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Abstract

Gravity is much more difficult to combine with quantum mechanics than any other force. In recent
decades, some analogies between gravity and thermodynamics, and hydrodynamics suggest that gravi-
tation is an emergent phenomenon. We propose here to give a physical meaning to the analogy between
gravity and hydrodynamics in particular. From two models: absorption and thermal, we find some
aspects of gravitation in the Newtonian limit. We speculate the link with thermodynamics derived from
the analogy between gravity and fluid dynamics. The relativistic description of our model is inspired
by the Einstein-ather theory, which is a generally covariant theory of gravity containing a dynamical
preferred frame.
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Conventions, notations, and acronyms

Units. Numerical results are mostly given in terms of units of the International System. In abstract
calculations, we adopt the usual relativistic convention of ¢ = 1, so that lengths and times have
the same dimension.

Differential geometry. The signature of spacetime’s metric is taken to be (— + ++). We use Ein-
stein's summation rule over repeated indices, the range of the sum being dictated by the nature
of the indices (see Table 1).

Notations. See Table 1 for a list of the recurrent symbols used in this dissertation. As often in the
relativity literature, vectors and tensors are identified with their components over an arbitrary
coordinate basis (e.g. u will be equivalently denoted u®). Partial derivatives with respect to, e.g.
coordinate =% are abridged as

of
=0uf = fa (0.0.1)

oz

for any function or tensor f.

Acronyms. They will be defined when used for the first time. See also Table 2

Notation | Description

= | definition
lowercase latin indices a, b, -+ ,h | run from 0 to 3
lowercase latin indices 4,7,--- | run from 1 to 3

dS = r?sinAdAdy | infinitesimal surfaces in spherical coordinates
u, u® | four-velocity
v, v* | four-velocity of ather or for short ather
Use | velocity of sther in the Newtonian level
T | proper time
Nab, M | Minkowski metric, determinant of the metric
P=, p | *ther density, matter density
dp | Dirac distribution
v = —wvgau® | Lorentz factor of particles in ather frame
G, ® | gravitational constant, gravitational potential

Table 1: Description of the main notations used in this Essay.

Acronym | Signification

QFT | Quantum Field Theory
GR | General Relativity
a®-theory | Einstein-aether theory

AdS/CFT | Anti De Sitter space/Conformal Field theory
LIGO | Laser Interferometer Gravitational-Wave Observatory
PDE | Partial Differential Equation

SR, STR | Special Relativity, Special Theory of Relativity

Table 2: List of acronyms and their signification.
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1. Introduction

The Universe is currently described by two remarkably effective major theories: Einstein's general rel-
ativity, portraying the Universe at the macroscopic scale by providing a description of gravitation and
quantum mechanics depicting the Universe at the microscopic scale by providing an explanation of the
other three elementary interactions, namely: electromagnetic, weak nuclear and strong nuclear interac-
tions. However, some phenomena in the Universe require the simultaneous application of both theories
and therefore require the development of a theory of quantum gravity.

In 1915, Albert Einstein published his work on general relativity [5]. The latter indicates that any energy
source causes a local deformation of space-time, so the gravitation is the manifestation of curvature of
space-time. In his theory, Einstein treats space-time as a pseudo-Riemannian manifold, i.e. a smooth
space with dynamical geometry. Technically, within Einstein's equation, the energy-momentum tensor
is linked to the deformation of space-time.

At the same time, in the beginning of the 20th century, quantum mechanics appeared. Its mission
is to describe the interactions between physical systems and their dynamics on a quantum scale. The
theoretical advancements in quantum mechanics led to the development of quantum field theory (QFT),
thanks to the second quantization provided by Paul Dirac in 1928. QFT describes particles and their
interactions in terms of quantum fields and today forms the physico-mathematical basis of the Standard
Model of particle physics. The latter thus formalizes the electromagnetic, weak and strong nuclear
interactions within quantum theories such as quantum electrodynamics, electroweak theory or quantum
chromodynamics.

Since their formulation, these two theories have not ceased to be tested and are now remarkably well
supported by explaining in a coherent and elegant way the phenomena belonging to their respective
fields. We can cite the proof that Neutrino has mass in 1998, the discovery of the Higgs boson on March
2013. Also, the discovery of the gravitational waves by the LIGO and Virgo Scientific Collaboration on
February 2016 and most currently the first-ever picture of a black hole in the galaxy M87. Nevertheless,
despite this amazing descriptive and predictive ability, they do not cover all the phenomena present in
the Universe. This is particularly true for the interior of black holes and the early Universe.

When general relativity is concerned with describing the interior of black holes, theoretical anomalies
emerge in the form of gravitational singularities. The latter, unlike what is often read do not correspond
to tangible objects but to a mathematical limit of Einstein's theory, a kind of “pathology” of general
relativity correlated to the existence of infinite quantities. A singularity appears when the theory is
unable to describe such extreme gravitational phenomena. The same is true for the beginning of the
Universe; Einstein's equations indicate that at the time of the Big Bang, the Universe was reduced to
an initial singularity.

The existence of these anomalies indicates an incompleteness of general relativity. At such energy and
density levels, quantum effects emerge within the gravitational field; quantum mechanics must therefore
be involved in describing these events. More precisely, these quantum gravitational effects would emerge
at the Planck scale. Indeed, the Planck length is given by the following formula:

hG
b=1\"3 (1.0.1)

where “R" denotes the reduced Planck constant, “G" the gravitational constant and “¢" denotes the
speed of light in vacuum. This formula combines a quantum constant and a gravitational constant,
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which suggests at the emergence of quantum gravity on a Planck scale. A theory of quantum gravity,
unifying quantum mechanics and general relativity, is therefore necessary in order to describe these
phenomena.

However, the unification of the two theories is extremely complex in view of the significant differences
between them. Quantum field theory describes the elementary interactions within a flat space-time, i.e.
the space-time of special relativity corresponding to the Minkowski metric. While in general relativity,
gravitation is encoded in a curved space-time corresponding to a pseudo-Remannian metric. Moreover,
in Einstein's theory space and time are intimately intertwined, whereas in quantum mechanics time is
not a physical quantity, no operator can be associated with it.

