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Article 
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050-315-2359; Fax: +39-050-315-2166 

2 Professor at the Department of Information Engineering, University of Pisa, G. Caruso, 16, 56122 Pisa, Italy. 

Abstract: By incorporating quantum mechanics into gravitational theory through the so-called 
spacetime geometrization procedure that consists in applying the principle of least action alongside 
the covariance of quantum mechanical motion equations, we present a model that describes the 
gravitational behavior of antimatter whose existence is fundamentally rooted in quantum mechanics. 
This approach is based on the fact that the equivalence of gravitational and inertial mass in General 
Relativity can be replaced by the condition of covariance of classical equations of motion in curved 
spacetime. The findings show that even if the antimatter particles rest mass assumes negative values, 
the Newtonian gravity of point-like antimatter matter on macroscopic scale is attractive. The work 
also shows that the weak Newtonian gravity includes an additional quantum term that is inversely 
proportional to their mass and depending by the quantum mass density distributions. | |ψ . The 
divergence of gravitational energy for infinitesimal masses may provide an explanation for the origin 
of field quantization in elementary particles and enforcing a discrete spectrum of elementary particle 
masses. 

Keywords: antimatter gravity; gravitational origin of field quantization; gravity quantization 
 

1. Introduction 

General Relativity, a form of spacetime geometrization, is derived by utilizing two fundamental 
conditions: the equivalence of inertial and gravitational masses, and the principle of least action [1]. 
On the other hand, it is also true that the equivalence of inertial and gravitational masses corresponds 
to imposing the covariance of the classical equations of motion in curved spacetime. In this sense the 
general Relativity can be conceptualized as classical spacetime geometrization consequent to the 
minimum action principle. If, instead of the covariance of the classical motion equation, we assume 

the covariance of quantum mechanical motion equations for the mass distributions 2| |ψ  we obtain 
the spacetime geometry consequent to the presence of quantum bodies. 

This can be achieved by utilizing the Madelung hydrodynamic representation of quantum 
mechanics [2–4] that transforms the quantum equations (such as the Schrodinger or the Klein-Gordon 
or the Dirac ones) as a function of the field  

( x )S
i

( x ) ( x )| | e
μ

μ μψ ψ
−

=   (1)

in a system of two equations as a function of the real variables: ( x )| |μψ and S pμ μ∂ = − . 

This transformation for the Klein-Gordon equation (KGE) 

Disclaimer/Publisher’s Note: The statements, opinions, and data contained in all publications are solely those of the individual author(s) and 
contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to people or property resulting 
from any ideas, methods, instructions, or products referred to in the content.

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 11 February 2025 doi:10.20944/preprints202411.2160.v2

©  2025 by the author(s). Distributed under a Creative Commons CC BY license.

https://doi.org/10.20944/preprints202411.2160.v2
http://creativecommons.org/licenses/by/4.0/


 2 of 9 

 

( ) ( )
2 2

2
1;

; ;

m cg g g
g

μ μν μν
μ ν μ νμ

ψ ψ ψ ψ= ∂ = ∂ − ∂ = −
− 

 (2)

leads to [5] the motion equation 

( )
2

2 21 0 g S S g g | | m c
| | g

ν μ μν
μν μ ν ψ

ψ
∂ ∂ − ∂ − ∂ − =

−
  (3)

coupled to the conservation equation 

21 0Sg g | |
q qg

μν
μ νψ

 ∂ ∂− = ∂ ∂−  
, (4)

that gives rise to a classical-like description where the mass density 2| |ψ  owing the 

hydrodynamic impulse pμ  is subject to the additional non-local quantum potential interaction 

( )
2 1

qu(| |)V g g | |
m | | g

μν
ψ μ ν ψ

ψ
= − ∂ − ∂

−


 (5)

conceptualizing (3) in the form 
2 2 0qug p p mV m cν μ

μν + − =  (6)

