically. ⇒ “LS splitting” (shell effect)
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Summary and future prospects

Gravitational form factors carry new information of mechanical 
structures of hadrons and nuclei.  

D-term is a new (coupling) constant, representing the shear-force 
structure of nuclei. 

Relativistic mean field (RMF) theory is applied to calculate the 
nuclear gravitational form factor. 

The D-terms of the closed shell nuclei show a strong mass-number 
dependence, , while the mass and charge radii increase roughly 
as . 

The isotope dependencies of the D-terms are not monotonic, 
depending on  of the occupying shell, showing strong shell effects 
due to the LS coupling.

A7/3

A1/3

κ
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Summary and future prospects

Future prospects 

– We so far have “neglected” various nuclear physics effects. 

	 deformation  change shell structures 

	 pairing correlation (quasi-particle) 

	 Coulomb interaction 

– Convolution of the NGFF with the nucleon/meson GFF 

	 “EMC” effects on GFF ! 

→
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