So gravity is considerably harder to combine with quantum mechanics than all the other forces. The
quest for unification of gravity with these other forces of Nature at a microscopic level, may therefore
not be the right approach. It is known to lead to many problems, paradoxes and puzzles. String theory
has solved some, but not all of these problems to some extent and we still have to find out what the
theoretical solution of string theory teaches us.

It has been suggested that gravity and space-time geometry could be emergent. Also, string theory and
its related developments have given several indications in this direction. Particularly, important clues
come from the AdS/CFT correspondence (Anti De Sitter space/Conformal Field theory), or more gen-
erally, the open/closed string correspondence. This correspondence leads to a duality between theories
that contain gravity and those that do not. It suggests that gravity can emerge from a microscopic
description that does not know about its existence. We also have to note that if the emergence of
gravity is true, that means that the quest of quantum gravity will not be achieved by looking for the
quantization of gravity, rather the quantization of the microscopic degrees of freedom that generate
gravity.

The universality of gravity suggests that its emergence should be understood from general principles
that are independent of the specific details of the underlying microscopic theory. It is also demonstrated
by the fact that its basic equations closely resemble to the laws of thermodynamics and hydrodynamics.

It has been suggested since the 1990s by Ted Jacobson [9] that, the Einstein's equation is derived
from the proportionality of entropy and horizon area together with the fundamental relation 6QQ = T'dS
connecting heat, entropy, and temperature. Viewed in this way, the Einstein's equation is an equation
of state. This perspective suggests that “it may be no more appropriate to canonically quantize the
Einstein's equation than it would be to quantize the wave equation for sound in air”. This approach has
been more developed by Jarmo Makeld and Ari Peltola [12] and recently, an elegant approach of Erik
Verlinde [17] where starting from first principles and general assumptions Newton's law of gravitation is
shown to arise naturally and unavoidably in a theory in which space is emergent through a holographic
scenario. From The equivalence principle, he concluded that it is actually the law of inertia whose origin
is entropic. One of the people who has written extensively on the subject is Thanu Padmanabhan,
where he describes all the general characteristics of a program to understand gravity as an emerging,
long wavelength phenomenon (such as elasticity) and discusses a concrete framework for achieving this
paradigm in the context of several recent results [13-16].

In the same logic, we notice from hydrodynamics some resemblance between the Einstein's equations
and the incompressible Navier Stokes’ equation which are probably the most famous and well studied
nonlinear differential equations in mathematical physics. A lot of interesting phenomena such as turbu-
lence, black holes, Big Bang, etc. are connected to these equations. Therefore, the idea to relate these
systems is very promising and was proposed back in 70's in the context of the membrane paradigm [3,4].
The fluid /gravity relation reappeared in the string theory context as a particular regime of the AdS/CFT
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correspondence. The idea of a fluid is regularly invoked to explain the behaviour of black holes in simple
terms. Suppose that you are taken in a river flowing at velocity v. If v is larger than the speed at
which you can swim, then there is no chance to escape from the current. In this analogy, the black
hole is the river, and the maximum swimming velocity is the speed of light. The same analogy is also
invoked to explain the frame-dragging phenomenon around a Kerr black hole. From all those remarks
and observations, why not envisaging a model in which the origin of gravity is a fluid?

This is the main objective of this work. We must understand to which extent we can give a physical
meaning to these analogies relating to hydrodynamics by proposing some models of gravitation which
are the absorption model and the relativistic model. We expect to find to some extent the Laws of
Gravity as known.

In order to achieve this goal, we organised the work as follows.

In the first part we portray the absorption model. We look at how gravity is generated and how does
it interact with matter? We also present some limits and discussion in relation to what we know about
gravity form experiment.

In the second part, namely the relativistic model, we will look at a relativistic approach to the analogies.
We consider the Einstein-ather theory, where we are working in the Minkowski space-time endowed of
the metric tensor field 7,,. The theory involves a dynamical timelike vector field v,. the vector defines a
congruence of timelike curves filling all of spacetime, like an omnipresent fluid, and so has been dubbed
“@ther”. Firstly we describe how matter feels the zether flow, secondly how the ther flow is generated
and finally some discussion about the physical senses and the limit of the model.



2. Absorption Model

In his 1687 theory, Isaac Newton postulates that space is an infinite and unalterable physical structure
that exists before, within and around all objects while their states and relationships unfold at a constant
rate everywhere, so space and time are absolute. By inferring that all objects with a mass approach at a
constant velocity, but collide by impact proportional to their masses, Newton deduced that the material
has an attractive force. His law of universal gravitation, of which he has mathematically stated, covers
the entire Universe instantly (despite absolute time), or it is not really a force to be an instant interaction
between all objects (despite absolute space). As conventionally interpreted, Newton's theory of motion
modelled a central force without a communicating medium. Thus, Newton's theory violated the first
principle of mechanical philosophy, as Descartes stated, No action at a distance. Conversely, during the
1820s when explaining magnetism, Michael Faraday inferred a field filling space and transmitting that
force. Faraday conjectured that ultimately, all forces unified into one.

In 1873, James Clerk Maxwell unified electricity and magnetism as effects of an electromagnetic field
whose third consequence is light, travelling at a constant speed in a vacuum. The theory of the
electromagnetic field contradicted the predictions of Newton's theory of motion, unless the physical
states of a luminous ather (supposed to fill all space either in matter or in a vacuum and manifest the
electromagnetic field) align any phenomenon and thereby held valid the Newtonian principle relativity
or invariance.

Let us take again the idea of ather but in different way. Here we still assume that the Universe is filled
with an ather fluid and fix some law of motion of this latter. From this law, we will study how matter
generates the ather flow (which we called the active aspect) and also how matter experiences the sther
flow (this is the passive aspect), especially in the case of particle. By discussing on the Two-body
problem, we will recover Newton's laws of gravitation, and find the limits of our model.

