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Abstract  

There are difficulties with renormalizing quantum theories of gravity and unifying gravity 

with electromagnetic fields. In this article, we postulate the Precise Equivalence Principle 

(PEP) as a basic principle to establish effective gravitational theories. The PEP leads to a 

conclusion that gravitational fields are Abelian gauge fields with an internal Ug (1) 

symmetry. Next, we establish Gravitodynamics that predicts the existences of gravito-

magnetic fields and gravitational waves. Moreover, we quantize Gravitodynamics and show 

that Quantum Gravitodynamics (QGD) is renormalizable. The QGD predicts: (1) the 

quantum of the gravitational fields, which we name Gravito-boson, carries energy and 

momentum, has zero rest mass hence zero gravitational charge; thus a gravitational field is 

not the source of itself; (2) Gravito-boson is a spin 1 particle which has two physically 

independent transverse polarizations and moves at a finite speed; (3) the existence of 

negative gravitational charges that repel the positive gravitational charges; (4) gravitational 

fields change Dirac particles’ effective rest mass. We unify Gravity with electromagnetic 

fields in the framework of gauge theory with internal Ug(1)  × Ue(1) group. 
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1. Introduction 

There is no commonly accepted quantum theory of gravity ([1] and references within). 

Moreover there are difficulties related with both the quantization of General Relativity and 

the unification of gravity with the other three fundamental interactions in nature. To 

quantize General Relativity is to incorporate quantum mechanics into the principle of 

General Relativity. The apparent conflict between quantum mechanics and General 

Relativity has been discussed ([2] and references within).  

The difficulties in quantizing geometric theories of gravity can be roughly classified 

into two categories. One kind of difficulties is the “technical difficulties”, e.g., non-

renormalization of quantum theories of gravity. The quantization of geometric theories of 

gravity is the quantization of either geometrical quantities or space-time itself. To this aim, 

various approaches have been proposed that have drawn great attentions [1]. The other kind 

of difficulties is the “conceptual difficulties”, which is a lack of clarity of the nature of 

gravity. The “technical difficulties” and the “conceptual difficulties” are closely related to 

each other.  

We think that it is the “conceptual difficulties” that cause the “technical difficulties”. 

For the three fundamental physical interactions other than gravity, quantizing their 

corresponding physical quantities quantizes them. It is difficult to apply the concepts and 

methods used in quantizing these physical quantities to quantize the geometric quantities 

of gravity. 

It has been pointed out “… the ‘conceptual difficulties’ requires a conceptual resolution” 

[3]. Let’s examine the “conceptual difficulties”, i.e. the physical nature of gravity. Note it 

was the Universality of Free Fall (UFF) and the Weak Equivalence Principle (WEP) that 

had led Einstein to propose the Einstein Equivalence Principle (EEP), which is the basis for 

his concept that gravity is determined by the geometry of space-time [4]. Experiments to 

demonstrate UFF and WEP have either been conducted or been proposed to be carried out 

with progressively improving sensitivity ([5] for reviews, [6], [7]). Thus any violation of 

UFF, WEP, or EEP would have profound consequences for geometric theories and 

quantization of geometric theories of gravity. Possible violations of UFF and WEP in 

quantum regime have been discussed and tested [8]. We have discussed a possible test of 

EEP by quantum effects [9], have shown a possible violation of UFF in classical regime by 

fast moving test bodies [10], and have proposed a synchrotron-type experiment to directly 

verify the predicted violation of UFF.  
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Thus, besides the “conceptual difficulties” and the “technical difficulties” in 

quantization of geometric theories of gravity, the basic principles of General Relativity, i.e., 

UFF, WEP and EEP, have also been challenged. The “technical difficulties” relate to the 

geometric theories of gravity but not necessarily to gravity itself. These suggest to us that 

the geometric concept of gravity might be the source of the “conceptual difficulties” as well 

as the “technical difficulties”. We agree with G. Amelino-Camelia, et al, that 

“Breakthroughs typically arise from a change of perspective, and the ability to discover 

simplicity in the hitherto superficially complicated problem” [3].  

In this article, instead of considering gravity as a consequence of the geometry of space-

time, we treat gravity as physical fields acting in space-time like the other three physical 

interactions. This allows successfully application of the procedures used to quantize 

Electrodynamics to quantize gravity. It also provides an alternative approach to unify 

gravity with electromagnetic fields in the same conceptual/mathematical framework. This 

conceptual resolution simultaneously resolves the “technical difficulties”, whereas 

resolving the “technical difficulties” would not necessarily solve the “conceptual 

difficulties”. 

Various gauge theories of gravity have been proposed ([11] and references within). 

Since the symmetry dictates the interaction, we need to determine whether there is an 

internal symmetry for gravity. Once the internal symmetry for gravity is found, we can 

deduce a conventional gauge theory as an effective theory of gravity that should be in a 

form identical to that of Maxwell theory. 

 

2. Postulated Principle and Its Implications 

2.1 A Precise Equivalence Principle 

In developing General Relativity, WEP was one of the fundamental principles. The 

original expression of WEP states that:  

The gravitational mass of a body is equal to its inertial mass [4].  

It is well know that this expression of WEP lacks clear definitions of inertial masses.  

Because for a relativistic body, there is no experimental data showing that its 

gravitational mass is either not equal to its rest mass or equal to its relativistic mass, we 

postulate a new equivalence principle:  

The gravitational mass of a body is equal to its inertial rest mass.  

