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Abstract

Based on Newton's laws and Mach's principle, formulas were derived for the quantitative interdependence of inertial and gravitational mass on Earth, other planets, 
and in space, explaining Einstein's equivalence principle. It was shown that gravitational mass depends on the velocity of a body in the same way as inertial mass.

Introduction

The equivalence principle played an important role in the 
development of the theory of gravitation. Newton considered 
this principle so fundamental in mechanics that he devoted 
the fi rst paragraphs of his Mathematical Principles of Natural 
Philosophy [1] to a detailed discussion of it. There, he also 
cited the results of experiments with a pendulum, which he 
conducted to test this principle. According to Newton, the 
equivalence principle requires that the mass of any body, 
namely that property of the body (inertia) that determines 
its response to an applied force, be equal to its weight – the 
property that determines its response to gravity [2]. In most 
theories expressing their attitude to this principle, there 
were two traditions [3]. The fi rst consisted of interpreting 
the equality of gravitational and inertial masses mG = min as a 
fundamental empirical or phenomenological position, which, 
like the Law of Universal Gravitation as a whole, must be 
explained based on certain etheric-mechanistic concepts, and 
after the establishment of the electromagnetic program, based 
on electromagnetism. The second, signifi cantly less developed 
tradition dates back to K. Neumann [4] and Mach. It is associated 
not with attempts to explain this equality, but with its use 
for restructuring the theory of inertia in classical mechanics. 
Einstein adopted this second tradition. His merit consisted in 
abandoning attempts at a mechanical, electromagnetic, or any 
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other explanation of the fundamental equality, accepting it 
as the starting point for constructing a theory of gravitation. 
Thus, the equality of these masses is essentially postulated [3]. 
The goal of this work is to fi nd the quantitative dependence of 
inertial mass on gravitational mass (gravimass) and to reveal 
the dependence of the gravimass of a body on its velocity.

Inertial and gravitational mass

Inertial mass min is determined by Newton's second law:

inF m a                      (1) 

Where F – is a force external to the object (impact, pressure, 
gravitational, magnetic, etc.), min – is a coeffi cient with the 
dimension of mass and is called the inertial mass, and a – is 
the acceleration acquired by the object due to the force acting 
on it F. As can be seen from equality (1), for a positive inertial 
mass, if the acceleration vector coincides with the direction of 
the force vector F, then the acceleration has a positive sign, 
and if the acceleration of the body is directed against the force 
acting on it, then the acceleration has a negative sign. For a 
negative object mass, on the contrary, if the acceleration vector 
coincides with the direction of the force vector acting on the 
object, then the acceleration is negative, and if the acceleration 
vector of the object is directed against the force acting on it, 
then the acceleration of the object has a positive value. But the 
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acting real force F – must also have an opposing force, which 
compensates for the effect of the force F, which is called the 
force of inertia Fin. According to D'Alembert's Principle (1717–
1783), the force of inertia determines the property of bodies 
to maintain the state in which they are [5,6]. Over time, the 
formulation of the principle has changed. The most relevant 
version was proposed by Appel [7]: "A vector numerically equal 
to the product of mass and acceleration and directed opposite 
to acceleration is called the force of inertia, although this will 
in no way be a force applied to a point." Then equation (1) for 
the force of inertia, compensating for the effect of an external 
force F, will look like:

in inF m a  ,                 (2) 

Fin – inertial force such that:

| Fin |=| F |                 (3)

Fin = –F                    (4)

Unlike Newton's second law (1), the law defi ned by 
d'Alembert's principle, in accordance with formula (2), can be 
conventionally called d'Alembert's law. Thus, Newton's law 
determines the dependence of a body's acceleration on the 
action of an external force, while d'Alembert's law determines 
the similar dependence of the same body's acceleration on the 
inertial force arising from the action of an external force on 
the body.

Gravitational mass is determined by Newton's Law of 
Universal Gravitation

2
pas ac

G

m m
F

r



 ,                    (5)

FG – the force of attraction between a body A and an active 
gravitational mass mac (determines the force of attraction of 
a body to other bodies) and body B with passive gravitational 
mass mpas (determines the force of attraction of this body to 
another body); r – the distance between the bodies; γ – the 
gravitational constant [2,8]. If the masses of the gravitationally 
interacting bodies are not equal to each other, then it is obvious 
that the larger one will be more active and will attract the 
body with the smaller mass more strongly. If the masses of 
the bodies are equal to each other, then they will attract or 
repel each other with the same force. If the interacting bodies 
of the same mass are made of materials of different chemical 
composition, then since the causes of gravitational forces 
can have different dependence on the fi elds that form them, 
different in different materials, so that mpas could differ from 
mac. However, experiments, with an error of 10–15, have shown 
[9,10] that:

mpas = mac                    (6)

Formula (5), taking into account (6), at least for bodies 
consisting of the same material, can be written in the form:

2

A B
G G

G
m mF
r

 
 ,                (7)

Where 
A
gm and are 

B
gm  the gravitational masses of the 

bodies A and B respectively.