2.1 An AEther Reloaded

Consider the following model for Newtonian gravity. Space is filled with an zether fluid with a density
Pe, that we will assume to be fixed. We will model gravity as the interaction between matter and this
®ther. Specifically, we assume that matter is able to absorb ather proportionally to its own mass. The
master equation describing such a phenomenon is

Vode=-L, (2.1.1)
T

where J = p=Ux is the @ther mass current (or momentum flux density), ¥, is its velocity field, p is
the normal matter mass density, and 7 is a time constant. This constant quantifies how efficient mass
is able to absorb ather.

Equation (2.1.1) must be understood as a continuity equation. So let us take a closed domain 2
containing a massive body and look at the flow of the ther fluid through the domain (see Figure 2.1).
The mass of the ather in the domain 2 varies proportionally to the mass of matter contained in ) and
the total mass in (2 is conserved, thus we can write

Op= ., / L a /8p .
—dr + Ue-dS =— | —dZ. 2.1.2
o Ot anae ES ., Ot ( )
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Figure 2.1: Flow of ather fluid through the domain 2 by looking a particular direction.

By using the divergence theorem, we obtain locally
O vV (2.1.3)

We assumed that p, is fixed so its variation is null and the right-hand side is the quantity of aether
absorbed by the body which is proportional to its own mass. Thus we obtain Equation (2.1.1).

Let us consider a particle with mass m, a bounded domain §2 which contains the particle and its boundary
0f). The amount of &ther mass absorbed by the particle per time is equal to

m(t)

/ V - Jx(t, £)dE = — (2.1.4)
Q

A particular consequence of (2.1.1) is that particles gain mass with time. So the variation of the

particle’s mass per unit time reads

dm(t)  m(t)
- . (2.1.5)

Note that in our model the mass of any body varies, which is not the case in our reality (not all masses
vary as long they experience a gravitational force). But we can make this variation negligible by setting
the magnitude of 7 very large in front of the magnitude of the entire mass of the Universe itself. So we
will have whatever the object in the Universe dm/dt ~ 0

2.2 Relation with Gravity

From the description of the a&ther model above, we will look at how matter generates an ather flow,
which is the active aspect of the gravitation. Further, we will study how matter is dragged by the flow,
which is the passive aspect of gravitation. This aspect tells us how matter experiences gravity.

2.2.1 Active Aspect. Now we will look at the characteristic of the flow created by matter, in particular
a particle in order to make the analogies between the gravitational force of Newton and the flow created
by a single particle.

Consider a punctual particle with mass m. Let us take the frame of the particle itself and put it at the
centre of the coordinate system. In absence of any other matter in the space, the system is spherically
symmetric. Thus the velocity U, of an ather particle situated at the distance r of matter verifies

peV e = — L. (2.2.1)
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Ug is radial, and depends only on 7. This means that Uz = vx(r)é,, where €, is the radial unitary
vector. Hence we have
1 m(t)

Va(r) = CAdrper 12

g . (2.2.2)

This equation is obtained by the integration over a sphere which contains matter (particle) and the
radius r and using the fact that p(t) = m(t)d(Z).

Recall that px and 7 are two constants characterising ather. In order to properly identify them with
the gravitational constants, we need to investigate the passive aspect.

2.2.2 Passive Aspect. Now we are looking at how physics undergoes the effect of an external gravity
field. That is, in our model, how particles are dragged by the flow.

Let us suppose that one puts a particle with mass at the centre of the coordinate system inside a large-
scale &ther flow with velocity Ve with respect to the rest frame of particle. The presence of matter will
perturb the flow because of the absorption of ather. This absorption will create a flow of aether with
velocity ¥, so a particle of ather will have a velocity Uz given by

Up = Ve + 7. (2.2.3)

For the case of a particle, U is given by Equation (2.2.2)

In order to describe how matter experiences gravitation (the flow), let us look at the amount dpe
of @ther momentum which is absorbed by matter during an infinitesimal amount of time d¢. In the
following, we will consider the case of a particle for simplicity.

To do so, let us consider a sphere (S) of radius R and evaluate the amount of ather momentum which
enters in the sphere. We will take R very small to just have the amount of a&ther momentum absorbed
by the particle because all ather particles which enter in the sphere will not be all absorbed by the
particle.

Figure 2.2: Particle of mass m absorbing an ather particle through the sphere (.S)

The amount of the ather momentum which enters in the sphere (S) during the time d¢ reads

dp

_ / peiie (B - 1) dS | (22.4)
di s

where U is given by the Equation (2.2.3).
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In the case where the velocity Ve is constant, it does not depend on the coordinate system. We are
free to choose the direction of this latter as a coordinate axis because of the symmetry of the system.
Hence we obtain
dpe  4m -
dt 37
This quantity will increase the momentum p of the particle in such a way that the force undergone by
the particle is given by

(2.2.5)

S 4dm -
F=-—V,. 2.2.6
37 % ( )
In other to further understand this result, let us consider the case of two particles in space and look at

the force that each one exerts on the other.

The case of two particles. Two particles with masses m; and my at rest and respectively localized
at the points O; and Oa, absorb ather. Thus the particles (1) and (2) respectively create an eether
flow each one with velocity ¥; and .

e
>

€9 €1

Figure 2.3: Two particles at rest undergo the force generated the flow of ather

The velocity of ather with respect to the particle (1) localised at the point E is
U = U1(2/01) + U2(2/01) , (2.2.7)

because of the linearity of Equation (2.1.1). Here ¥;(2e/Oj) is the velocity generated by the particle ()
i = {1,2} with respect to the frame of the particle (j). Let us denote ¥; = ¥;(2e/O;) defined in the
Equation (2.2.2). Since the particles are at rest, that means 2(O2/01) = 0, thus we have

Ve = U1 + Usy . (2.2.8)
We can compute by the same way as the Equation (2.2.4), the amount of ather momentum absorbed

by the particle (of mass m; for instance). So we have

dpe . e L
o Ty [ pe () (01 + ) - €1]dS . (2.2.9)

Let us set

. _OE

61:7‘ 62:

OE’

02 . 0,05
O.E 77 0,05

OlE:Tl; OQEIT’Q; 0102:7” .
(2.2.10)
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We call 6 the angle between €, and €) (see Figure (2.3). Thus we obtain

) r1 —rcosf
/12 + 12— 2rry cos '