We denote this principle as the Precise Equivalence Principle (PEP). Significantly, results 
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of all the torsion-balance-type and the free-fall-type experiments [5，6, 7] are consistent 

with the PEP. Moreover, the PEP is also valid for known astronomical bodies. 

  

2.2. Gravity has Internal U (1) Symmetry 

To find an internal symmetry for gravity, let’s define the gravitational charge as,  

Qg  ≡  √G mg.                  (1) 

According to the PEP, Eq. (1) gives 

Qg  =  √G m0.                   (2) 

Where G is the Newtonian gravitational constant. In the natural units ℏ ＝ C ＝ 1，the 

gravitational charge Qg is dimensionless [12].  

Eq. (2) shows that because the rest mass m0 is invariant the gravitational change Qg 

therefore is conserved. According to Noether’s theorem and analogous to the case of 

electromagnetic fields, the conserved gravitational charge leads to an internal Ug (1) 

symmetry for gravity with Qg  as the generator. Conversely, conservation of the 

gravitational charge is a consequence of the internal Ug (1) symmetry. The Ug (1) symmetry 

of gravity has been proposed based on different arguments [10]. 

 

2.3. Gravity is an Abelian Gauge Field 

Another conclusion generated by the PEP is that gravity is an Abelian gauge field. 

Since Newton’s time, gravity had been considered as a long-range force like the 

electrostatic forces. The quantum of a long-range physical field must have zero rest mass. 

If gravity is a physical field, then the quantum of gravity must carry zero rest mass, hence 

zero gravitational charge. Therefore a physical theory for gravity would be an Abelian 

gauge theory with the internal Ug (1) symmetry. 

The Abelian gauge theory of gravity generates the following results. Firstly, 

Gravitodynamics containing Newton’s law of gravity is deduced and is in the form similar 

to that of Electrodynamics. Thus, Gravitodynamics and Electrodynamics are unified 

mathematically. Secondly, Gravitodynamics is quantized and, then, renormalized. Thirdly, 

Quantum Gravitodynamics and Quantum Electrodynamics (QED) are unified 

mathematically. Finally, this gauge theory of gravity predicts the existence of negative 

gravitational charges. 

 

3. Gravitodynamics 
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In this article we try to deduce an effective theory for gravity. The PEP allows us to 

study the nature of gravity from a perspective of physical fields. In this context it is 

productive to compare gravity and electromagnetic fields at both macroscopic and 

microscopic scales (Table).  

Table: Comparisons between Electromagnetic fields and Gravity 

 Electromagnetic fields Gravity 

Force Long-range inverse-square-law  Long-range inverse-square-law  

Electric-type field ∇ ∙ 𝐄 =  ρe ∇ ∙ 𝐠 =  − ρg 

Magnetic-type field Magnetic field: B Magnetic-type field: Bg 

Conservation of 

Charge  

Electric charge: Qe 

Dimensionless in natural units 

Gravitational charge: Qg 

Dimensionless in natural units 

Symmetry Ue (1)  Ug (1)  

Charge Positive and negative Positive 

The PEP and the fact that gravitational forces obey long-range inverse-square law 

suggest that the gravitational field is not the source of itself. All of the four fundamental 

interactions in nature, as described by Electrodynamics, Yang-Mills theories [13], and 

theories of gravity [14,15] correspondingly, contain electrical/electrical-type as well as 

magnetic/magnetic- type fields. The existence of magnetic/magnetic-type fields must be an 

ingredient for a correct theory of gravity. Most significantly, as argued in Section 2.2, both 

electromagnetic and gravitational fields have the internal U (1) symmetry.  

As list in Table, the striking similarities, some of them are generated by the PEP, 

between electromagnetic fields and gravity would suggest that gravity is a physical field 

just like electromagnetic fields.  

Note a significant difference between these two kinds of fields is that there is only one 

kind of gravitational charges. We will show below that our physical theory of gravity 

predicts the existence of negative gravitational charges. 

 

3.1. Field Equations of Gravity 

As argued above, the PEP and the comparisons shown in Table suggest that gravity can 

be described by an Abelian gauge theory. Here, we deduce the theory for gravity by 

following the same procedure used for constructing an Abelian gauge theory.  

In this article, letters with subscripts “g” and “e” denote variables of gravity and 
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electromagnetic fields, respectively. As Lagrangian density Le  in Electrodynamics, we 

assume the gravitational Lagrangian density Lg as,  

Lg = − 
1

4
  Fg

μν
Fgμν +  Agμ Jg

μ
.            (3) 

Where gravitational field strength is 

Fg
μν
= ∂μAg

ν − ∂νAg
μ
.              (4) 

Ag
μ
 (ϕg, 𝐀g) is the gravitational 4-potential, Jg

μ
 (ρg, 𝐉g) is the gravitational 4-current. 

From the Euler-Lagrange equation, ∂μ
∂Lg

∂∂μAgν
= 

∂Lg

∂Agν
, and the Bianchi-type identities 

of Fg
μν

, we obtain Maxwell-type gravitational gauge field equation, 

∂Fg
μν

∂xν
= − 

1

𝐶
Jg
μ
,

∂Fg
μα

∂xβ
+ 

∂Fg
αβ

∂xμ
+ 

∂Fg
βμ

∂xα
= 0.

          }                                      (5) 

Note they constitute a set of the gauge field equations for gravity, which is in a form similar 

to both Maxwell’s equations and the linearized General Relativity [14].  