If in the non-relativistic limit where (2) reduces to the Schrodinger equation, Eq. (3) reduces to the 
classical equation of motion [4]. In the quantum case, analogously to the general relativity procedure, 
by imposing the covariance of (3) in curved spacetime we can utilize the minimum action principle 
to obtain the geometry of spacetime subject to the quantum physics.  
As shown in ref. [5,6] minimum action condition 0QHδ =  in the quantum hydrodynamic 

representation can be expressed as 

21 1 ( k ) ( k ) ( k )
QH

k

k

g L g L g L
| | g gd

c | |g q g gg
| |q

μν
μν λ μν μν

λ

δ ψ δ
ψ

ψ

   
   ∂ − ∂ − ∂ −∂ ∂   = − − − Ω   ∂∂ ∂ ∂ ∂− ∂ ∂     ∂∂   

 
  


 

(7)

where ( k )L  is the quantum hydrodynamic Lagrangian density ( k )L given in ref. [2]. Furthermore, 

by comprehending the contribution coming from the spacetime curvature,  

3

16
1
2g dg gg

G
Rc R μν

μν μνδ
π

δ=  −− 
 

Ω   , (8)

the overall minimum condition 

2
4

81
2

0gQH R Rg |G | g gd
c

μν
ν νν μ μμ ψ δπδ δ τ+ = − − Ω =− 

      (9)

defines the quantum gravity equation (QGE) [5,6] 

2
4

8 01
2

R Rg | |G
cμν μν μν
π τψ− =−  (10)

where μντ in (10) is explicitly derived as a function of the quantum hydrodynamic Lagrangian 

density ( k )L  in ref. [5]. 
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For the particular case of interest, of the macroscopically stable state (stationary energy eigenstates 
[7]), ( k )L  reads 

( ) ( )1 12 2

1

2

2

t ( k ) ( k ) t ( k ) ( k ) ( k )( k )

k k k

k k k

( k ) c S g p p c S g S S

ln[ ] ln[ ] ln[ ]
* * *ic g

t q q

L α μ α μ
μα μα

μα
α ν

ψ ψ ψ
ψ ψ ψ

− −

−

= − ∂ = − ∂ ∂ ∂

 ∂ ∂ ∂ 
 = −

∂ ∂ ∂ 
 
 




. (11)

Therefore, as shown in ref. [5], in the macroscopic weak gravity limit (10) acquires the form 

( )4
1
2

8
( k ) Q

G T
c

R Rg gμν ν μνμνμ
π− −Λ=  (12)

where the energy tensor density ( k )T μν reads 

1
2 2

1

2 2

2

( k ) ( k ) ( k ) ( k ) ( k )
( k ) k

k k

k k
k

k
k k k

k k

S S S S S
T | | c g g

t q qq q

ln[ ] ln[ ]
* *

q qln[ ]
*| | c

ln[ ] ln[ ]i t
* *g g

q q

αβ μνμ ν
β α

μ ν

αβ μ
β α

μν ψ

ψ ψ
ψ ψ

ψ
ψψ ψ ψ

ψ ψ

−

−

  ∂ ∂ ∂ ∂ ∂ 
 = −      ∂ ∂ ∂∂ ∂    

∂ ∂

  ∂ ∂∂ 
 = −  ∂ ∂∂      −  ∂ ∂ 

 
 

        

ν

 
 
 
 
 
 
 
 
  
 

. (13)

where νμg  is the metric tensor, where 1g | g |νμ
−= and where 

2k
( k )

k

iln S
*

ψ
ψ

= −


 (14)

Furthermore, by defining k kψ ψ+ = and k k *ψ ψ− =  the wavefunction of the particle and 

antiparticle. respectively, it follows that S S− += −  and 

1

2 2

2

k k

k k
k

k
( k ) k k k

k k

ln[ ] ln[ ]
* *

q qln[ ]
*T | | c

ln[ ] ln[ ]i t
* *g g

q q

μ

μ ν

αβ μν
β

ν

α

ψ ψ
ψ ψ

ψ
ψψ ψ ψ

ψ ψ

−

±

 ∂ ∂ 
   ∂ ∂∂      =   ∂ ∂∂       −   ∂ ∂      

 . (15)