—

(U1 + U2) - €1 = v1(r1) + va(re

(2.2.11)

With the settings in the Equation (2.2.10), we performed the integral (2.2.9) by using the fact that the
integrand is a continuous smooth function. Therefore, we can interchange the limit and the integral
which make the calculation easier. Hence we finally get

1 dﬁae 4 47 mi1Mms9 1

= __Z_ 7 e 2.2.12
pe dt 3 (4mpe)? T2 2 ( )

So the amount of a&ther momentum which is absorbed per unit time by the particle of mass m is

dﬁ 4 1 mlmgl_, 4m1_,
i = 3mpe 2 =3, ) (22.13)
x

Hence the force exerted by the particle (2) on the the particle (1) is given by

- 4 1 1 4
Fypy == ”’”172”2 e = ST () (2.2.14)

34mpe T4 T 3T

By doing the same computation for the particle of mass mo we get
ﬁl/Q — _ﬁQ/l . (2215)

Hence, according to Newtons law of gravitation, we can make an analogy with our model. Before
that, let us recall the Newton law of gravitation. The attractive force between two mass as in the case
described by the figure 2.3 is given by

Gmima

Fy ™" = ——5—¢ (2.2.16)

7 Newton
Fyp

where G ~ 6.67408 x 101" kg=!1.m3.s72 is the gravitational constant and we can set our analogy by

4 1

=—-—-. 2.2.17
34Ampet? ( )

From those results, we can understand how two matter particles interact through the aether flow and
how this interaction can be interpreted as a gravity force of Newton. This conclusion would not be easy
to make from Equation (2.2.6) which tells us how matter experiences the ather flow that we assumed
constant. Since we are in the case of a particle, the force found in the Equation (2.2.14) is similar to
the force in (2.2.6), simply by replacing the constant velocity Ve by the velocity of aether created by
the particles (2).

Indeed, in the case of the particle, we took the limit 71 — 0. Now suppose that the particle is spherical
and has a radius of R, we take the limit 11 — R. By doing the calculation from the beginning, we
obtain

—

€, .

B idﬁae 21 mamg <2r4 +2rR—rR? — R* B 2rt — 2R+ rR3 — R? B 2)
pe dt  (dmpe)? 72 3vVr2+2rR+ R*2R3  3vr? —2rR+ R%r2R3 12

(2.2.18)
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By setting R = xr, where 0 < o < 1 is a proportionality coefficient, we have the force undergone by
the spherical particle which is written as follows

- 3 et 4222 -2 ot — P 20— 2 —
51 = 2 (— + - 2) Fyp . (2.2.19)
8 3VeZ+2x+ 123 3Vr2—-2x+ 123
After few developments and simplifications, for 0 < z < 1, We obtain
Fy)y = Fy - (2.2.20)

In the case of spherical symmetry, equation (2.2.20) shows that the force undergone by the particle does
not depend on its radius.

Now let us discuss all the results that we have got so far, from the active to the passive aspect. In order
to see first how the model can be useful and also its limits.

2.3 Discussion

2.3.1 Some Analogies. Now we know how the ather flow is generated, how matter experiences this flow
and the standard formulation of Newton'’s gravity formulation. We can start to make some interpretation
from our model to the Newton gravitation as we did with the Equation (2.2.17).

Let us start by highlighting that the interpretation of the gravitational field which is defined in Newtonian
gravity as follows (in the case of two particles)

1 = Gm

- Newton Newton 1

=—F =— . 23.1

9172 . 1/2 -3 ( )
This equation represents the gravitational field created by the particle (1) at the position of the particle
(2). The interpretation of the latter in our model for the case of two particles is given as

4 1 mq %171 (7’)

T Ve s L

: (2.3.2)

where ¥ (r) is the velocity of ather localized at the distance r from the particle (1). We can better
understand this by taking the scenario that a particle (2) absorbed an ather particle who follows the
ather flow generated by the particle (1). Hence, the particle (2) will also follow the aether flow as well,
that means it will experience a force of gravity described at Equation (2.2.14).

In the case where the matter is not a point particle, there is no guarantee that we can write the force
that a body undergoes from the aether flow as

f=mgi=-magVo , (2.3.3)
where mg is the gravitational mass and ® the gravitational potential. In this case, the force will depend
of the body shape.

We want to have at least an order of magnitude of the parameters 7 and px according to the analogies
made. As mentioned above 7 should be very large to keep the variation of the mass during the absorption
of the ather almost null. We chose an order of magnitude of 7 equal to the age of the Universe, just
to show how to turn off the parameters in order to have a physical sense. We obtain

4 1

Pe =37 a3 "™ 1073 kg.m ™3 . (2.3.4)

T ~ 14 x 10*2 years
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We find a density which is 1000 times smaller than the Universe density. The Universe density is in
the order * of 1072"kg.m™3. That means puniverse = 10%p=. Indeed this comparison is physically
meaningless, because here ather is different from matter. We did this comparison just to have an order
of magnitude in spirit.

2.3.2 The Force Exerted On a Particle in Motion By The Ather. Let us take again the case of
the two particles and this time let us assume that they move like in Two-body problem (from celestial
mechanic). We will see that the force exerted on each particle depends on its velocity, which is not the
case in Newtonian mechanics. Further on, we will study the movement of two bodies, for instance the
Earth and the Sun, and will see how long the system survives in our model.

Previously we supposed that the particles were not moving. In that case, an ather particle has a velocity
Ue = U1 + U with respect to the rest frame of both particles. Now the particles are in motion and at
the same time, they create a flow of ather. To determine the force undergone by the particle (1), we
must calculate the velocity of sether with respect to this particle.