Under the gauge transformation, 

𝐀g
′ = 𝐀g + ∇f(r, t)  and ϕg 

′ = ϕg − 
∂f(r,t)

∂t
,              

the gravitational field strength Fg
μν

 is invariant.  

Let’s define the gravitational conjugate momentum, πg
μ

, conjugating to the 

gravitational potential field 𝐀g as, πg
μ
= 

∂Lg

∂ Ȧgμ
. Then we have πg

0 = 0, πg
i = gi. The Ag

0  

(= ϕg) is not a dynamical potential field. The Hamiltonian is,  

Hg = ∫ d
3 r 

1

2
(𝐠2 + 𝐁g

2).             (6)  

Eq.’s (5) can be written in vector forms as the following, 

∇ ∙ 𝐠 =  − ρg,                (7) 

∇ ∙ 𝐁𝐠 = 0,                 (8) 

∇ × 𝐁𝐠 ＝  −  
1

𝐶
𝐉g   +  

1

𝐶
 
𝛛𝐠

𝛛𝐭
,                (9) 

∇ × 𝐠 ＝  −  
1

𝐶

𝛛𝐁𝐠

𝛛𝐭
,              (10) 

where 

    𝐠 ≡  − 
1

C

∂𝐀g

∂t
 − ∇ϕg,              (11) 

    𝐁g  ≡  ∇ ×  𝐀g.                  (12) 

Eq. (7) and Eq. (11) form the generalized Newton’s law of gravity. Now the 
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gravitational field strength 𝐠 contains not only the original Newtonian term ∇ϕg but also 

an additional term 
∂𝐀g

∂t
. The latter term is related to the movement of the source. Eq. (8) 

shows that there is no gravitomagnetic monopole. Eq. (9) shows how the gravitational 

current 𝐉g and the change of the gravitational field 
𝛛𝐠

𝛛𝐭
 generate the gravitomagnetic field 

𝐁𝐠. Eq. (10) shows how the change of a gravitomagnetic field 
𝛛𝐁𝐠

𝛛𝐭
 generates an induced 

gravitational field. 

  

3.2. Equation of Motion  

 Analogous to electrodynamics, the Lagrangian of a test body in a gravitational field is 

Lg =   −m0C
2√1 − 

𝐕2

C2
+ Qg 𝐀g ∙ 𝐕 − Qgϕg.        (13) 

Substituting Eq. (13) into the Lagrangian equation, 
d

dt
(
∂L

∂𝐕
) =  

∂L

∂𝐫
, we obtain the equation 

of motion of the test body, 

  
d𝐏

dt
=  Qg 𝐠 +  Qg 𝐕 × 𝐁g,                 (14) 

Eq.’s (5) and Eq. (14) form a complete set of equations for describing the gravitational 

fields and the movement of a test body in them. We call this set of equations 

Gravitodynamics.  

Significantly, not only does Gravitodynamics contain Newton’s law of gravity it is also 

consistent with Special Relativity. This again justifies our postulation of the PEP. 

 

3.3. Gravitational Wave 

Newton’s law of gravity implies that the gravitation field is an action at a distance. In 

sharp contrast, as shown below Gravitodynamics predicts that gravitational fields propagate 

in the form of waves. 

In vacuum, 𝜌𝑔 = 0 and Jg = 0, then, Eq. (9) and Eq. (10) give 

∇2 𝐠 =  
1

𝐶2
∂2

∂t2
 𝐠,

∇2 𝐁𝐠 =
1

𝐶2
 
∂2

∂t2
 𝐁𝐠.

          }                                        (15) 

Eq.’s (15) indicates that the generalized Newtonian gravitational field g and 

gravitomagnetic field Bg propagate in the form of waves with a finite speed when either 

fields change with time. The finite speed suggests that gravitational fields are no longer an 
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action at a distance. Eq.’s (15) are in the form identical to that of Maxwell equations, 

therefore the latter might give insights into the properties of the gravitational waves. Indeed 

a Maxwell-type theory of gravitational waves has been proposed [16]. 

 The value of the speed of gravitational waves should be determined by experiment [17]. 

It would be interesting to see whether or not it is equal to the speed of light. 

 

4. Quantum Gravitodynamics (QGD) 

The similarities between Gravitodynamics and Electrodynamics suggest an approach 

to quantize Gravitodynamics. We will show that those “technical difficulties” mentioned in 

Introduction no longer exist. 

 

4.1. Quantization of Gravitational Fields 

We start with the gravitational Lagrangian for free fields, ρg = 0 and Jg = 0,  

Lg = − 
1

4
  Fg

μν
Fgμν.                  (16) 

Note the Lagrangian Eq. (16) is in a form identical to that of Electrodynamics. In this article 

we only want to show that Gravitodynamics can be quantized. Details of the procedure are 

identical to those used to construct Quantum Electrodynamics (QED). Adopting the 

Coulomb-type gauge condition, ∇ ∙ 𝐀g = 0 , Eq. (16) gives the massless d’Alembert 

equation, 

𝜕𝜈 ∂
νAg

μ
= 0.               (17) 

The solution is 

Agi(x) =  ∫
d3k

√2𝛚
∑ εgi(k, s)s   [ag(k, s)e

−i𝐤∙𝐱 + ag
†(k, s)ei𝐤∙𝐱],

𝐤 ∙ 𝛆g(k, s)  =  0.
          }    (18) 

The 𝛆g(k, s) is the polarization vector. s = 1, 2. ω = |𝐤|.  