The principle of equivalence of inertial and 
gravitational masses

Mach's principle [11,12] consists of relating the inertial 
motion of a body not to Absolute Space (AS), but to a frame of 
reference associated with distant stars, more precisely, to the 
center of mass of the Universe from the moving body to the 
body with mass mi:

2

2 0i i

i

md
dt m

 
 

  




r
                 (8)

Naturally, this automatically required an infi nite 
propagation speed of interactions. Mach's principle itself is 
obvious. In a deterministic universe, everything must infl uence 
everything else. But Newton's principle, which relates motion 
to the event horizon, is also impeccable, since where ri – 
distances are concerned, the existence of the event horizon, if 
it does not affect the material world, is equivalent to its non-
existence. Therefore, it is natural that, formally, both these 
principles must be taken into account simultaneously, i.e., to 
determine the force of infl uence, their additive sum must be 
taken. This is especially important if the event horizon turns 
out to be a substantial medium, possessing resistance to the 
motion of bodies. Thus, Newtonian mechanics, ignoring the 
infl uence of distant stars, is, to a certain extent, approximate. 
The principle of action at a distance, as a requirement for an 
infi nite propagation speed of interactions, does not contradict 
the principle of action at a short distance, according to which 
the speed of interaction does not exceed the speed of light. 
The effects of objects located beyond the event horizon will be 
delayed, but they will occur. As a result, the distance between 
the body and the center of mass of the Universe will increase 
over time, the effective mass of the Universe, consisting of 
objects that can infl uence the body, will also increase, and 
overall, a slight corresponding drift of the fi nal result will be 
observed over time.

If we assume that C a force acts on a body F with gravitational 
mass mG in Absolute Space, in which there are no bodies, then 
this force will cause the acceleration of this body

1  G

Fa
m

                 (9)

The infl uence of the Universe on the body C in accordance 
with (7), is determined by the force:

0 22 G
G

M mF m a
R

 
   ,                  (10)

where is M – the mass of the Universe, R – the distance from 
the body C to the center of mass of the Universe, from which 
we obtain:

2 2

Ma
R

                    (11)
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21in G
Mm m
gR


 

  
 

                            (25)

Substituting the known data 
3

11
26,67259 10   m

kg s
  


, 

5210  M kg , 2710  R m [13,14] into formula (25), we obtain a 

more specifi c version of this formula for our planet Earth:

 141 6,67259 10  in Gm m kg   .             (26)

Considering that the acceleration of gravity [13]:

2
ç

ç

Mg
r

  ,                 (27)

And substituting (27) into (25), we obtain a version of the 
dependence of the inertial mass on the gravitational mass and 
size of the Earth:

2

21 ç
in G

ç

M Rm m
M R

 
   

 
,                 (28)

where M3 and are R3 – the mass and radius of the Earth, 
respectively. To fi nd a similar relationship for other planets, 
it is suffi cient to substitute the corresponding values for the 
acceleration due to gravity into formula (25) or the values of 
their mass and radius into formula (28). In some places in 
deep space, the magnitude of the acceleration due to gravity 
may be close to zero (a = 0), so the expression in parentheses 
in formula (24) will tend to infi nity), but in this case, the 
gravimass of the body will tend to zero (since in these places 
the gravitational fi eld itself will be close to zero). Therefore, 
the magnitude of the inertial mass of the body will tend to the 
corresponding limit.

Formulas (24–28) allow us to answer the question of the 
dependence of a body's gravitational mass on its velocity. Since 
these formulas do not involve the body's velocity anywhere, 
they are, by default, applicable not only to a moving body but 
also to a body at rest, and the inertial mass and gravitational 
mass used in them can also be rest masses. The body's velocity 
is equal to v = 0, although the body's acceleration is not zero 
a ≠ 0. Therefore, these formulas can also be applied to the 
moment of initiation (the beginning of the body's motion). In 
these formulas, gravitational mass is an argument, and inertial 
mass is a function. Indeed, inertial mass can only arise when 
gravitational mass already exists and has manifested itself. 
Now let us assume that the gravitational mass of a body v

Gm
depends on the body's velocity according to the formula:

( )v
G Gm m f v ,                 (29)

where the function f(v) is not yet known. Let the body begin 
to move with velocity v. Then the inertial mass of the body, in 
accordance with (24) and the special theory of relativity, will 
be equal to:

22
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Since Newton's second law is written in formula (1), then

 
in

Fa
m

                (14)

Substituting (14) into (13), we obtain:

2
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 
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21G G
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m M m
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 
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2

2
G
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G
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              (17)

2

2
in

G
in

m FRm
FR M m


                  (18)

Formulas (17,18) represent the dependence of inertial 
mass on gravitational mass and gravitational mass on inertial 
mass, respectively. Their form suggests that these formulas, 
in addition to depending on the mass and size of the Universe, 
as expected, also depend on the magnitude of the force acting 
on the body.

