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Abstract: There are currently four elementary forces in physics: gravity, electromagnetic force, and the weak and

strong forces. In this paper, we propose a thermodynamic theory for gravity and show that the gravitational force

is not an independent elementary force. We reveal that Newton’s gravitational force arises from microscopic

thermodynamic potential energy. Additionally, we demonstrate that both Newton’s second law and the buoyancy

force are also caused by this microscopic thermodynamic potential energy. Our calculation of the gravitational

force shows a quantitative agreement with experimental data, offering a fresh perspective on gravity and buoyancy.
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1. Introduction

In physics, it is generally believed that there are four elementary forces

• Newton’s gravity force [1,2], e.g., the free fall of a steel ball towards the earth;
• Electromagnetic force [3,4], e.g., Coulomb force;
• Strong force [5,6], e.g., interaction of protons and neutrons;
• Weak force [7,8].

The latter three forces have been unified [9–12]. Whether gravity is an independent elementary force
has not yet been resolved [2,13,14] in the community of physics. In contrast to quantum gravity
theory [15–18], we here shed light on gravitational force from the perspective of thermodynamics,
where the total energy of a closed system must be non-increasing.

It is well known that a steel particle falls in the air towards the earth with an acceleration constant
of g ≈ 9.8 m2/s (Figure 1a). In another scenario, the steel particle can also fall down freely in the water
with an acceleration constant g∗ differing from g. In conventional theories, the acceleration constant of
a falling particle in water differing from g is attributed to two forces

gravity: ρpgVp; and buoyancy: ρpgVp. (1)

Here, ρp and ρ f represent the density of the particle and the surrounding, respectively; Vp denotes the
volume of the particle. Drag force is not considered, since at the linear acceleration stage, water can be
considered as an inviscid fluid; in other words, the entropy increase takes a much longer time than
the inertial acceleration. According to Newton’s law, we have a simple force balance between inertial
force, gravity, and buoyancy as

Inertial force = Gravity + Buoyancy ⇔ ρpVpg∗ = ρpgVp − ρ f gVp.

A brief calculation shows that the acceleration of a falling particle in water according to conventional
theories is

g∗ = (1 − ρ f /ρp)g, (2)

which significantly deviates from existing experiments [19,20]. From the opinion of the current authors,
the reason for the conflict between existing theories and experiments is the unclear physical origin of
gravity and buoyancy.
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Figure 1. The origin of gravity. a, Sketch for the free fall of a steel particle towards the earth. The
velocity of the particle is u0, which decays through the air to zero over a distance ℓ. b, Comparison of
the acceleration of a falling steel particle in water with experiments [20] (symbols) and existing theories
u0 = g∗ · t, g∗ = 8.4 m/s2 (dashed line) due to gravity and buoyancy; the present work u0 = a · t,
a = 3.05 m/s2 is depicted by the solid red line. Experiment 1 is for an original steel ball without surface
modification. Experiments 2, 3, 4 correspond to steel balls, coated with FDTS and processed with
molecular vapour deposition for 8 minutes and 32 minutes, respectively; the diameter of all the steel
balls is 7 mm.

In this work, we show that Newton’s second law is actually derived from microscopic potential
energy. Our derivation involves reformulating kinetic energy in a way that differs from classical
theories, leading to a generalized formulation for calculating the acceleration of a particle in an inviscid
fluid. We also quantitatively compare our theory of gravity with experimental data for the free fall of a
steel particle in water.

2. Origin of Newton’s Law and Energy Dissipation

We consider the motion of a solid particle, like a steel ball, in the surrounding of air or water. The
system is placed in a closed domain Ω without external forces and consists of the microscopic potential
energy P and the macroscopic kinetic energy K

E = P +K. (3)

The energy minimization principle requires that for a closed system, the total energy of the system
must be non-increasing with time t, namely

dE
dt

=
dP
dt

+
dK
dt

≤ 0. (4)
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The time derivative of the potential energy reads

dP
dt

=
d
dt

∫
Ω

pdΩ =
∫

Ω

dp
dr

· dr
dt

dΩ =
∫

Ω
∇p · udΩ, (5)

where p is the density of the thermodynamic potential energy and u depicts the local fluid velocity
according to

u =
dr
dt

. (6)

The microscopic potential energy p, also known as the thermodynamic pressure, is due to the motion,
collision, and electromagnetic interaction of molecules and atoms at the microscopic scale. An explicit
formulation of p is [21,22]

−p = f −
K

∑
i=1

µici, (7)

which is consistent with the Landau potential. Here, f denotes the free energy, µi and ci depict the
chemical potential and composition of component i, respectively; K stands for the number of the
components in the system. A specialized discussion of p including chemical free energy, electrostatic
energy, etc, has been presented in [23].