The gravitational commutation rule is 

    

[ag(k, s), ag(k
′, s′)] = 0,

[ag
†(k, s), ag

†(k′, s′)] = 0,

[ag(k, s), ag
†(k′, s′)] = δss′δ(𝐤 − 𝐤

′).

          }        (19) 

Then the Hamiltonian Hg becomes 

Hg = ∫ d
3 k 

ω

2
∑ [ag(k, s)ag

†(k, s) + ag
†(k, s)ag(k, s)]s=1,2 .     (20) 

Where ag(k, s) and ag
†(k, s)  form a set of creation and annihilation operators. The 

quantum of the gravitational fields, which we call the gravito-boson, has the following 

properties: it has zero rest mass and spin 1, it carries energy 𝜔 and momentum k, it has 
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two physical independent transverse polarizations. Note, although the gravito-boson carries 

energy but it does not carry gravitational charge. The gravitational field is not the source of 

itself. 

 To obtain a Lorentz invariant propagator, we start from the Lagrangian with gauge 

fixing term, 

Lg = − 
1

4
  Fg

μν
Fgμν − 

1

2α
 (∂μAg

μ
)2.                   (21) 

Adopting the Lorentz-type gauge condition, ∂𝜇Ag
μ
= 0, Eq. (21) gives the propagator, 

Dgμν
Tr (x − y) =  ∫

d4k

(2π)4
 
− i

k2+iε 
 (ημν − (1 −  α)

kμkν

k2
)e− i𝐤∙(𝐱− 𝐲)     (22) 

 Note, once we change the conceptual perspective of gravity from geometric dynamics 

to physical dynamics, we no longer have “technical difficulties” in quantizing our theory 

of gravity. This is yet another justification for the PEP. 

  

4.2. Coupling Quantum Gravitodynamics to Dirac particles 

To establish the equation of motion for coupling the Quantum Gravitodynamics (QGD) 

to Dirac particles, we introduce the Lagrangian density of the QGD 

 LQGD = − 
1

4
 Fg
μν
F𝑔𝜇𝜈 +  𝑖ψ̅γ

μ(∂μ − iQgAgμ) ψ –mψ̅ψ.             (23) 

The Lagrangian LQGD and the |ψ|2 are invariant under the gravitational local Ug (1) gauge 

transformation, 

 
ψ  →   ψ′ = e− iQg αg(x) ψ,

Agμ
′  →  Agμ  +  ∂μαg(x).

          }            (24) 

If we require the invariance of the Lagrangian LQGD under the gravitational local Ug (1) 

transformation, gravitational vector potentials fields Agμ  must exist. Conversely, the 

gravitational internal Ug (1) symmetry leads to the conservation of the gravitational charge.  

 Let’s introduce the covariant derivative, 

 Dgμ = ∂μ −  iQgAgμ,              (25) 

which transforms in the same way as  ψ, Dgμ
′ ψ′ = e− iQg αg(x) Dgμψ. The gravitational 

field strength Fg
μν

, in terms of the covariant derivative, becomes 

 Fg
μν
= 

− i

Qg
 [Dgμ, Dgν].                  (26) 

The Lagrangian LQGD gives the following equations: 

∂Fg
μν

∂xν
= − Qgψ ̅γ

μ ψ,                  (27) 
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iγμ(∂μ  −  iQgAgμ) ψ –mψ = 0.              (28) 

Eq. (28) can be written as  

iγμ ∂μ ψ –Meffψ = 0,                  (29) 

where the effective rest mass Meff is defined as 

Meff  ≡  (1 −  √Gγ
μAgμ)m.                (30) 

Thus, the effect of gravitational fields on a Dirac particle is to change its rest mass. 

  

4.3. Renormalization of Quantum Gravitodynamics 

 We renormalize Quantum Gravitodynamics (QGD) by applying the procedure used to 

renormalize QED. Since gravito-bosons are massless, there is no need for spontaneous 

symmetry breaking and Higgs mechanism in QGD. So it is straightforward to introduce the 

bare Largangian for QGD,  

LQGD = − 
1

4
 Fg
μν
F𝑔𝜇𝜈 +  𝑖ψ̅γ

μ(∂μ − iQgAgμ) ψ –mψ̅ψ.                    (31) 

To renormalize QGD, let’s introduce renormalization constants in front of each term of the 

Lagrangian LQGD. The full Lagrangian is then, 

 LQGD = − 
1

4
 Zg3Fg

μν
Fgμν + Z2iψ̅γ

μ ∂μψ + Zg1Qgψ̅γ
μAgμψ− Zmmψ̅ψ 

− 
1

2αg
 (∂μAg

μ
)2,               (32) 

where the term (∂μAg
μ
)2 is the gauge fixing term, and 

Zg3 = 1 +  δ Zg3,  Z2 =  1 +  δ Z2,  Zg1 = 1 + 
δQg

Qg
,  Zm  = 1 + 

δm

m
.    (33) 

Let’s define  

 ψB = √ Z2 ψ,  FgB
μν
= √ Zg3 Fg

μν
,  mB = 

Zm

Z2
m,  QgB =

Zg1

Z2 √Zg3
 Qg,        (34) 

where FgB
μν
= ∂μAgB

ν − ∂νAgB
μ

. 

Substituting Eq.’s (33) and Eq.’s (34) into Eq. (32), we obtain the renormalized 

Lagrangian of QGD that has the form identical to that of bare Lagrangian, Eq. (31), 

LQGD = − 
1

4
 FgB
μν
FgBμν +  iψB̅̅ ̅̅  γ

μ ∂μψB + QgBψB̅̅ ̅̅  γ
μAgBμψB −mBψB̅̅ ̅̅ ψB −

1

2αg
 (∂μAgB

μ
)2.  