Moreover, by utilizing, in the low curvature limit (Newtonian gravity), the KGE expression 

2
2 2 2

2 21 quVS S Ep p p m c
qq c mc

μ
μμ

μ

   ∂ ∂ = = − = −   ∂∂   
  (16)

(15) reads 
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1

2 22 2 4

2

1

2
1

k k
k k k

k
( k ) k

qu

ln[ ] ln[ ]
* *ln[ ]

* m c q qT | | m c
i t V

g
mc

μ ν

μ

μν

ν

ψ ψ
ψ ψ ψ

ψψ

−

±

 ∂ ∂  ∂   
∂ ∂  =

∂        − −      

 . (17)

It is interesting to note the quantum nature of Eqs. (13,17) in the presence of not-null off-diagonal 
terms, as pointed out by the non-commutative field theory [8]. 

Given the physical description of antimatter provided by quantum mechanics, the gravity 
equation (10) naturally incorporates it into gravitational theory. Consequently, performing the (non-
relativistic) weak gravity limit of (10) yields the Newtonian forces for both matter and antimatter. 
To derive the macroscopic Newtonian gravity of matter and antimatter, it is necessary to disregard 
the quantum contributions performing the limit 0 →  from which we have [5] 

0 0Qlim → Λ =   (18)

and  

0 0quVlim → = . (19)

Moreover, we have to impose the conditions for the establishing of low energy non-relativistic 
limit [7] 

1γ ≅  . (20)

leading to the identity 

2 22
k

k
ln[ ]

* Si E mc mc
t t

ψ
ψ γ+

∂
∂= = − = − ≅ −

∂ ∂
 

(21)

and 

2 2S E mc mc
t

γ−∂ = = ≅
∂

 (22)

that introduce into (17) leads to 

( )

2 2
2 2

2
2 2

2 2

1

1

k k

k k
( k ) k

k

k

ln[ ] ln[ ]
* *T | | mc g

m c q q

| | mc p p g
mc

| | mc u u g

μνμ ν

μ ν μν

μ ν

μν

μν

ψ ψ
ψ ψψ

ψ

ψ

± ±

±

±

 ∂ ∂ 
 = −

∂ ∂ 
 
 
  = −     

= −

         

         

 

(23)

where 
p

u
mc

μ
μ = is the velocity field. 

Therefore, from (23) the weak gravity limit of QGE reads 

( )2
( )2

1 8 | |
2 k

GR g R m u u
c

α
νμ νμ α μ ν

π ψ± ± ±− =  (24)
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leading to the trace identity 

2
2

1 8
2

GR R R m | | u u
c

α α α α α
α α α α α

πδ ψ± ± ± ±− = − = .   (25)

Thus, in the particles reference system where 

( )1 0 0 0u , , ,μ = , (26)

it follows that 

0 2
0 2

8 GR m | |
c
π ψ± ±=  (27)

2. The Antimatter Newtonian Field  

Given the Newtonian gravitational potential φ , as a function of the component 00g  of the 

metric tensor [9]  

002
2 1g
c
φ = − , (28)

whose trace, at zero order, reads 

2gαα ≅ − , (29)

leading to the identity 

( )0 2 00
0 00 002 2

4 1 1
2

GR m| | R g g
c q c

α

α γγ α α αα
π ψ φ∂Γ= = = ≈ − ∂ ∂ = ∂ ∂

∂
 (30)

it follows that 

24 Gm | |α αφ π ψ± ±∂ ∂ = . (31)

Therefore, given that 2 2m | | m | * |ψ ψ− =  and, thence,  

2 2 2m| | m | | m | * |ψ ψ ψ+ = =  (32)

it follows that the antiparticle mass density is equal to that of the particle mass density and the 
Newtonian gravity of antimatter is equal to that of matter.  