A key controversial point is the formulation of the kinetic energy. We formulate the kinetic energy
in the classic theory and in the present work as

Classic theory: K̃ =
∫

Ω
ρu2dΩ; (8)

Present theory: K =
∫

Ω
θ · udΩ; θ = ρu, (9)

where ρ represents the local density and θ is the linear momentum. The total time derivative of the
kinetic energy in the conventional and current theories reads

Classic theory:
dK̃
dt

=
∫

Ω

dρ

dt
u2 + 2ρu · du

dt
dΩ; (10)

Present theory:
dK
dt

=
∫

Ω

dθ

dt
· u + θ · du

dt
dΩ. (11)

A combination of Eq. (10) and Eq. (11) with Eq. (5) leads to the total time derivative of the system
energy in the classic theory and in the present work as

Classic theory:
dE
dt

=
dK̃
dt

+
dP
dt

=
∫

Ω

dρ

dt
u2 + 2ρu · du

dt
+∇p · udΩ; (12)

Present theory:
dE
dt

=
dK
dt

+
dP
dt

=
∫

Ω

(
∇p +

dθ

dt

)
︸ ︷︷ ︸

I

·u + θ · du
dt︸ ︷︷ ︸

II

dΩ. (13)

In Eq. (13), we have identified two parts, I and II, for the time evolution of the total energy. The
first part, I is responsible for the exchange of the microscopic potential energy with the momentum;
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the microscopic potential energy corresponds to a conservative force −∇p. The second part, II is
responsible for the dissipation of the velocity with the dissipative force ∝ θ.

I, momentum balance:
dθ

dt
= −∇p; (14)

II, velocity dissipation:
du
dt

= −τθ. (15)

The first equation is nothing but the momentum balance. By expanding the total time derivative

dθ

dt
=

d(ρu)
dt

= ρ
du
dt

+ u
dρ

dt
(16)

and considering the incompressible condition dρ/dt = 0, we obtain Newton’s law

ρ
du
dt

= −∇p, (17)

which is also consistent with Euler’s equation. The stress tensor, such as Korteweg, Maxwell, and
Cauchy stress tensor can also appear on the right hand side of Eq. (17) if we consider the contribution
of chemical free energy, electrostatic potential energy, and elastic energy to E in Eq. (3); see the
derivations in [23]. The above derivation reveals the thermodynamic origin of Newton’s law as
well as the momentum balance. It should be emphasized that the potential energy p corresponds
to the conservative force −∇p. Non-conservative forces, like viscous stress, have no corresponding
potential energy and should not be added in the momentum evolution. The non-conservative force
can only dissipate the velocity, as stated in Eq. (15), which decreases the kinetic energy. The dissipation
coefficient τ is known as the drag coefficient. In fact, Eq. (15) is consistent with the classic Langevin
equation [24] for the velocity dissipation if we define a new coefficient ξ := τρ, namely

du
dt

= −τθ = −τρu = −ξu. (18)

We note that the classical theory, as given by Eq. (10), cannot account for the momentum balance.
With the new formulation of kinetic energy, we have successfully derived the momentum balance
equation, which addresses the exchange between kinetic and potential energy. We have also revealed
that Newton’s law is intrinsically caused by the thermodynamic potential energy, which is caused by
the random motion, electromagnetic interaction, collision of molecules/atoms at the microscopic scale.
This concept is consistent with a recent hypothesis of Verlinde that the origin of Newton’s law is the
microscopic entropy [2]. Note that the second law of Newton relating the conservative force F, mass
m, and acceleration a,

F = ma (19)

is only true when dm/dt = 0 or dρ/dt = 0 . When there is an evolution of the density, the second law
of Newton has to be amended by the momentum balance equation. We stress again that the dissipative
non-conservative force cannot be included in the momentum balance; only the conservative force is
responsible for the momentum equation.

Note that the dissipation formulation for the velocity u can be diverse. While the formulation of
the momentum balance is unique, there is no such a unique formulation for the velocity dissipation.
From the part II in Eq. (13), we may formulate another dissipation for the velocity according to the
dissipation-conservation theorem as (see Appendix)

du
dt

= ∇ · τ0θ. (20)
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When defining the dissipation coefficient τ0 = µ/ρ2 in terms of viscosity µ and assuming ρ = constant,
we obtain the Newton dissipation as

ρ
du
dt

= ∇ · µ∇u. (21)

There are many other types of non-linear dissipation that are beyond the scope of the present work.