                                                                    (35)                      

Thus the QGD deduced in this article is renormalizable. The gauge theory of gravity 

based on the postulated PEP does not encounter the non-renormalizable problem that the 

geometric theories of gravity do. It has been proved that any gauge theory can be 
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renormalized [18]. This is yet another justification for the PEP. 

 

4.4. Coupling Strong External Gravitational Fields to Dirac particles 

The behavior of the Dirac vacuum in a strong external electric field has been studied 

([19] and references within). Similarly, we need to introduce a strong external gravitational 

fields Agμ
E  to detect the effects of gravitational fields on the Dirac particles. Therefore the 

term Agμ  in Eq. (28) should be replaced by the total gravitational fields Agμ
T , which 

contains both the Agμ
E  of the strong external gravitational fields and the Agμ, 

Agμ
T = Agμ + Agμ

E .                                                 (36) 

Then Eq. (28) becomes, 

 iγμ(∂μ  −  iQgAgμ
T  ) ψ –mψ = 0.                                      (37) 

Let’s define the total effective rest masses as, 

Meff
T  ≡  (1 − √G γμAgμ

T )m.               (38) 

Then Eq. (37) becomes, 

iγμ𝜕𝜇 ψ –Meff
T ψ = 0.                      (39) 

For a situation of the strong external gravitational fields, the term, √GγμAgμ , can be 

ignored and the term, √GγμAgμ
E , might be in the order comparable with 1, then we have 

Meff
T  ≈  (1 ∓ √G γμAgμ

E )m.  

At Planck length and Planck mass, the term, √GAg0
E , is one. 

 

4.5. Negative Gravitational Charge 

 We have the total gravitational charge QgT given by 

 QgT = Qg  ∫ d
3 x ψ̅γ0ψ. 

Treating this as a quantum equation, we then have 

 QgT = Qg  ∫ d
3 p ∑ ( bp

s †
s=1,2 bp

s −  cp
s † cp

s ).          (40) 

Eq. (40) indicates that the total gravitational charge is equal to the number of “gravitational 

particles”,  bp
s †bp

s , minus the number of “gravitational antiparticles”,  cp
s † cp

s . The 

“gravitational particles” carry “positive gravitational charge” and the “gravitational 

antiparticles” carry “negative gravitational charges”. Analogous to the positron in the Dirac 

Hole theory, Particle Anti-particle Conjugation would transform the “gravitational particle” 

and the “gravitational antiparticles”.  

Now let’s try to interpret this “negative gravitational charges”. Eq. (7) and Eq. (14) 

indicate that two “negative gravitational charges” attract each other in the same way that 
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two “positive gravitational charge” do. Moreover, one “positive gravitational charge” and 

one “negative gravitational charges” repel each other. When we define one gravitational 

charge as positive, then the gravitational charge that repels it would be negative. Thus we 

redefine the gravitational charge as 

 | ± Qg| =  √G mg，                (41) 

to include both positive and negative gravitational charges. Now gravity and 

electromagnetic fields are more similar than before. 

An interesting possibility is that one world/universe can be full of “positive 

gravitational charges” that attract each other while a different world/universe can be full of 

“negative gravitational charges” that attract each other but these two worlds/universes repel 

each other. 

 

5. Unification of Gravitational and Electromagnetic Fields 

It is difficult to unify General Relativity, a geometric theory, with Electrodynamics, a 

physical gauge theory. We can now mathematically unify Gravitodynamics and 

Electrodynamics, as they both are conventional gauge theories. 

 

5.1. Gravito-Electro-Dynamics (GED) 

Let’s consider a simple case where a moving body carries both the gravitational charge 

Qg and electric charge Qe. The Maxwell’s equations of the moving charge are, 

∂Fe
μν

∂xν
= 

1

𝐶
Je
μ
,

∂Fe
μα

∂xβ
+ 

∂Fe
αβ

∂xμ
+ 

∂Fe
βμ

∂xα
= 0,

          }                                      (42) 

where Fe
μα
(=   ∂μAe

α − ∂αAe
μ
) is the electromagnetic field strength. 

Combining Eq.’s (42) with corresponding equations of Gravitodynamics, i.e., Eq.’s (5), 

we obtain the following set of equations, 

∂Ua
μν

∂xν
= 

1

𝐶
Ja
μ
,

∂Ua
μα

∂xβ
+ 

∂Ua
αβ

∂xμ
+ 

∂Ua
βμ

∂xα
= 0.

          }                                     (43) 

Where Ua
μα

 represents either the gravitational field strength Fg
μα

 or the electromagnetic 

field strength Fe
μα

, depending on which value the internal index a takes, a is the Ug (1) × 

Ue (1) group index and a = 1, 2; α, β, μ are space-time indices and α, β, μ = 1, 2, 3, 4; Ag
β
 

and Ae
β

 are 4-vector potential fields of Gravitodynamics and Electrodynamics, 
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respectively； Jg
μ
 and Je

μ
 are current 4-vectors of Gravitodynamics and Electrodynamics, 

respectively. 

Ua
μα
 ≡  ∂μAa

α − ∂αAa
μ
,

U1
μα
 ≡ Fg

μα
=  ∂μAg

α − ∂αAg
μ
,

U2
μα
 ≡ F𝑒

𝜇𝛼
= ∂μAe

α − ∂αAe
μ
,

A1
β
 ≡  Ag

β
,         A2

β
 ≡  Ae

β
,

J1
μ
= − Jg

μ
,           J2

μ
= Je

μ
.  

