N

N

On the Principle of Relativity of Inertia in Both General
and Entangled Relativities
O Minazzoli

» To cite this version:

O Minazzoli. On the Principle of Relativity of Inertia in Both General and Entangled Relativities.
Phys.Part.Nucl., 2024, 55 (6), pp.1488-1493. 10.1134/S1063779624701132 . hal-04770956

HAL Id: hal-04770956
https://hal.science/hal-04770956v1

Submitted on 8 Nov 2024

HAL is a multi-disciplinary open access L’archive ouverte pluridisciplinaire HAL, est
archive for the deposit and dissemination of sci- destinée au dépot et a la diffusion de documents
entific research documents, whether they are pub- scientifiques de niveau recherche, publiés ou non,
lished or not. The documents may come from émanant des établissements d’enseignement et de
teaching and research institutions in France or recherche francais ou étrangers, des laboratoires
abroad, or from public or private research centers. publics ou privés.

Distributed under a Creative Commons Attribution 4.0 International License


https://hal.science/hal-04770956v1
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://hal.archives-ouvertes.fr

ISSN 1063-7796, Physics of Particles and Nuclei, 2024, Vol. 55, No. 6, pp. 1488—1493. © The Author(s), 2024. This article is an open access publication.

On the Principle of Relativity of Inertia in Both General
and Entangled Relativities

O. Minazzoli*» *
¢ Université Cote d’Azur, Observatoire de la Cote d’Azur, CNRS, Artemis, bd. de I’Observatoire, Nice, 06304 France
b Bureau des Affaires Spatiales, 2 rue du Gabian, 98000 Monaco
*e-mail: olivier.minazzoli@oca.eu
Received March 1, 2024; revised March 12, 2024; accepted March 13, 2024

Abstract—Entangled Relativity is a novel theory of relativity that offers a more economical approach than
General Relativity. It successfully recovers both General Relativity and standard quantum field theory within
a specific (yet generic) limit. Furthermore, Entangled Relativity precludes the existence of spacetime devoid
of the matter that permeates it. Consequently, I argue that Entangled Relativity is not only preferable from
the standpoint of Occam’s razor, due to its economical nature, but it also aligns more closely with Einstein’s

original vision for a satisfactory theory of relativity.
DOI: 10.1134/S1063779624701132

1. INTRODUCTION

The principle of the relativity of inertia is one of the
three foundational principles of Einstein’s General
Theory of Relativity [1]. However, Einstein later
acknowledged that General Relativity does not fully
satisfy this principle [2, 3]. This principle asserts that
spacetime should be completely determined by matter,
rather than being only partially influenced by it. Nota-
bly, it implies that spacetime cannot exist without the
matter that generates it [1, 4]. In other words, accord-
ing to this principle, any theory allowing for the exis-
tence of classical vacuum solutions in spacetime
should be considered invalid. Yet, General Relativity
permits purely vacuum solutions, such as Minkowski,
Schwarzschild, or Kerr spacetimes when the cosmo-
logical constant is set to zero, and de Sitter or
Schwarzschild—de Sitter spacetimes when it is not.

In this proceeding, after revisiting the issue within
General Relativity, both in its historical context and in
modern physics, I will present Entangled Relativity.
I will explain why it aligns more closely with this prin-
ciple and why it offers a more parsimonious formula-
tion compared to General Relativity.

2. THE RELATIVITY OF INERTIA
IN GENERAL RELATIVITY

The principle of relativity of inertia,! which Ein-
stein also named Mach’s principle in [1], stems from
the metaphysical assertion that motion can only be

! First mentioned in [5] as “the hypothesis of the relativity of
inertia.”

defined with respect to matter, rather than from space
(or spacetime) itself, a la Newton. In other words, iner-
tia is relative to surrounding matter fields, and not to
an underlying absolute structure. As Norton writes,
“The doctrine of the relativity of motion is attractive
for its simplicity. According to it, the assertion that a
body moves can mean nothing more than that it moves
with respect to other bodies” [6]. The endeavor to sat-
isfy this principle reflects Einstein’s engagement in a
longstanding debate which, in some aspects, dates
back to antiquity [7], but gained prominence with
Newton’s theory of gravitation. Newton proposed that
dynamics should be defined with respect to an absolute
space, which provides the framework for phenomena
to occur. Conversely, Huygens and Leibniz argued
that motion is relative between bodies, as opposed to
being relative to an absolute structure. Mach revisited
this debate, advocating for the relativity of motions,
i.e., the relativity of inertia. Deeply influenced by