Let's fi nd a formula for Newton's second law, taking into 
account the obtained dependence (17). To do this, we substitute 
(17) into (1):

2

2in G
G

FRF m a m a
FR M m

 
                  (19)

2 2 2
G GF R F Mm m aFR                 (20)

2 2
G GFR m aR Mm                (21)

2 2
G

G G
M m MF m a m a
R R

       
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             (22)

Equating equalities (1) and (22), we obtain:

2
G

in G
M mm a m a
R

 
                   (23)

21in G
Mm m
aR

   
 

              (24)

Formula (24) shows the relationship between inertial 
mass and a body's acceleration and gravitational mass. A 
body's acceleration a also depends on its location. Since 
we live on planet Earth, the fall of bodies is caused by the 
Earth's gravitational forces. Therefore, their acceleration 
is the acceleration due to gravity 29,81 10 /a g m s   . The 
desired formula for the relationship between inertial mass and 
gravitational mass is:
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but in terms of inertial force rather than a real external force. 
The inertial force arising in a fundamental (or any other) 
fi eld, from the absolute motion of a body within it, motion 
with acceleration, leads to fl uctuations in this fi eld, which are 
perceived as an inertial mass. It has been proposed to call such 
virtual vacuum excitations inertial masses. [20]. They are quanta 
of the inertial fi eld; the conditions for generating them in large 
quantities are described in [18]. Inertions, like any moving 
particles, are associated with wave motions, in this case with 
inertial waves. And since the rest mass of quanta of the inertial 
fi eld is zero, their speed of motion must be equal to the speed 
of propagation of the corresponding inertial waves. Inertions, 
fi nding themselves in the Higgs fi eld, fi lling the entire 
Universe [21], acquire a corresponding inertial mass, which, 
after interacting with the surrounding gravitational fi eld of the 
Universe, will acquire weight and itself will become the source 
of the corresponding gravitational fi eld.

In works [22,23], it was shown that at a body speed above

235696.8871v   ,  km/s a phase transition of matter into 
a massless state occurs, and then into a state with negative 
mass. If the temperature of a body becomes higher than a 

certain critical value 36
02.17 10  K T m , where m0 – the rest 

mass of the body is in grams, depending on its chemical 
composition, then the mass of the body also becomes negative 
[24]. From the above-described interdependence of inertial 
and gravitational masses, it follows that the phase transition 
to a state with negative mass occurs for both types of mass, 
which corresponds to Einstein's Equivalence Principle (EPE). 
This principle facilitates the solution of many problems 
[25], in particular, the ability to determine the nature of the 
interactions of bodies with positive and negative mass [26].

One possible explanation for the dependence of gravitational 
mass and inertial mass on velocity is the hypothesis of G.P. 
Malkovsky [27], who believes that total mass mv and rest mass 
m0 express the quantity of matter. The law of the dependence of 
mass on velocity always applies not only to a moving body, but 
also to the fi eld associated with that body. If the total mass of 
a body is understood as an amount of matter, then the velocity 
of a particle will not increase the amount of matter in the body, 
but rather the amount of matter in the fi eld associated with the 
moving body. A similar position is developed in his theory of 
fi eld physics by O.N. Repchenko [28].
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where is 0
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be seen in the reality of inertial forces. The French engineer 
J.V. Poncelet [16] understood the "force of inertia" as the real 
counterforce that a moving body exerts on connections or 
moving bodies. Such a force is, for example, the centrifugal 
force that pulls a rope attached to a mass performing circular 
motion. When we sit in an aeroplane accelerating for takeoff, 
our body is pressed with force into the seat. By accelerating 
our body, the aeroplane, through the seat, acts on it with 
force (1). Since every action is met by an equal and opposite 
reaction, our body, in turn, acts on the seat with an equal force. 
Thus, Poncelet's inertial forces can only be real in the case of 
interacting bodies. In general, one of the interacting bodies can 
always be some fi eld of the physical vacuum.