          

}
  
 

  
 

                (44) 

Under gauge transformation, 

 Aa
μ′  →  Aa

μ  +  
∂fa

∂xμ
,               (45) 

 the field strength Ua
μν

 is invariant  

The total Lagrangian density, LT, includes two parts, Gravitodynamics Lagrangian, Lg, 

and Electrodynamics Lagrangian, Le,  

LT  =  Lg  +  Le  =  − 
1

4
 Ua

μν
Uμν
a + Aa

μ
Jμ
a,

Lg  =  − 
1

4
Fg
μν
Fgμν + 

1

C
Ag
μ
 Jgμ,

Le  =  − 
1

4
Fe
μν
Feμν − 

1

C
Ae
μ
 Jeμ.

          

}
 
 

 
 

                         (46) 

Eq.’s (43) and Eq.’s (46) form a unified field dynamics. We name it the Gravito-Electro-

Dynamics (GED). 

   

5.2. Coupling Gravito-Electro-Dynamics (GED) to Dirac particles 

For a Dirac particle with both electric charge and gravitational charge interacting with 

electromagnetic fields Ae
μ
 and gravitational fields Ag

μ
 by combining QED and Quantum 

Gravitodynamics, we introduce Quantum Gravito-Electro-Dynamics (QGED) Lagrangian 

density,  

 LQGED = − 
1

4
 Ua

μν
Uμν
a + ψ̅(iγμDμ –m) ψ,              (47) 

and the covariant derivative, a is the internal index, 

 Dμ  =  ∂μ  −  i QU
a AUμa,              (48) 

where, 

 

QU
a  AUμa ≡ QU

1  AUμ1 + QU
2  AU2,

 QU
1  ≡  Qg,           QU

2 ≡ Qe,

 AUμ1 ≡ Agμ,          AUμ2 ≡ Aeμ.

          }                                (49) 
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The generalized Dirac equation is,  

 iγμ(∂μ  −  iQU
a  AUμa) ψ –mψ = 0,           (50) 

or 

iγμ(∂μ  − iQeAeμ  −  iQgAgμ) ψ –mψ = 0.            (51) 

Substituting Eq. (30) into Eq. (51), we have 

 iγμ(∂μ  − iQeAeμ) ψ –Meffψ = 0，                 (52) 

The effects of the gravitational potential fields Agμ  generated by a Dirac particle is 

negligible, i.e., √GγμAgμ ≪ iQeAeμ  and √GγμAgμ ≪ 1 , thus Eq. (51) reduces to the 

Dirac equation, iγμ(∂μ  −  iQeAeμ) ψ  –mψ = 0. 

To detect the effects of gravitational fields on a Dirac particle, we need to introduce a 

strong external gravitational potential fields Agμ
E . In this case the term Agμ in Eq. (51) 

should be replaced by the total gravitational fields Agμ
T , which contains the Agμ generated 

by the Dirac particle as well as the Agμ
E  generated by external gravitational fields, 

Agμ
T = Agμ + Agμ

E .                                                 (53) 

Employing the total effective rest masses, Eq. (38), then Eq. (52) becomes, 

 iγμ(∂μ – iQeAeμ) ψ –Meff
T  ψ = 0                                      (54)                                      

In a situation where the strong external gravitational fields √GγμAgμ
E  is much stronger 

than √GγμAgμ, from Eq. (54) we have, 

iγμ(∂μ  − iQeAeμ) ψ  – (1 − √Gγ
μAgμ

E )mψ = 0.         (55) 

or 

iγμ(∂μ  − iQeAeμ) ψ  – [1 ∓ √Gγ
0 Ag0

E ∓ √G(
0 𝛔 ∙ 𝐀g

E

− 𝛔 ∙ 𝐀g
E 0

) ]mψ = 0,   (56) 

where term, 𝛔 ∙ 𝐀g
E, represents the coupling between the spin of the Dirac particle and the 

external gravitomagnetic potential field 𝐀g
E. There are two coupling mechanisms whereby 

gravitational fields can change the effective rest mass of the Dirac particles, i.e. by coupling 

to either the gravitational scalar potential field Ag0
E  or the gravitomagnetic potential field 

𝐀g
E. 

 

5.3. Renormalization of Quantum Gravito-Electro-Dynamics 

 We renormalize Quantum Gravito-Electro-Dynamics (QGED) by following the same 

procedure used to renormalize QED and QGD. The bare Lagrangian for QGED with gauge 

fixing terms for QGD and QED, respectively, can be written as 
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LQGED = − 
1

4
Fg
μν
Fgμν – 

1

2αg
(∂μAg

μ
)
2
 – 

1

4
Fe
μν
Feμν −

1

2αe
(∂μAe

μ
)
2
 

                       + i ψ̅ γμ (∂μ  −  i Qg Agμ −  i Qe Aeμ) –mψ̅ψ.       (57) 

Let’s introduce the renormalization Lagrangian LQGED, 

 LQGED = − 
1

4
 Zg3Fg

μν
Fgμν − 

1

4
 Ze3Fe

μν
Feμν + Z2 iψ̅γ

μ ∂μψ + Zg1Qg ψ̅γ
μAgμψ  

                             + Ze1Qe ψ̅γ
μAeμψ − Zm mψ̅ψ,         (58) 

where  

 

Zg3 = 1 +  δ Zg3,       Ze3 = 1 +  δ Ze3,

Zg1 = 1 + 
δQg

Qg
,       Ze1 = 1 + 

δQe

Qe
,

Z2 =  1 +  δ Z2,       Zm  = 1 + 
δm

m
.