Mach?, Einstein thus proposed that a satisfactory the-
ory of relativity should adhere to a principle of relativ-
ity of inertia. He writes: “The [Entwurf] theory
sketched here overcomes an epistemological defect
that attaches not only to the original theory of relativ-
ity, but also to Galilean mechanics, and that was espe-
cially stressed by E. Mach. It is obvious that one can-
not ascribe an absolute meaning to the concept of

2 However, there is debate over whether Einstein fully grasped
Mach’s philosophy and whether Mach and his pupil, Petzoldt,
truly endorsed Einstein’s theory as genuinely Machian [8, 9].
(From my perspective, what is most relevant is Einstein’s intu-
ition, particularly during the period leading to General Relativ-
ity, rather than its alignment with the work of some contempo-
raries).
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acceleration of a material point, no more so than one
can ascribe it to the concept of velocity. Acceleration
can only be defined as relative acceleration of a point
with respect to other bodies” [10].

After finalizing the equations of General Relativity
(including a cosmological constant), Einstein’s defi-
nition of the principle of the relativity of inertia is
articulated in [1] as: “Mach’s principle. The G-field is
completely determined by the masses of the bodies’,
and Einstein completes further down in his manu-
script by writing “With [this principle], according to
the field equations of gravitation, there can be no
G-field without matter. Obviously, [this principle] is
closely connected to the spacetime structure of the
world as a whole, because all masses in the universe
will partake in the generation of the G-field”.
Although his understanding of what a principle of rel-
ativity of inertia could mean within the relativistic
framework evolved with time [2]—with some confu-
sion prior to 1915 between the principle of relativity
(covariance principle) and the equivalence principle—
the fundamental necessity for this principle, evidently,
is that spacetime cannot exist without matter [2]. In
Einstein’s own words: “[In] my opinion, the general
theory of relativity is a satisfying system only if it shows
that the physical qualities of space are completely
determined by matter alone. Therefore, no g,,-field

must exist without matter that generates it.” [4]—see
below for the context of this quote.

Indeed, in a relativistic theory, inertia is defined by
the spacetime metric. Therefore, if a relativistic theory
permits vacuum spacetime solutions, it implies that
inertia could, de facto, be defined without any matter
field. This would therefore contradict Einstein’s orig-
inal intention to relativize the motions of bodies in
relation to each other, rather than with respect to an
absolute spacetime structure.

2.1. The Cosmological Constant

While reading Einstein’s cosmological paper in
isolation might lead one to conclude that he intro-
duced the cosmological constant to enable a static uni-
verse, as is often suggested nowadays, placing the
paper in the context of his other works reveals that
Einstein’s true intent in adding a cosmological con-
stant was to satisfy the relativity of inertia. In his cos-
mological paper, he asserts: “[In] a consistent theory
of relativity there cannot be inertia relatively to
“space” but only an inertia of masses relatively to one
another” [11]. As Hoefer explains [2], at that time,
Einstein believed this requirement would impose two
strong, albeit distinct, constraints on the theory and its
acceptable solutions:

(1) The universe should be finite and closed, to
avoid boundary conditions without matter, thereby
upholding Mach’s principle. This constraint serves as
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a criterion for selecting acceptable solutions among
many that do not fulfill this requirement.

(2) The theory should not permit solutions without

matter’. Unlike the first constraint, this is not about
selecting potential solutions from a given theory, but a
condition for the theory itself.

The cosmological constant seemed to be an elegant
mathematical solution that was able to satisify both
constaints at a single stroke. Indeed, Einstein’s cos-
mological solution in [11] is constructed in order to
respect the first constraint, and it is clear that the cos-
mological constant is what enables that. However,
although not explicitly stated in his papers, Einstein
was aware that Minkowski spacetime is a trivial vac-
uum solution of General Relativity without a cosmo-
logical constant. For some reason, he also believed
that adding a cosmological constant would preclude
any vacuum solutions. This is evident from his
response to de Sitter’s vacuum solution of General
Relativity with a cosmological constant [4]: “If the
De Sitter solution were valid everywhere, it would
show that the introduction of the A-term does not ful-
fill the purpose I intended. Because, in my opinion,
the general theory of relativity is a satisfying system
only if it shows that the physical qualities of space are
completely determined by matter alone. Therefore, no

8y -field must exist (that is, no spacetime continuum
is possible) without matter that generates it.”