3. Newtonian Gravity at Short Distance Between Two Quantum Bodies  

The results (29-32) are valid as far as the wave function localization produces a mass distribution 
that is satisfactory well described for distance much larger than the quantum mass density 
distribution of particles respect the scale of the problem (for instance by the Dirac’s delta typical of 
the classical macroscopic approach). On very short distance, when the physical length of the problem 
is of order of the quantum body mass distribution, the gravitational interaction is influenced by the 
effective form of the quantum mass density distribution 2| |ψ .  

Here we consider the case of quantum bodies (sufficiently large) to be described by continuous 
fields. Furthermore, the gravity interaction is derived by assuming the particle densities are very 
much lighter than the Planck mass in a cube of Planck length side, so that (at zero order of 
approximation) the spacetime can be assumed Minkowskian. Then, the gravitational force is derived 
by the first order curvature produced by such mass distributions. 
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Therefore, we are in the position to derive the gravitational potential of a particles as deriving 
by the curvature induced by its mass distributions 2| |ψ  through the gravity equation  

22 2

4 1 2

2

22 2

4 1 2

2

1 1
1 8 | |
2

1 [ ] [ ]
2 * *

1 1
8 | |                         

1
2

qu
Q

qu

qu
Q

qu

V
g g

mcG mcR g R
c V

ln ln g
mcmc

V
g g

mcG mc
c V

mcmc

μν μν
α

νμ νμ α

λ
μ λν

μν μν

π ψ
γ

ψ ψ
ψ ψ

π ψ
γ

−

−

  
  − − − Λ
   − =  
   + − ∂ ∂    

 
 − − − Λ
 
 =

 + −  
 



 p p gλ
μ λν

 
 
 
 
 
  
 

 .  
(33)

Here, for sake of completeness, we also re-consider the contribution that can come from the 
quantum pressure term Q gμν−Λ  where the cosmological-like term QΛ , given in ref. [5], reduces to 

a small constant in quasi-Minkowskian spacetime approximation [10]. Therefore, Equation (33) for 

the non-relativistic case, where 2 1quV

mc
 , leads to 

22 2

4

2

21 8 | |
2

1
2

qu
Q

qu

V
g

mcG mcR g R
c V

u u
mc

μν
α

νμ νμ α

μ ν

π ψ
γ

  
− + Λ  
  − =    + +    

. (34)

Furthermore, by using the identity  

( )2 23
2 2

qu qu
Q Q

V V
u u

mc mc
α α
α αδ

   
− + Λ − = − + Λ   
   

 (35)

it follows that 

2 2
4 2

8 | | 1 3
2

qu
Q

VGR mc
c mc

α
α

π ψ
  

− = − + Λ     
 (36)

leading to the gravitational potential 

( )
2 3

2 2
0

1 3
2

V
qu

r Q
VGm | | d V
mcr R

φ ψ
  

∂ = − + Λ   −   
  (37)

where, we can recognize the classical and quantum parts that read, respectively, 

( ) ( ) ( )
( )

( )
2 2 2 2

2
0 2 0

r R /

r Class r R, ,
/j

Gm | | r R d r R cos d d
r R

π π

ϑ ϕ
π

φ ψ ϑ ϑ ϕ
−

−
−

 
 ∂ = − −
 −  
    (38)

( ) ( ) ( ) ( )
( )

( )
2 22

2 2
2 2

0 2 0

3 2
2

r R /

r Q Qr R, ,
/j

G | | r R | | mc | | d r R cos d d
mc r R

π π
μ

μϑ ϕ
π

φ ψ ψ ψ ϑ ϑ ϕ
−

−
−

 
 ∂ = − ∂ ∂ + Λ −
 −  
  

 . (39)

It is worth noting that the quantum contribution (39) becomes larger smaller the particle mass 
m  leading to the asymptotic expression for infinitesimal mass 
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( ) ( ) ( )
( )