          

}
 
 

 
 

                           (59) 

Let’s define 

 

ψB = √ Z2 ψ,      mB = 
Zm

Z2
m,

 FgB
μν
= √ Zg3 Fg

μν
,       FeB

μν
= √ Ze3 Fe

μν
,

QgB =
Zg1

Zg2 √Zg3
 Qg,       QeB =

Ze1

Ze2 √Ze3
 Qe,

 

          

}
 
 

 
 

                         (60) 

where FgB
μν
= ∂μAgB

ν − ∂νAgB
μ

 and FeB
μν
= ∂μAeB

ν − ∂νAeB
μ

. 

Substituting Eq.’s (59) and Eq.’s (60) into Eq. (58) then the renormalization Lagrangian 

LQGED becomes 

LQGED = − 
1

4
FgB
μν
FgBμν – 

1

2αg
(∂μAgB

μ
)
2

 – 
1

4
FeB
μν
FeBμν −

1

2αe
(∂μAeB

μ
)
2
 

                       +i ψB̅̅ ̅̅  γ
μ (∂μ  −  i QgB AgBμ −  i QeB AeBμ) –mBψB̅̅ ̅̅ ψB.     (61) 

 

6. Alternative Expressions 

In order to accommodate the possible existence of negative gravitational charges as 

shown in Section 4.5, in this section we give the alternative equations to those used above 

to describe various aspects of the gravitational fields.  

 

6.1. Alternative Expression of Gravitodynamics 

Now Eq.’s (5) can be rewritten as 

∂Fg
μν

∂xν
= 

1

𝐶
Jg
μ
,

∂Fg
μα

∂xβ
+ 

∂Fg
αβ

∂xμ
+ 

∂Fg
βμ

∂xα
= 0.

          }                                      (5’) 
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Now the gravitational field equations are in forms identical to those of Maxwell’s 

equations. To reflect the fact that the same gravitational charges attract each other, we 

introduce the Lagrangian for positive and negative gravitational charges and Eq. (13) 

becomes 

Lg =   −m0C
2√1 − 

𝐕2

C2
− Qg 𝐀g ∙ 𝐕 + Qgϕg.        (13’) 

And the equation of motion for the test body, i.e., Eq. (14), becomes 

 
d𝐏

dt
= − Qg 𝐠 −  Qg 𝐕 ×  𝐁g.               

(14’) 

 

6.2. Alternative Expression of Quantum Gravity 

Let’s consider a situation where two kinds of Dirac particles carrying the positive and 

negative gravitational charges, respectively. Employing the definition of the gravitational 

charge, | ± Qg| =  √G mg, Eq. (29) can be written as  

iγμ ∂μ ψ –M±effψ = 0,                 (29’) 

where the effective rest mass M±eff is defined as 

M±eff  ≡  (1 ∓  √Gγ
μAgμ)m.               (30’) 

The effective mass for Dirac particles carrying positive gravitational charges is 

M+eff  ≡  (1 − √Gγ
μAgμ)m, 

and the Dirac-type equation is  

 iγμ ∂μ ψ –M+effψ = 0.              (62) 

The effective mass for Dirac particles carrying negative gravitational charges is  

    M−eff  ≡  (1 + √Gγ
μAgμ)m, 

and the Dirac-type equation is  

 iγμ ∂μ ψ –M−effψ = 0.              (63) 

Eq. (29’) describes the effects of gravitational fields on Dirac particles: when a Dirac 

particle carries a positive gravitational charge, the gravitational fields change its effective 

mass to M+eff ; when a Dirac particle carries a negative gravitational charge, the 

gravitational fields change its effective mass to M−eff.  

When a Dirac particle is put in strong external gravitational fields, Agμ
T = Agμ + Agμ

E , 

we need to replace Agμ in Eq. (30’) by the total Agμ
T . Let’s define the total effective rest 

masses where Eq. (38) becomes 

M±eff
T  ≡  (1 ∓ √G γμAgμ

T )m,            (38’) 
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and Eq. (29) becomes 

iγμ𝜕𝜇 ψ –M±eff
T ψ = 0.                   (64) 

Eq. (28) can also be re-written, in terms of the effective gravitational charge, qg±, as 

iγμ𝜕𝜇 ψ – qg±ψ = 0,              (65) 

where the effective gravitational charge, qg±, is defined as 

 qg±  ≡  ( ±
1

√G
 −   γμAgμ) |Qg|.               (66) 

Eq. (65) describes the effects of gravitational fields on Dirac particles: when a Dirac particle 

carries a positive gravitational charge, the gravitational fields change its effective charge to 

qg+(=  ( 
1

√G
 −  γμAgμ) |Qg|); when a Dirac particle carries a negative gravitational charge, 

the gravitational fields change its effective charge to qg−(=  (−
1

√G
 −  γμAgμ) |Qg|). 

 

6.3. Alternative Expression of Unification of Gravity and Electromagnetic fields 

 Combining Eq.’s (42) with corresponding equations of Gravitodynamics, Eq.’s (5’) we 

obtain  

∂Ua
μν

∂xν
= 

1

𝐶
Ja
μ
,

∂Ua
μα

∂xβ
+ 

∂Ua
αβ

∂xμ
+ 

∂Ua
βμ

∂xα
= 0.