Following Hoefer in [2], I believe that it is Con-
straint 2, rather than Constraint 1, that truly encapsu-
lates Mach’s principle of Einstein. Hoefer writes:
“The widespread assumption that a closed, matter-
filled cosmology such as Einstein’s spherical cosmol-
ogy must satisfy Mach’s Principle is questionable. It is
based on the reasoning discussed above, that since in
anti-Machian models the trouble seems to come from
the boundary conditions, if one eliminates the bound-
ary region one eliminates the problem. But this rea-
soning is clearly fallacious. There is a missing premise:
The only way a model can fail to be Machian is to have
an empty boundary region in which an absolute spa-
tiotemporal structure is posited. [...] In the meantime,
it seems more clear that we can (as Einstein did) rule
out some models of GTR as definitely anti-Machian
and use these judgments as constraints on any explica-
tion of Mach’s Principle. The clearest case is that of
empty spacetimes. Since they do not contain any mat-
ter-energy and have a definite spatial (and hence iner-
tial) structure, they clearly run contrary to the core of
Mach’s ideas on the origin of inertia. Therefore, I
believe that Einstein was absolutely right to demand
[2.] as a necessary condition for the relativization of
inertia, or satisfaction of Mach’s principle by a gravi-
tation theory. Demand [2.] should remain our most
secure touchstone in theorizing about how to create a

3 Due to the page limit, I will not address the issue of vacuum
solutions with singularities here.
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Machian gravitation theory.” Indeed, as we will see
below, our modern understanding of physics through
the prism of quantum field theory imply that matter-
free parts of the universe do not exist, even at an hypo-
thetical boundary.

2.2. Our Universe

If one examines our universe, there does not
appear to be any conflict with respect to Mach’s prin-
ciple: matter exists everywhere, and local inertial
structures are determined by embedding any local
spacetime into more global ones. These global struc-
tures are ultimately determined by matter, up to the
homogeneous and isotropic zeroth-order model cor-
responding to the Friedmann—Lemaitre—Robert-
son—Walker metric. Therefore, if one considers our
universe as one of the many potential solutions of
General Relativity, this specific realization seems
clearly acceptable in terms of the principle of the rela-
tivity of inertia. Nevertheless, I will argue that there is
still an issue with respect to the principle of relativity
of inertia in General Relativity.

2.3. Dual Ontologies, the Core of the Problem

Although the General Relativity description of our
universe seems to satisfy the principle of relativity of
inertia, the issue with General Relativity is that inertia
can, in principle, be either a relativistic property or an
intrinsic (or absolute) one. This dual possibility is not
internally consistent. An example can be seen with
Kerr black holes. A Kerr black hole is a vacuum solu-
tion of General Relativity. This mathematical solution
represents an entire universe that is asymptotically flat
and contains a rotating black hole at the center of the
coordinate system. A Kerr black hole is fundamentally
different from a non-rotating Schwarzschild black
hole; notably, one cannot transform one into the other
by a change in the coordinate system, such as adopting
a rotating frame. However, since a Kerr black hole is a
vacuum solution, it implies that rotation in this con-
text is an intrinsic (or absolute) property of the black
hole, rather than a relative one. This suggests that iner-
tia can be an absolute structure in General Relativity,
while it can also be a relative one (as exemplified by the
solution corresponding to our actual universe). This
dual ontology of inertia in General Relativity is logi-
cally inconsistent. In the concluding discussion of his
book The Meaning of Relativity [12], Einstein states:
“As it is an unsatisfactory assumption to make that
inertia depends in part upon mutual actions, and in
part upon an independent property of space, Mach’s
idea gains in probability”.

2.4. A Modern Physics’ Take on the Problem

According to quantum field theory, classical phys-
ics simply corresponds to paths with stationary quan-
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tum phases in the path integral over all non-redundant
possible paths. The reason is that for large actions rel-
ative to Planck’s quantum of action #, paths far from
those producing a stationary phase interact destruc-
tively with each other. In contrast, there is constructive
interference for paths with stationary phases and those

close enough. The Core theory of physics® is expressed
as follows:

Zc = [ipg[ Tiv

()
j R
X exp{éjd;x(_ (g).+ Lt’s”M(f,g)j},

2Ker

where I[D] relates to the sum over all possible (non-

redundant) field configurations®, R is the usual Ricci
scalar that is constructed upon the metric tensor g,

d;xzz J-lgld*x is the spacetime volume element,
with |g| the metric g determinant. £, is the Lagrang-

ian density of matter, where f; are the matter fields of
the standard model (SM) of particle physics—such as
fermions and gauge bosons, and the Higgs. It also
depends on the metric tensor, a priori through to the
comma-goes-to-semicolon rule [14]. Let us note that
there are three universal constants in this formulation:
the quantum constant # (Planck’s), the causal struc-
ture constant ¢, and the constant of gravity

G = c4KGR/(81'c) (Newton’s).
Due to the very nature of Eq. (1), solutions devoid

of matter fields® cannot exist as long as £, # . Con-
sequently, quantum field theory leans towards satisfy-
ing the principle of the relativity of inertia, as it implies
the presence of matter fields throughout space and
time. Notably, this means that matter fields must exist
at any boundary, should such a boundary exist, ren-
dering demand 1, mentioned above—which was
designed to avert the possibility of absolute boundary
conditions—entirely unnecessary in this context.