U = 01 (2/01) + Ta(2/O1) = T + Ty + 7, (2.3.5)
h d"’—@—dOloz—*(O/O)
wnere we use T—dt— at = V2 2 1) -

Hence by applying the same logic as the previous case to compute the amount of sther momentum
absorbed, we can write
1 dpe ) . L 5 [ W N
— — —= = lim <v1 + Uy + r) ((vl + Uy + r) . el) e1ds . (2.3.6)
P= dt r1—0 S
Using the same setting as in the previous case (see Equation (2.2.10), and Figure 2.3) and applying the
same logic, we get
1 dpe 4my

e - R 2.3.7
o dt 3Pae7_U2(T) T ( )

Hence, we find the force experienced by particle (1) as

— 4 mims 7 4m1;
=4+ -7 2.3.8
! 34mpxerird 3 T " ( )

Similarly, the force that is experienced by particle (2) is written

- 4 mimg T  4dmoy -,
= =7 2.3.9
2 34mpxerird 3 T " ( )
We notice that
Py #£—F . (2.3.10)

Hence, the force of gravity of this model depends on the velocity of matter. This is not the case in the
Newtonian mechanics, where the gravitational force does not depend on the motion of matter.

This force (2.3.8 or 2.3.9) contains two effects: the effect of Newtonian gravity and the effect of the
friction force of the particle with the ambient ather. In addition to the gravitational force that we are
trying to model, there is a friction force that has no counterpart in Newtonian gravitation. The latter
means that the force exerted on the particle depends on its relative velocity with respect to the other
particle. This is particularly annoying, in the way that the model will not be able to explain for instance,
the system Sun-Earth as we know. It will rather predict that the Earth experiences a friction force during
its motion, which will reduce its radius of orbit until it hits the Sun.

from the WMAP'S Universe website : https://wmap.gsfc.nasa.gov/universe/uni_matter.html
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Figure 2.4: Effect of the friction force on the orbit: from a circular orbit, we observe a reduction of the
radius.

2.3.3 Life-time of the Solar System. We consider the previous system as the Sun-Earth system where
the particle (1) is the Sun and the particle (2) is the Earth. We assume for simplicity that the Sun is at
rest, in other words mo << m;.

Remembering that the mass here is not constant, we can rewrite the equation of motion as

- 1 7 41.
Py f=— I, 2.3.11
7+ 7 Gm1r3 3.7 (2.3.11)
Multiplying the equation by 7 we obtain
2 = —— 2.3.12
dt <2r r > 30 ( )

where the right-hand side represents the variation of the energy of the system. As we can see, the
energy decreases.

Just to have an idea of the order of magnitude of the life-time of the Sun-Earth system, we assume that
the energy loss is very slow (because 7 is very large). We can assume that the trajectory of the Earth
is circular, with slowly changing velocity and radius.

For a circular trajectory, the velocity and radius are related by

: G
2= =2 (2.3.13)
T
Using this relation, we can rewrite the Equation (2.3.12) as follow
d /1 141
—(Z) === 2.3.14
dt <7‘) 3Tr ( )
It leads us to "
t
t) = - . 2.3.15
0 =roesp () (2315)

By assuming that the initial radius of the Sun-Earth is rp = Iu.a. = 150 - 10%km and the radius of the
Sun is Ry = 695,510km. Since the Sun is larger and heavier than the Earth, the latter (the Earth) can
be considered as a point particle of mass ms. So from this approximation, the Earth would hit the Sun
(i.e. r(t) = Ry) after a time:

3 R
toollision = ﬁ?olT ~ 1157 . (2.3.16)
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Hence the Solar system would collapse after a time of order 7. However, the issue can be circumvented
since 7 is a free parameter, which can be large as desired. We can thus, reproduce the Newtonian
gravitation up to any precision.

Let us take the velocity of ather from (2.2.2) and the setting of the characteristic constants of aether
in (2.3.4). We can see that for r, the distance to the source of ather flow, small and large mass m,
the velocity will be larger than the speed of the light. That we know from general relativity is the limit
speed.

This suggests us to think about another model, which will take into account the relativistic constraint.
In fact this model is all about Newtonian mechanics.

2.3.4 Production of Ather. One of the questions that can be asked in the face of such a model is
whether the ather is infinite. Indeed, the absorption of sther will cause the latter to decrease inside
space. So the question is, can we adopt the model so that the zether is provided continuously?

Let's take the model from the beginning and rewrite the absorption law (2.1.1) by introducing a pro-
duction term for zether, we get

Vode=-L10, (2.3.17)
T

where ¢ is a constant that represents the rate of production of sther per time unit. o behaves exactly like
the cosmological constant. From the reference [7], the cosmological constant is not a strictly relativistic
concept: in Newtonian physics, it can be added to the Poisson’s equation as A® + A = 47Gp, where
® is the gravitational potential, p is the density of matter and A is the cosmological constant.

An important feature of the absorption model, as described here, is to provide a description of gravity
where the active and passive aspects are explained simultaneously by the Equation (2.1.1). It is different
in Newton gravitation, where the passive aspect is described by Newton's second law F = m@ and the
active aspect by the Poisson’s equation A® = 47 Gp.



3. Thermal Model

To introduce this new chapter, it would be wise to go through the theory of special relativity that will
form the background of thermal model.

Special relativity (SR, also known as special theory of relativity or STR) is the generally accepted and
experimentally well-confirmed physical theory of the relationship between space and time. In Albert
Einstein’s original formulation, it is based on two postulates:

1. The laws of physics are invariant in all inertial systems (i.e. non-accelerating reference frames):
the Lorentz invariance.

2. The speed of light in vacuum is the same for all observers, regardless of the movement of the light
source.

Special relativity was originally proposed by Albert Einstein in an article published on the 26th September
1905 entitled “On the Electrodynamics of Moving Bodies”. The incoherence of Newtonian mechanics
with Maxwell’s equations of electromagnetism and the absence of experimental confirmation of a hy-
pothetical luminous ather have led to the development of special relativity, which corrects mechanics
to deal with situations involving all movements. Today, special relativity is the most accurate model of
motion at any speed when gravitational effects are negligible. Despite this, the Newtonian mechanical
model is still valid as a simple and very accurate approximation at low speed compared to the speed of
light.

It was only when Einstein developed general relativity, introducing a curved space-time to incorporate
gravity, that the expression “special relativity” was used.

The theory is “special” in the sense that it applies only to the particular case where space-time is flat,
i.e. when the curvature of space-time described by the Riemann tensor which is linked to the energy-
momentum tensor and involving gravity is negligible. In order to properly incorporate gravity, Einstein
formulated general relativity (GR) in 1915.