( )
2 22

2
0 2 2

0 2 0

3
2

r R /

m r Q r R, ,
/j

Glim | | r R | |d r R cos d d
mc r R

π π
μ

μϑ ϕ
π

φ ψ ψ ϑ ϑ ϕ
−

→ −
−

 
 ∂ ≈ − ∂ ∂ −
 −  
  

 . (40)

From (40) it is important to highlight that, to prevent gravitational energies from diverging, the 
mass of particles cannot decrease continuously to zero but must be quantized with minimum values. 
This implies the existence of elementary particles with discrete mass values and the necessity of 
quantizing their fields, pointing to a gravitational constraint that drives field quantization. 
Furthermore, this hypothesis supports the notion that only fields require quantization, while gravity 
itself, as defined by the left side of gravitational equation (10), becomes indirectly a quantum operator 
through the equivalence to the quantized fields on the right side of (10) [11]. 

4. Discussion 

Quantizing particle masses to avoid gravitational divergences is a compelling topic in theoretical 
physics, with ongoing research exploring its implications. Some nonlinear field theories propose that 
gravity could play a pivotal role in the formation of elementary particles, suggesting the existence of 
regular solitonic solutions that can be interpreted as particles with discrete masses [12].The stability 
and discreteness of masses might be a consequence of intrinsic gravitational constraints. 

Despite this, quantum gravity remains a non-renormalizable theory, meaning that it cannot fully 
eliminate divergences to yield finite results, in contrast to renormalizable frameworks like the 
Standard Model. The Higgs field, while providing mass to elementary particles such as quarks, 
electrons, neutrinos, and the W and Z bosons, has no direct connection to the gravitational field. 

However, certain models suggest that quantum effects in gravity might influence the 
discretization of black hole masses, implying the existence of a minimum mass required for their 
formation [13]. 

The quantum contribution of the gravitational field, arising from quantum potential energy, is 

characterized by a term 
2

m


inversely proportional to the particle mass that is also present into the 

quantum potential expression in (5) that, for weak Newtonian gravity, takes the form: 

2 1
qu(| |)V | |

m | |
μ

ψ μ ψ
ψ

= − ∂ ∂
 (41)

This term diverges as the particle mass approaches zero. However, it can remain constant if we 

increase the delocalization of the particle state, thereby reducing the spatial density term | |μ
μ ψ∂ ∂

. Moreover, since particle delocalization can extend up to the maximum elemental spacetime cell, 
corresponding to the lowest possible gravitational curvature and tied to a minimum critical value of 
the cosmological constant [14], below this critical value, the presence of a smaller mass density would 
cause spacetime to collapse into a polymeric-like, non-metric state. 

Thus, in physical spacetime, particles with vanishing rest mass are not permissible, while the 
presence of discrete mass particle in spacetime stabilizes it in the metric physical state.  

If elementary particles with continuously decreasing mass were possible, the universe's outer 
regions could become infinite, making possible additional large discrete spacetime cells at will (with 
practically null mass inside). Conversely, if only particles with finite mass, resulting in cells of 
minimum curvature, can exist, the external horizon of the universe could assume a finite extension. 
Beyond this horizon, the void spacetime would collapse into a polymeric phase lacking metric 
structure. 

Similar principles are observed in black hole physics, where a critical density is linked to horizon 
formation. Analogously, the critical cosmological constant QΛ value, connected to mass 
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discretization, might define a boundary separating the metric spacetime from its non-metric 
counterpart. 

5. Conclusion 

By employing the quantum spacetime geometrization, which describes gravity in spacetime 
with quantum bodies, the weak gravity limit of the Newtonian potential for antimatter is theoretically 
demonstrated to be identical to that of matter, even when the mass and energy of antimatter assume 
negative values. The theory also reveals additional weak gravity contributions that arise directly from 
the quantum nature of spacetime, exhibiting dependence on the quantum mass density distributions.