3. Origin of Gravity and Buoyancy

Next, we consider the free fall of a steel particle in the surrounding on top of the earth. The
surrounding could be air or water. The momentum balance equation reads

d(ρu)
dt

= −∇p. (22)

In contrast to the conventional theory that an additional gravity force ρg is added to the above equation,
we insist that an intrinsic acceleration du

dt will be obtained by considering the thermodynamic pressure
arising from the density difference.

When the particle falls down freely, it is sufficient to consider the momentum evolution in the
falling-dimension, say x-direction (Figure 1a), to calculate the acceleration. The velocity in the x-
direction is denoted as u. For incompressible fluids with dρ/dt = 0 (for compressible fluids and
density evolution, see Ref. [25]), the momentum balance equation is rewritten as

ρ
du
dt

= −dp
dx

. (23)

As sketched in Figure 1a, we choose the moving coordinate along with the particle and assume that
the velocity decays from the particle through the surrounding to the surface of the earth as

u(t, x) = u0(t) exp(−ℓx). (24)

At the surface of the particle, x = 0, the velocity is u0; far away from the particle x = +∞, the velocity
decays to zero. The characteristic length parameter ℓ is related to the average thickness of the boundary
layer for the particle-surrounding system in the context of fluid dynamics [26]. We assume that the
density decays from the particle (ρp) to the surrounding (ρs) over a distance λ as

ρ(x) = (ρp − ρs)e−λx + ρs, λ ≪ ℓ. (25)

Substituting Eq. (24) and Eq. (25) into Eq. (23) and integrating from the surface of the falling particle
(x = 0) to the surface of the earth x = +∞, we obtain[

ρs +
ℓ

λ + ℓ
(ρp − ρs)

]
du0

dt
= ℓ[(p(0)− p(∞)]. (26)

By using the condition λ ≪ ℓ, Eq. (26) is rewritten as

ρp
du0

dt
= ℓ[(p(0)− p(∞)]. (27)

Here, p(0) and p(∞) represent the thermodynamic pressure in the particle and in the surrounding,
respectively. Note that in the inertial-dominated region, where the velocity increases linearly with
time, it is reasonable to assume inviscid fluids, as the time scale of inertial acceleration is much shorter
than that of dissipation. Note also that only conservative forces are responsible for the momentum
evolution; non-conservative forces, such as viscosity, do not contribute to the momentum balance [25].
For inviscid fluids, the thermodynamic pressure can be expressed in terms of the sound speed c as:
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p = c2ρ, according to sound wave theory [26]. In this way, we obtain a generalized formulation for the
acceleration of the particle as follows:

a = ℓ(c2
p − c2

s ρs/ρp). (28)

where the parameters cp and cs denote the speed of sound in the particle and in the surrounding phase,
respectively.

4. Comparison with Experiments and Discussion

Next, we compare our results with classic theory of gravity and buoyancy as well as with
experiments. In the classic theory, the inertial acceleration of the particle is a result of the gravity force
ρpgVp plus the buoyancy force −ρsgVp, namely

ρpVp
du0

dt
= ρpgVp − ρ f gVp, (29)

where Vp denotes the volume of the particle and g = 9.81 m2/s stands for the gravity acceleration.
According to Eq. (29), the acceleration in the classic theory is

g∗ =
du0

dt
= (1 − ρs/ρp)g. (30)

To show the problem of Eq. (30) according to classic theories, we consider the free fall of a steel
particle in the water starting with a velocity 0 m/s. According to Eq. (30) with the physical parameters
listed in Table 1, the acceleration constant is about 8.4 m/s2; this value significantly deviates from
the experimental acceleration of around 3 m/s2 for the falling steel ball in water (Figure 1b). The
experimental value is well consistent with the present results according to Eq. (28). In our calculation,
we set ℓac2

steel = g = 9.8 m/s2, where ℓa denotes the boundary layer thickness of the steel ball in air
and csteel stands for the sound speed in steel 1. According to the well-known boundary layer theory in
fluid dynamics [26],

ℓ ∝
√

µ/ρ, (31)

the boundary layer thickness in the water is

ℓw =
√

µwρa/µaρwℓa ≈ ℓa/
√

10. (32)

Here, µi and ρi represent the viscosity and density of phase i (w: water, a: air), respectively. With the
sound speed in water and the density ratio of water to steel, ρs/ρp = 0.13, we obtain the acceleration
of a steel ball in water as

a = 3.05 m/s2. (33)

Table 1. Density and viscosity [27] of steel, water, and air, and the sound speed [28].