In this chapter, in contrast to Einstein's description of gravity, we will remain in special relativity and
assume the existence of a fluid that fills all space-time. This fluid will be coupled to matter with
the effect of imposing a privileged direction of time. This framework has already been presented in
Einstein-zether’s theory [6, 10, 11].

In GR, the space-time structure is determined by a dynamic metric tensor field g,; and nothing else,
and the theory is both diffeomorphism invariant and locally Lorentz invariant . Einstein-ather theory is
the extension of GR that incorporates a dynamical unit timelike vector field v* the “aether” that breaks
down the local Lorentz symmetry into a 3D rotation subgroup. Direct coupling of matter to aether
would violate local Lorentz symmetry while preserving the invariance of diffeomorphism [11].

3.1 A Relativistic Ether

Could there be an xther after all and we have just not yet observed it? By ather we do not necessary
mean to mechanical medium whose deformations correspond to electromagnetic fields, but rather a
locally preferred state of rest at each point of spacetime, determined by some unknown physics up to
now. Considerations of quantum gravity have in multiple ways led to this question.

13
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This model is built on the basis of the Einstein-aether theory (or shortly ae-theory). Spacetime in our
case is considered flat so it is endowed with a Minkowski metric n,;, = diag(—1,+1,+1,+1). To create
gravitation without the principle of curvature of spacetime, we fill spacetime with a congruence timelike
curves, like an omnipresent ather fluid. The motion of the aether fluid depends on the coupling with
matter in spacetime. We denote by v® the four-velocity of aether which is a dynamical unit timelike
vector field as described in the a-theory by the references [1,2,6,8,10]. Unit timelike vector field means
v%, = —1.

The interaction between ather and matter is described by the dynamical preferred frame contained in
the z-theory. So, for matter in motion with four-velocity u®, we define a parameter

v = —vgu? (3.1.1)

which is the Lorentz factor of the particle in the ather's frame (or vice versa). This parameter arises as
the coupling of ather with matter.

In order to see how this coupling can be interpreted as gravity, let us look at how a particle moves under
the influence of a field of aether v°.

3.2 Passive Aspect of Gravity

Consider a body with rest mass m. The body will be treated as a point particle. The action in this
case can be deduced from the standard one-particle action ( [7], page 42). In the same spirit as the
references [1, 8], we assume that the action of the massive particle interacting with zether reads

S = —m/dTF(’y) , (3.2.1)
where the integral is along the particle's worldline parametrized by 7, which is the particle’s proper time.
let u® be the unit four-velocity of the particle, and v is ather velocity (or shortly ather).

In the case where the velocity of the particle is close to the ather velocity we have v ~ 1. We can
expand F’ as follow

/

o

Fy)=1-a(y—-1)—d(y—-1)7*+ - =1+a(vu®+1)+ ?(vaua—i- D24 (3.2.2)
where o and o are constants. The quantity v,u® is of order u?, the square of the velocity of the particle
in the ather frame. We will see that the terms of order u? constitute the Newtonian limit of this theory.
In order to recover the behaviour of gravity, let us look for the equation of motion of the body.

3.2.1 Equation of Motion. The equation of motion of the body whose action is given by (3.2.1), is
obtained by relying on the trick which consists of artificially introducing an arbitrary parameter A along
the world-line of the particle, namely;

Sz = —m/F(’y)\/ —NapT@EbdN | (3.2.3)

where we denoted % = dz®/d\. By setting

L(z% %) = F(y)V —napaea? | (3.2.4)



Section 3.2. Passive Aspect of Gravity

Page 15
one shows that the functional derivative of S reads

5S oL

Lam
Sx¢ Oz d\oie

(3.2.5)
From the Hamilton's least action principle, the equation of motion of a particle localised by z® reads
08
dx®

(F(y) —=vF'(7)) dite

dr (va - ’Yua) F”(’Y) =

=0, (3.2.6)
where we denote wqp, = (curlv)gy, = 0quy — OpVq = Ubq — Uap. After some simplification, the equation
can be rewritten as follow

d
I [(F —~yF' ] = Flwub — —ZF”U“ .

(3.2.7)
To give an explanation of this equation of motion of a body is not easy under this form. Let us consider

a Newtonian limit of the equation. We assume that there is a frame such that both the particle and
xther have a small velocity. In that frame, we can write

We consider the linear part of the expansion of F' given in Equation (3.2.2)

Fly)=1-a(y-1).
The equation of motion can be rewrite as

(3.2.10)
du® a ay, b
(1+ «) o = —a (0% — Opv*) u’ . (3.2.11)
T
Splitting this equation into spatial and temporal components we get
du’ 0 0y, i
fora=0 (1+o¢)d—:—a (0%v; — 00°) " ; (3.2.12)
T
du’
fora=j (1—|—a)i_
dr

= - (0%0 — 8001) TT— (Ojvi — &-vj) ul

. (3.2.13)
The easiest form of this equation is obtained if we assume that aether is irrotational and stationary.
That means 9;v" — 9;v7 = 0 and Jpv* = 0. In that case, we have

dvyy -
fora=0 (1+ a)dl = au'0iVy ; (3.2.14)
T
. du? 4
for a = j (1+ a)? = a0’y (3.2.15)
Putting together Equations (3.2.15) and (3.2.14) and using ~,dr = dt, we get

da g . -
(1+ a)%E =« (u : V%> U+ aVy, . (3.2.16)
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3.2.2 Newtonian Limit. In the Newtonian limit, we assume that the motion of the particle and the
&ther flow are slow (that means non-relativistic ather), allow to make an approximation. Let us take
u < 1 and v < 1, and work at lowest non-vanishing order in u and v. Hence we have v, ~ 1+ v2/2;
Yy =~ 1+ u?/2 and finally the equation of motion reads

dil Q -

— =V’ 3.2.17

dt  2(1+4+«) ( )
So the Lorentz factor of the aether flow would be analogous to a gravitational potential. In the regime of
a non-relativistic ather (7, &~ 1+ v2/2), we can identify the gravitational potential with av?/2(1 + ).