          }                                      (43’) 

Ua
μα
 ≡  ∂μAa

α − ∂αAa
μ
,

U1
μα
 ≡ Fg

μα
=  ∂μAg

α − ∂αAg
μ
,

U2
μα
 ≡ F𝑒

𝜇𝛼
= ∂μAe

α − ∂αAe
μ
,

A1
β
 ≡  Ag

β
,         A2

β
 ≡  Ae

β
,

J1
μ
=  Jg

μ
,           J2

μ
= Je

μ
.  

          

}
  
 

  
 

                 (44’) 

The Lagrangian now is  

LT  =  Lg  +  Le  =  − 
1

4
 Ua

μν
Uμν
a + Aa

μ
Jμ
a,

Lg  =  − 
1

4
Fg
μν
Fgμν + 

1

C
Ag
μ
 Jgμ,

Le  =  − 
1

4
Fe
μν
Feμν + 

1

C
Ae
μ
 Jeμ.

          

}
 
 

 
 

                         (46’) 

 

6.4. Alternative Expression of Coupling Quantum Gravito-Electro-Dynamics to 

Dirac Particles 
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Employing Eq. (30’) Eq. (52) becomes 

 iγμ(∂μ  − iQeAeμ) ψ – (1 ∓  √Gγ
μAgμ)mψ = 0.               (52’) 

When there are external gravitational fields employing Eq. (38’) Eq. (54) becomes 

    iγμ(∂μ – iQeAeμ) ψ – (1 ∓ √G γ
μAgμ  ∓  √G γ

μAgμ
E )m ψ = 0.            (54’)  

  

7. Conclusions and Discussion 

In this article, we consider gravity as physical fields acting in space-time like the other 

three fundamental physical interactions. The concept that gravity is a physical field is not 

new at all; actually it was the dominant concept prior to Einstein’s General Relativity. We 

take this old concept of gravity for the following four reasons. Firstly, quantization of the 

geometric theory of gravity, e.g., General Relativity, encounters serious “conceptual 

difficulties” and “technical difficulties”. Secondly, the postulated basic principles of 

General Relativity, i.e., UFF, WEP, and EEP, are facing serious challenges. Thirdly, in sharp 

contrast, the physical theories of all the three fundamental interactions in nature other than 

gravity have been successfully demonstrated and unified. Finally, to unify all of the four 

fundamental interactions in nature, converting those physical theories of the other three 

interactions into geometrical theories is difficult and complex.  

In order to establish an effective theory for gravity, we postulate the PEP as a 

fundamental principle. The PEP leads to the conclusions that gravitational fields are gauge 

fields and have an internal Ug (1) symmetry and that the quanta of gravitational fields do 

not carry gravitational charge. This makes the effective theory of gravity a U (1) gauge 

theory. Next, we establish Gravitodynamics and Quantum Gravitodynamics. Moreover, we 

renormalize Quantum Gravitodynamics. Significantly, all of the above allowed us to 

mathematically unify Gravitodynamics with Electrodynamics to generate a new theory, 

which we call Gravito-Electro-dynamics (GED). Last, we unify Quantum Gravitodynamics 

with Quantum Electrodynamics to generate a quantum theory, which we call Quantum 

Gravito-Electro-dynamics (QGED). We show that QGED is renormalizable. 

Intriguingly, the gauge theory of gravity established in this article predicts the possible 

existence of negative gravitational charges. To accommodate the existence of such charges, 

we write the alternative equations used to describe Gravitodynamics, Quantum Gravity, 

Unification of Gravity and Electromagnetic fields, and Coupling Quantum Gravito-Electro-

Dynamics to Dirac Particles in Section 6. Significantly, the possible existence of negative 

gravitational charges would have generated gravitational bodies/worlds/universes having 
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opposite gravitational charges and therefore repel each other. Would this have something to 

do with the accelerated expansion of the observable universe? The implications of the 

existence of negative gravitational charges might be multi-faceted in 

physics/astronomy/cosmology and are beyond the scope of this article. 

Obviously, all the theoretical results in this article depend on the basic postulation, the 

PEP, being true. Although the PEP is supported by existing experiments [5, 6, 7], we have 

proposed a synchrotron-type experiment to directly test whether the gravitational mass is 

equal to the inertial rest mass for relativistic bodies [10]. We hope experimental physicists 

find our theories intriguing enough to use their expertise to test the PEP. 

Besides the PEP, other implications of the gauge theory of gravity should also be 

experimentally tested. At the macroscopic scale, the existence of gravitomagnetic fields 

and gravitational waves will test the validity of Gravitodynamics. As early as 1893, a 

postulation was made that similarities between Coulomb/Gauss’ law of the electrostatics 

and Newton’s law of gravity suggest that moving masses should generate magnetic-type 

gravitational fields [15]. The linearized Einstein equation with a moving source was written 

in forms similar to those of Maxwell’s equations [14]. Although various experiments have 

been designed to detect the effects of Gravitomagnetic fields, to our knowledge only the 

GP-B experiment of Stanford University has reported positive results [20].  

At the microscopic scale, studying the behaviors of Dirac particles in strong external 

gravitational fields will test the validity of Quantum Gravitodynamics. Examining the 

behaviors of Dirac particles in both electromagnetic fields and strong external gravitational 

fields will test the validity of Quantum Gravito-Electro-dynamics. Recently the effects of 

Newtonian gravity on the quantum mechanics have been investigated [21]. 
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