Nonetheless, two potential questions remain: A/
Why is £, # @ instead of £, = #? B/ Is it still possi-
ble, at least theoretically, to have an explicit violation
of the relativity of inertia even with matter fields pres-
ent everywhere? While the first question appears
somewhat metaphysical in the context of Eq. (1), we
will see below that it receives an answer within the
framework of Entangled Relativity: specifically,
Entangled Relativity precludes having £, # . The
second question, on the other hand, cannot be
resolved without either proving that such solutions are
impossible or finding an explicit example of such a

4 That is, the current standard model of physics, as named by Wil-
czek [13].

5 Usually, a cut-off scale for the integral is defined, beyond which
this formulation is not believed to hold true.

® That is, vacuum solutions in the classical sense.
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violation-like, in the context of General Relativity,
Godel’s famous rotating universe [15], although this is
subject to debate.

3. THE RELATIVITY OF INERTIA
IN ENTANGLED RELATIVITY

As already mentioned, Entangled Relativity pre-
cludes the existence of spacetime without matter fields
permeating it, while simultaneously being more parsi-
monious than General Relativity in its formulation.
This is due to the non-linear coupling between matter
and curvature in the theory’s formulation. Entangled
Relativity is defined by its path integral, expressed as:

. 2
Zin = I[Dg]H[Df;]exp(—é jd;x%j, @

where L, is the Lagrangian density of matter fields
f—which could be the current standard model of par-
ticle physics Lagrangian density, or most likely a com-
pletion of it. Indeed, Zz cannot even be defined if
L, # . In some sense, Entangled Relativity satisfies
the principle of relativity of inertia simply because noth-
ing is not an option in this framework; whereas pure

quantum General Relativity’ can be defined and stud-
ied—as one can notably check within the framework of
Causal Dynamical Triangulation for instance [16].

Furthermore, the formulation of this theory
requires only two universal dimensionful constants
instead of three: the causal structure constant ¢, which
is implicit in the definition of the four-volume ele-

ment a’; x, and a squared quantum of energy €’. Nota-

bly, Planck’s quantum of action # does not appear in
the formulation, suggesting it is not a fundamental
constant in this theory, nor is Newton’s constant G'.
Consequently, the Planck length and time are not fun-
damental in Entangled Relativity, whereas the Planck
energy still is. Indeed, in order to recover standard quan-
tum field theory when gravity is neglected, one can show
that € has to be the reduced Planck energy [17].

3.1. Classical Physics

While both the perturbative and the non-perturba-
tive quantum behavior of Eq. (2) remain to be studied,
one can check that the classical field equations that
follow from it seem to be consistent with our world—
at least, up to further scrutiny. Classical physics corre-
sponds to stationnary phases in Eq. (2), leading to the
following equations [18]:

Gy =XT + f2 ' [VuVy — g0 0] s 3)

7 That is, assuming ,Cm = ff from the start.
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where

2 3(V-sL)

T,.,:= , 4
AN T & @

and G, := R, — 1/ 2 Rg,, is the usual Einstein tensor,
with

co R

£,

N WP WS ®
2@ RTOVTOR 2R 2653

Let us note that kg = —R/ T in General Relativity
instead. The stress-energy tensor is not conserved in
general, as one has

(er)erls) o

The matter field equation, for any tensorial matter
field x, gets modified due to the non-linear coupling
between matter and curvature as follows

Ly 1 4 Lamfmj: Ly Ry (Ln)
ax  -lg ‘L a@sx) ) 9(9sx)Lnm "(Rj @

It has been shown that these equations lead to a
classical phenomenology that is very similar to, or
even indistinguishable from, that of General Relativity
in many cases. Surprisingly, they also encompass stan-
dard quantum field theory as a limit. This can be
traced back to the intrinsic decoupling originally dis-
covered in scalar-tensor theories [19]. Indeed, as is
typical in f(R) theories, the trace of the metric field
equation produces the differential equation for the

extra scalar degree of freedom x = —R/ L, , which is

30k = x(T - Ly). (8)

Therefore, whenever £, = T on-shell, the extra
degree-of-freedom is not sourced and become con-
stant in many occurrences, and one recovers General
Relativity minimally coupled to matter, and without a
cosmological constant, to a very good accuracy. Let us
recall that £, = T for a universe that would entirely be
made of dust and electromagnetic radiation for
instance, which turns out to be a very good approxi-
mation of the current content of our universe. As a side

note, whenever £, = T, one also recovers K = —R/ T
of General Relativity.