Items/parameters Density, ρ, kg/m3 Viscosity, µ, Pa· s Sound speed, c, m/s
Steel 7750 - 5000

Water 996 0.01 1500
Air 1 0.000018 340

We remark that the classic theory of gravity and buoyancy leads to a unique acceleration constant
once the density ratio of the particle to the surrounding is fixed. However, many experiments show
that there are changes of the acceleration though the density ratio is a constant. For example, a spherical

1 The sound speed in the air comparing with that in the steel and the density ratio of air to the steel particle ρs/ρp both are
small enough. A consideration of these small values, namely ℓ(c2

steel − c2
airρair/ρsteel) = g does not change the results
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steel ball and an ellipsoid steel ball have different acceleration behaviors in water. The key point here
is that the boundary thickness ℓ is affected not only by the density and the viscosity but also by the
geometry of the particle. For different materials, the boundary thickness is also varied, for instance, in
the air, the boundary layer thickness can be estimated as ℓ = g/c2

p.
From Eq. (27), we conclude that gravity and buoyancy are actually due to the difference in the

thermodynamic pressure. When the thermodynamic pressure in the particle is greater than the one
in the surrounding, we have the free fall of the particle, leading to the gravity effect. When the
thermodynamic pressure in the particle is less than that in the surrounding, we have the rising up of
the particle; in this scenario, we have the buoyancy phenomenon.

5. Conclusion

In summary, we have proposed an alternative concept of thermodynamic origin for Newton’s
law, gravity, and buoyancy. We have revealed that the gravity force is not an elementary force but
is intrinsically evoked by the thermodynamic potential energy at the microscopic scale. We have
obtained a generalized formulation for calculating the gravity acceleration of a particle in an inviscid
fluid as

a = ℓ(c2
p − c2

s ρs/ρp). (34)

Here, ℓ is the boundary layer thickness; cp and cs (ρs and ρp) depict the sound speed (density) in the
particle and in the surrounding fluid, respectively. When the density ratio ρs/ρp is negligible, such as
a steel ball in air, the derived gravity acceleration a returns to the classic gravity acceleration, 9.8 m2/s.
The derived gravity acceleration also provides a simple way to estimate the boundary layer thickness
by measuring the acceleration constant.

In the classic theory Eq. (2), the acceleration g∗ is solely affected by the density ratio. In the
generalized formulation a in Eq. (34), the acceleration depends not only on the density ratio but also
on the associated energy; the associated energy is characterized by the sound speed. Suffice to say, the
energy and mass are always associated in the present consideration, while this aspect is not considered
in the classic theory.

In addition, we have demonstrated that Newton’s law is also derived from microscopic poten-
tial energy. The key to this finding lies in a simple reformulation of conventional kinetic energy,
along with the principle of energy minimization. Our theory significantly advances the fundamental
understanding of gravity, buoyancy, and Newton’s law.
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Helmholtz association, as part of the programme “MSE-materials science and engineering” number-43.31.01.
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Appendix A

The dissipation-conservation theorem states the energy dissipation for the field u and the associ-
ated potential Φ; it connects the first law of thermodynamics (conservation) with the second law of
thermodynamics (dissipation). The energy is formulated as a function of u as

E =
∫

Ω
e(u)dΩ. (A1)

The time derivative reads
dE
dt

=
∫

Ω

de
du

du
dt

dΩ =
∫

Ω
Φ

du
dt

dΩ, (A2)

where we have defined a potential Φ = dde/du. From Eq. (A2), we obtain the time evolution of u as

du
dt

= ∇ · τ0∇Φ = ∇ · τ0∇
de
du

. (A3)

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 23 December 2024 doi:10.20944/preprints202412.1997.v1

https://doi.org/10.20944/preprints202412.1997.v1


8 of 9

Substituting Eq. (A3) into Eq. (A2), integrating by parts, and using the no-flux boundary condition, we
obtain

dE
dt

=
∫

Ω

de
du

du
dt

dΩ =
∫

Ω

de
du

∇ · τ0∇ΦdΩ = −
∫

Ω
τ0(∇Φ)2dΩ ≤ 0. (A4)

The above dissipation-conservation theorem can be applied to derive mass diffusion equation, heat
diffusion equation, and electrical density conservation equation. Note that the derivative of the kinetic
energy to the velocity u is the momentum θ. By assigning Φ = θ in Eq. (13), we obtain the Newton
dissipation for the velocity. For the dissipation of the vector, one has to consider three terms, ∇θ, ∇θT ,
and (∇ · θ)I, where I is the identity tensor.
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