Equation (3.2.17) shows how, within the Newtonian limit of our model, the particle undergoes a force
derived from a potential proportional to the square of the flow velocity of sther. In fact, we have here
a law of the passive aspect of our model. This law behaves in the same way as Newton's gravitational
force. The analogy appears clearer by comparing this model with Newtonian gravitation.

In Newtonian gravity, the equation of motion of a particle of inertial mass m in the gravitational field,
derived from the gravitational potential ®, is

2z -
d—tf — -V . (3.2.18)

We see that Equations (3.2.17) and (3.2.18) are identical if we make the identification

2(1
o 20ty (3.2.19)
o
From the latter, we see that the flow of the a&ther creates a force that behaves within this limit as the
gravitational force. Indeed, the question that arises in our minds is to know the cause of this flow. This

is the active part of our model.

3.3 Active Aspect

This section aims to describe how matter creates an ather flow or in other words, how matter creates
gravity. We start from the result obtained in the previous section in the case of the Newtonian limit
and further, we will propose the field equation of the zether in the relativistic case.

3.3.1 Newtonian Limit. In Newtonian gravitation, the gravitational potential is determined by Poisson’s
equation:
AP =47Gp , (3.3.1)

where p is the gravitational matter density and G is Newton's gravitational constant. So we can write
in the same as the Equation (3.2.19), the field equation of the ather flow.

8(1+ a)mGp

a €] — oo, —1] U [0, 00 and Vit = — "

(33.2)

It shows how the presence of matter should create an ather flow. The constant a describes the ability
of matter, as well as its density, to create this flow.

Once more, we would like to understand what is the phenomenon or phenomena behind this equation.
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In order to find a phenomenon which can explain the Equation (3.3.2), we consider the fluid aspect of
the aether. Assume that the aether is a perfect fluid and that its equation of motion is given by the
Euler equation for a stationary flow (9;7 = 0) which reads

—

p=(T-V)T = f, (3.3.3)

where pg is the aether density and fis the sum of the body forces (forces per unit volume) acting on
the ather fluid. Let us take the divergence of this equation, then

p=V - (T-V)5=V-f, (3.3.4)

if we assume that the aether density is constant. If we rewrite the left-hand side in terms of indices, we
get

V- (T V)T = 8i(v;05v;) = (8iv;)(8jvi) + v;8;0;0; . (3.3.5)
On the other hand, the term in which we are interested is
1 1
§AU2 = iaiai(’ujvj) = 6¢(vj8ivj) = (8@1)]‘)(@‘%') + Ujaiaivj . (3.3.6)
Equations (3.3.5) and (3.3.6) are very similar, apart from some inversions of indices i, j. However, if
the flow is irrotational, i.e. V x ¥ = 6 i.e. 0;u; = 0jv;, then
1 2 = S =\ —
3 Av' =V . (7-V)TU, (3.3.7)

1
pae§Av2 =V-f. (3.3.8)

In order to simulate a gravitation effect, we thus need to find a force applied on the fluid such that its
divergence is proportional to the density of matter

V-fox—p. (3.3.9)

One idea can come from thermodynamics. If we assume that the force fderives from pressure

f=-VPs, (3.3.10)
then we must have A1 o
APy = (Jraa)”ppae . (3.3.11)

In order to have an idea of pressure in the space, let us plot its profile. First, we transform the quantities
in dimensionless quantities. Let us set /% = y/y = L, the dimension of space with respect to the
diameter of the Milky Way, Py = 4(1 + a)nGp%L?/a, representing the pressure of ather that it would
create by itself, 5 = p/px, the relative density with respect to the aether’s density and Pr = Px/F,
the relative pressure. Thus we have

APy = p. (3.3.12)

To resolve numerically this partial differential equation (PDE), we need the boundary conditions. We
suppose that at the boundaries, the pressure is equal to Fy, which means P = 1. We assume that
matter is uniformly distributed in space, so we take p as the density of matter in the Universe. As
presented in chapter 2, p = 1000p,. Hence we obtain the profiles represented in Figure 3.1
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Figure 3.1: Profiles of the pressure in space with p constant

From Figure 3.1, we can see that the presence of matter depressurizes ather, thus creating a kind of
diffusion phenomenon that causes the movement of ather particles from high pressure zones to low
pressure zones. In a scenario of spherical symmetry, we have something that behaves like gravitation.

Now, in addition to the stationary and irrotational flow of the ather, let us assume that ather is a
perfect gas. Its equation of state reads

Pr = kpeTs , (3.3.13)
where k is a characteristic constant of ather and Ty is its temperature. This assumption leads to
4(1 G
AT, = 2 HAIC (3.3.14)
ak

This is reminiscent of the heat transport equation (thermal diffusion) in a medium, which reads

or A o
= 2 AT+ 2 (3.3.15)

ot Cvol Cvol

where X is the thermal conductivity of the medium, ¢, its volumic thermal capacity, and oo is the
volumic source of heat (power per unit volume). In the stationary regime, this becomes

1
AT =~ ovol (3.3.16)

Comparing this with AT, o p, we conclude that, in this analogy, matter density plays the role of a
negative source of heat for ather.

In short, the presence of matter in space causes a temperature change of ather. This change in
temperature induces a change in pressure of ather, which in turn generates an aether flow. This flow
exerts on any other body, a force behaving like gravity according to our analogy.

This result is very interesting. It paves the way towards a possible link between thermodynamics and
gravity. This link has already been invoked in the references [9,12-17], emphasizing the fact that gravity
can be considered as an emerging phenomenon.

Hitherto, we have only studied the Newtonian limit of our model. However, our main objective was to
study the relativistic property of this model.
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Although the Equation (3.2.7) describes the action of &ther on matter, it remains difficult from this form
to highlight the gravitational effect of this action. It would be interesting to study how the dynamics of
xther is created by matter and to explore the interaction between two bodies.