2| |ψ . 
The quantum contribution to gravity, stemming from the energy of the quantum potential, 

reveals that a continuous spectrum of mass in elementary particles approaching zero would lead to 
a diverging gravitational potential energy, thereby justifying the fields quantization and enforcing a 
discrete spectrum of elementary particle masses. The emergence of discrete masses driven by 
gravitational principles has profound implications for the nature of our universe. It aligns with the 
concept of a fundamentally quantized reality, where discreteness is an intrinsic and necessary 
property, shaping time, space, matter, their origins, their extent, and their ultimate end. 

Funding: This research received no external funding. 

Data Availability Statement: The original contributions presented in this study are included in the 
article/supplementary material. Further inquiries can be directed to the corresponding author(s). 

Conflicts of Interest: The author declares no conflicts of interest. 

References 

1. Landau L. D.; Lifšits, E.M. Course of Theoretical Physics Italian Edition. Mir Mosca Editori Riuniti 1976, 321-
66.. 

2. E. Madelung, Z. Phys. 40, 322-6, (1926). 
3. Jánossy, L.: Zum hydrodynamischen Modell der Quantenmechanik.  Z. Phys. 169, 79 (1962) 
4. I. Bialynicki-Birula, M. Cieplak and J.Kaminski, Theory of Quanta, (Oxford University Press, Ny 1992). 

USA 
5. Chiarelli, P., The Gravity of the Classical Klein-Gordon Field, Symmetry 2019, 11, 322; 

doi:10.3390/sym11030322 . 
6. Chiarelli, P., The Spinor-Tensor Gravity of the Classical Dirac Field, Symmetry 2020, 12, 1124; 

doi:10.3390/sym12071124 . 
7. Chiarelli, P. Quantum-to-Classical Coexistence: Wavefunction Decay Kinetics, Photon Entanglement, and 

Q-Bits. Symmetry 2023, 15, 2210. https://doi.org/10.3390/sym15122210. 
8. Douglas, M.R.; Nekrasov, N.A. Noncommutative field theory. Rev. Mod. Phys. 2001, 73, 977. 

https://doi.org/10.1103/RevModPhys.73.977. 
9. Landau L. D.; Lifšits, E.M. Course of Theoretical Physics Italian Edition. Mir Mosca Editori Riuniti 1976, 384-

87. 
10. Chiarelli, P., The Cosmological Constant: 2nd Order Quantum-Mechanical Correction to the Newton 

Gravity, Open Access Library Journal Vol.6 (5),(2019), https://doi.org/10.4236/oalib.1105400. 
11. Chiarelli, P., The Quantization Relations for the Metric Tensor of Gravitons, Open Access Library Journal 

Vol.5 (9) (2018), https://doi.org/10.4236/oalib.1104872. 
12. Alharthy, A.; Kassandrov, V.V. On a Crucial Role of Gravity in the Formation of Elementary Particles. 

Universe 2020, 6, 193. https://doi.org/10.3390/universe6110193 . 
  

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 11 February 2025 doi:10.20944/preprints202411.2160.v2

https://doi.org/10.20944/preprints202411.2160.v2


 9 of 9 

 

13. Chiarelli, P.; Chiarelli, S., The Computational Universe: Quantum Quirks and Everyday Reality, Actual 
Time, Free Will, the Classical Limit Problem in Quantum Loop Gravity and Causal Dynamical 
Triangulation. Quantum Rep. 2024, 6, 278–322. https://doi.org/10.3390/quantum6020020 . 

14. Hamber, H.W. Vacuum Condensate Picture of Quantum Gravity. Symmetry 2019, 11, 87. 

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those 
of the individual author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) 
disclaim responsibility for any injury to people or property resulting from any ideas, methods, instructions or 
products referred to in the content. 

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 11 February 2025 doi:10.20944/preprints202411.2160.v2

https://doi.org/10.20944/preprints202411.2160.v2