3.2. Recovering Standard Quantum Field Theory

Interrestingly, all the previous field equations,
including those of matter fields, can be recovered by
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the alternative Einstein-dilaton phase that follows,
provided that one has £, # 0:

@ze%jd;xi(£<+[,m), )

where ¥ is a dimensionful scalar-field. Notably, one
can quickly check that 80/8k = 0 = « = —R/L,,, as
in Eq. (5). This Einstein-dilaton form makes the addi-
tional degree-of-freedom of the theory manifest
through the scalar-field K. K simply is an additional
gravitational field in addition to the metric field,
which perturbations turn out to be even smaller than
the perturbations of the metric field because of the
intrinsic decoupling mentionned above [19].

Therefore, when gravity is entirely neglected, the
path integral of Entangled Relativity can be approxi-
mated by

Zeg qrr = IH[Df,-]exp(Kfz jd“xL;ﬂ(f)j. (10)

This path integral is particularly suitable for calcu-
lating phenomena at scales where gravity can be safely
neglected—such as in colliders. To ensure the recovery
of standard quantum field theory when gravity is dis-
regarded, it follows that [17]

2
Ke™ = ch.

(11)

This implies that 7 actually varies proportionally to
K in general. In other words, # changes in a manner
akin to a new gravitational field. It also establishes an
explicit connection between the quantum and gravita-
tional realms, indicating that G « 7, and that the weak
gravity limit G — 0 is also the classical limit # — 0.

The variation of K is, however, expected to be very
small throughout the observable universe. Indeed, it
has been shown in [20] that the maximum amplitude

variation for ,/ 1/ K is only of the order of a few percents,
from the center of the densest neutron stars to a distant
observer. In the weak-field environment of the Solar

System, the variation of 7 has been estimated to be

Sh/ 7 = 2.5%10™"? between the surface of the Sun and
a remote observer [21]. It is important to note that
these estimations are independent of any theoretical
parameter, as there are no free theoretical parameters
in the formulation of Entangled Relativity.

3.3. The Local (Classical) Vacuum Limit

Since £, # # in Eq. (2), Entangled Relativity
inherently requires matter fields to permeate the
entirety of spacetime. However, this does not neces-

sarily mean that, classically, £, cannot equal zero at
some specific locations, though whether or not this
can explicitly occur needs further investigation. Given

that the scalar field x is defined as k = —R/ﬁm , it may
seem that K becomes singular as £, — 0. However,
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this is not the case, as the behavior of « is dictated by
the entire set of field equations, akin to how the con-

stant behavior of R/ T in General Relativity is gov-

erned by its field equations in the limit 7 — 0. Specif-
ically, it can be verified that Eq. (8) remains well-

behaved in the (£,,7) — 0 limit. This implies that

whenever (£,,,T) — 0, R approaches zero at the same
rate. This behavior is exemplified by the spherically
charged black-hole solution in Entangled Relativity
found in [22]. For this solution, both the Ricci scalar

R and the on-shell matter Lagrangian [ o E ’
where E is the electric field, are proportional to the
charge squared, while 7" = 0. Consequently, the ratio
between the two remains well-defined and constant as

L., — 0, as one should have anticipated directly from
Eq. (8).

4. CONCLUSIONS

In conclusion, Entangled Relativity completes the
journey started by Einstein more than a century ago. It
firmly embeds the principle of the relativity of inertia
into its structure through a wunique non-linear
approach. This theory not only sticks closely to Ein-
stein’s original ideas but also creates a clear link
between quantum mechanics and gravity, highlighted
by the relationship G o 7. While we still need to
explore how it behaves in the realm of quantum grav-
ity, its framework already stands out by using fewer
fundamental constants than General Relativity. At the
same time, it matches the observed behavior of both
General Relativity and standard quantum field theory
in most cases. Entangled Relativity, therefore, isn’t
just yet another theoretical development; it’s an actual
novel general theory of relativity that might open new
doors for understanding the universe.
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