3.3.2 Relativistic Level. It has been suggested in the literature, some models that describe the Universe
immersed in an aether field. Among those models, the ze-theory is the most current and offer a
description of the dynamic of ather field v® by an action reads [1, 2,6, 10]

4 ab m n a,b
Sz [v?] 167TG/d x\/ — R—I—K mn Va0 Vv +)\(gabv v +1)) , (3.3.17)

where
K% = c1g®gmn + c20%,8° + ¢36%08, + c4v 0P gmm - (3.3.18)

The coefficients ¢; ;—1234 are dimensionless constants, R is the Ricci scalar and A is a Lagrange
multiplier that enforces the unit constraint. In our model we use this description but rather of the
curved space-time, we take the Minkowski metric 7),,. Then we can rewrite equations (3.3.17) and
(3.3.18) as follow

-1
Se[v?] = e d*z (K“b Og 0" O™ 4+ A (nabv v’ + 1)) , (3.3.19)
where
K = cn™nmn + 2% 08 4 36462, + cav 0 - (3.3.20)
If we consider many particles of mass m,, localised by zj, with p = {1,2,--- , N}, then the interaction

between ather and these particles is described by the action

S =S +ZS T6m G/d4 K“b n0aV" OpV" —i-)\(nabvv +1>) Zmp/dTp Tp) -

(3.3.21)
Let us rewrite the second term in the right-hand side, we have

ZS = Z/d4 —500(Z = Tp(t)) F(p) (3.3.22)

where v, = —vaug and dp is the Dirac function.
The ather field equation is given by 65/Jv® = 0, which is written
N m
OpI"* = c4(v°Dpve) 00" + M — 81G Y u—géD (& — () ulF' () (3.3.23)
p=1 P
where Kb = K% 907
abea — ab (naeKbe) ,

DK =1 (0-0) v + (co 4 ¢3)0* (D - V) (3.3.24)
+cs((0-v)(v-0)v"+(v-0)(v-9)v* +v-(v-I)ov?) ,

(3.3.25)

dv®  d%e dov?
dt dt? dt '

K =1 (- 0) v + (ca 4 ¢3)0* (0 - V) + ¢4 ((8 V) — + +v-
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We used v?9, = v - 0 = d/dt which corresponds to the derivative along the wordline of ather and
0,0 =0 -v.

In the limit of a large number of particles at random velocities, we can assimilate the particle system
behaves like continuous matter at density p, kinetic pressure field P and velocity u®, where u® is the
effective velocity that each particle would have. Using the same idea, we define F,¢f(7v, P) = F(vp),
which represents the effective coupling of each particle with ather. The presence of P in this effective
coupling is to highlight the fluctuations of the real coupling of each particle around this effective value,
but in the rest we will neglect these effects. According to the procedure of ( [7], page 43), the action
of the matter (3.3.22) is rewritten as follows

Sy = —/d4x(p —3P)F4¢(v) (3.3.26)
where v = —v,u®. Hence the equation of motion of a body (fluid) reads
a d?)c a,,cC a a
K = C4E8 v+ M —87(p — 3P)GuFyp4(7) - (3.3.27)

Varying X gives the constraint 7,,v%” = —1. Equation (3.3.27) can be used to eliminate )\, giving
A= — (wa,,Kba — c40,0° + 81(p — 3P)GAF! ff(y)) , (3.3.28)
where ©¢ = dv®/dt. Equation (3.3.28) leads to the equation motion

(7% + v%°) O K°, = c40, (0%0° + v20¢) — 87(p — 3P)GF.;¢(7) (u® +~v®) . (3.3.29)

In order to clarify the meaning of the equation of motion (3.3.29), we will simplify it, by making it easier
to understand. Suppose that ¢4 = 0

(7% 4 v*0) (e10ve + (c2 4 ¢3)0: (8- v)) = =87 (p — BP)GF ;4 (7) (u® +yv?) , (3.3.30)

where [0 = 9 - 9 . Moreover, assuming that the speeds are low enough to make an approximation in
the non-relativist case, i. e. © < 1, v < 1 and P < p, we obtain

ca1l0v® + (c2 + ¢3)n* 0. (9 - v) = —8mpGFy ;1 (7)u® . (3.3.31)

According to our expectations from the analysis made by the equation (3.3.2), which is to have a
derivative of a quadratic form at the speed of ather (Av?), we notice that the equation (3.3.31) is
linear in v,

3.4 Discussion

It has been shown in this chapter that the coupling between matter (particle) and zether within the
Newtonian limit, suggests that matter should cool down the temperature of sther or depressurizes aether.
Note that in the case of spherical symmetry, the diffusion phenomenon will create an accumulation of
®ther around the material. This scenario is not appealing because it would prevent the existence of a
stationary regime.

The relativistic approach that we have tried to explore using the action of the ather field of Einstein-
aether theory does not offer a translucent interpretation, which suggests that this action may not be
appropriate to describe our model as expected in the Newtonian limit.



4. Conclusion

We now conclude with some remarks on the meaning and possible implications of these results. First of
all, to summarize, we argued that Newton's gravitation can be described as the flow of ather created
by absorption of sther. The flow of ather depends on the mass of matter. The way in which matter
undergoes @xther may also depend on its shape. Nevertheless, the absorption model is able to describe
the problem of two bodies. In addition to Newton's gravitation force, we have shown the existence of
friction forces on two-body problem. Since the flow rate of ather can be higher than the speed of light,
it seemed necessary to account for the relativistic effects which led us to the thermal model. This model
is inspired from Einstein-aether theory. The behaviour of matter coupled to sther at the Newtonian
limit, suggests an analogy with gravitation. We have shown that for a stationary and irrotational flow,
assuming that it is a perfect fluid, the temperature change leads to a convective flow which behaves
like gravity.

In addition to the fact that we were able to recover some aspects of gravitation after some hypotheses,
i.e. by turning some parameters of the problem. We can conclude by saying that the analogies between
hydrodynamics and gravity may have a physical meaning. Although, the models presented in this work
still need to be improved, we can expect to find a model that will explain gravity more deeply. We
suggest that thermodynamics will contribute to this analogy.

Our future perspectives would be to further study the thermal model at the relativistic level, in order to
find the right ather’s action S, which will reproduce the expected effects as within the Newtonian limit.
If we find such an action, we will explore its properties and examine its ability to describe phenomena
such as the deviation of light, the precession of Mercury’s perihelion, the existence of black holes and
gravitational waves.
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