In the works [17,18], the concept of a fundamental fi eld 
was introduced, also called a substantial fi eld, physical vacuum 
[18,19]. The fundamental fi eld, disturbed by the absolute 
motion of bodies, is an inertial fi eld, and the force of resistance 
of the fi eld of the physical vacuum is the force of inertia. Inertial 
fi elds can include not only the fi eld arising from translational 
forces, but also from rotational and torsional forces (torsion 
fi elds) [19]. D'Alembert's law (2) is formally equivalent to 
Newton's second law; it explains the same dependence of 
a body's acceleration on its mass and the force acting on it, 



048

https://www.mathematicsgroup.us/journals/annals-of-mathematics-and-physics

Citation: Golovkin BG. Einstein's Equivalence Principle. Ann Math Phys. 2026;9(1):044-048. Available from: https://dx.doi.org/10.17352/amp.000179

 

 
 

https://www.peertechzpublications.org/submission

5. D'Alembert JL. Dynamics: Tractate. Moscow: Gosteortekhizdat; 1950:38-39.

6. Ishlinsky AY. Classical mechanics and inertial forces. Moscow: LENAND; 
2018. 320 p. ISBN: 978-5-9710-5075-9.

7. Appel P. Theoretical mechanics. Moscow: Fizmatgiz; 1960;1:458. 

8. Bondi H. Negative mass in general relativity. Rev Mod Phys. 1957;29(3):423-
428. Available from: https://journals.aps.org/rmp/abstract/10.1103/
RevModPhys.29.423

9. Turyshev VG. Experimental tests of the general theory of relativity: recent 
successes and future research directions. Usp Fiz Nauk. 2009;(1):3-34. 
Available from: https://www.mathnet.ru/php/archive.phtml?wshow=paper&jr
nid=ufn&paperid=688&option_lang=eng

10. Weber J. General relativity and gravitational waves. New York: 1961. 
Available from: https://philpapers.org/rec/WEBGRA

11. Mach E. Die Mechanik in ihrer Entwickelung historisch-kritisch dargestellt. 
Leipzig: FA Brockhaus; 1904;236. 

12. Vizgin VP. The role of E. Mach’s ideas in the genetics of the general theory of 
relativity. In: Einstein collection 1986–1990. Moscow: Nauka; 1990;49-97.

13. Spiridonov OP. Fundamental physical constants: from the beginnings of 
physics to cosmology. Moscow: URSS; 2015;304. ISBN: 978-5-9710-1863-6.

14. Randall L. Knockin' on Heaven's Door: a scientifi c look at the structure of the 
universe. London: The Bodley Head; 2011. ISBN: 978-0-06-172372-8. 

15. Albert Einstein and the Theory of Gravity. On the centenary of his birth. 
A collection of articles. Moscow: Mir Publishing House; 1979.P.113:557-
560;565:592. Available from: https://www.scirp.org/reference/referencespap
ers?referenceid=3036031

16. Gulia NV. Inertia. Moscow: Nauka; 1982.P.37-51:152.

17. Davtyan OK. Theory of gravitational-inertial fi elds of universe. III. The 
structure of system. IV. The universe and the microcosm. Ann Phys. 
1979;36:227. Available from: https://www.connectedpapers.com/main/35

4db49af229498ca14d90ba04b24ed0d95dccc8/Theory-of-Gravitational%20
Inertial-Field-of-Universe.-IV.-The-Universe-and-the-Microcosm/graph

18. Davtyan OK, Karamyan GG. Theory of inertial fi eld and quantum correlation. 
Yerevan: Publishing House of the Armenian SSR; 1987;134. Available from: 
https://www.researchgate.net/publication/253877708_Inertial-fi eld_and_
quantum-correlation_theories

19. Shipov GI. Theory of physical vacuum. Moscow: Nauka; 1997.P.28-29;135-
152;205-206:452. 

20. Shipov GI. Problems of physics of elementary interactions. Moscow: Moscow 
State University Publishing House; 1979;146. 

21. Ishkhanov BS, Kapitonov IM, Yudin NP. Particles and atomic nuclei. Moscow: 
LENAND; 2019.P.549-596:672. Available from: https://www.scirp.org/
reference/referencespapers?referenceid=1099893

22. Golovkin BG. A substance with negative mass. Ann Math Phys. 
2023;6(2):119-125. Available from: https://doi.org/10.17352/amp.000091

23. Golovkin BG. The speed of the body at the moment of transition to a 
massless state is a new world constant. Ann Math Phys. 2023;6(2):114-118. 
Available from: https://doi.org/10.17352/amp.000090

24. Golovkin BG. High temperature negative mass plasma. Ann Math Phys. 
2024;7(1):118-137. Available from: https://doi.org/10.17352/amp.000115

25. Treder HJ. Gravitationstheorie und Äquivalenzprinzip. Berlin: Akademie-
Verlag; 1971.

26. Golovkin BG. Negative mass is a component of the Universe. Noosphere Soc 
Person. 2019;(1):40. Available from: http://noocivil.esrae.ru/259-1903

27. Malkovsky GP. On mass and energy in modern physics. Kazan: Kazan 
University Publishing House; 1961.P.172:180.

28. Repchenko ON. Field physics or how the world works? Moscow: Gallery; 
2008;320. ISBN: 978-5-8137-0150-8. Available from: http://www.fi eldphysics.
ru


