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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. Further-
more, Entangled Relativity precludes the existence of spacetime devoid of the mat-
ter 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.
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1. Introduction

The principle of the relativity of inertia is one of the three foundational
principles of Einstein’s General Theory of Relativity [I]. However, Einstein
later acknowledged that General Relativity does not fully satisfy this princi-
ple [2L3]. This principle asserts that spacetime should be completely deter-
mined by matter, rather than being only partially influenced by it. Notably,
it implies that spacetime cannot exist without the matter that generates
it [1,M4]. In other words, according to this principle, any theory allowing for
the existence 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 cosmological con-
stant 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 principle and
why it offers a more parsimonious formulation compared to General Relativ-

ity.
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2. The relativity of inertia in General Relativity

The principle of relativity of inertia which Einstein also named Mach’s
principle in [I], stems from the metaphysical assertion that motion can only
be defined with respect to matter, rather than from space (or spacetime)
itself, a la Newton. In other words, inertia 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 satisfy this princi-
ple 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 phe-
nomena to occur. Conversely, Huygens and Leibniz argued that motion is
relative between bodies, as opposed to being relative to an absolute struc-
ture. Mach revisited this debate, advocating for the relativity of motions,
i.e., the relativity of inertia. Deeply influenced by MachE Einstein thus pro-
posed that a satisfactory theory of relativity should adhere to a principle of
relativity of inertia. He writes: “The |[Entwurf| theory sketched here over-
comes an epistemological defect that attaches not only to the original theory
of relativity, but also to Galilean mechanics, and that was especially stressed
by E. Mach. It is obvious that one cannot ascribe an absolute meaning to the
concept of 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 cosmolog-
ical constant), Einstein’s definition of the principle of the relativity of inertia
is articulated in [I] as: “Mach’s principle. The G-field is completely deter-
mined by the masses of the bodies’, and Einstein completes further down in
his manuscript by writing “With [this principle|, according to the field equa-
tions 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 relativity of iner-
tia could mean within the relativistic framework evolved with time [2]—with
some confusion 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

'First mentioned in [5] as ‘the hypothesis of the relativity of inertia’.

2However, 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 [89]. (From my perspective, what is most relevant is Einstein’s intuition, par-
ticularly during the period leading to General Relativity, rather than its alignment with
the work of some contemporaries).



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 original 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 introduced the cosmo-
logical constant to enable a static universe, 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 constant was to satisfy the relativity of
inertia. In his cosmological 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” [I1]. 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 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, Ein-
stein’s cosmological solution in [II] is constructed in order to respect the
first constraint, and it is clear that the cosmological constant is what enables
that. However, although not explicitly stated in his papers, Einstein was
aware that Minkowski spacetime is a trivial vacuum solution of General Rel-
ativity without a cosmological 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
fulfill 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 g, -field
must exist (that is, no spacetime continuum is possible) without matter that
generates it.”

Due to the page limit, I will not address the issue of vacuum solutions with singularities
here.



Following Hoefer in [2], I believe that it is Constraint 2, rather than Con-
straint 1, that truly encapsulates Mach’s principle of Einstein. Hoefer writes:
“The widespread assumption that a closed, matter-filled cosmology such as
Einstein’s spherical cosmology must satisfy Mach’s Principle is questionable.
It is based on the reasoning discussed above, that since in anti-Machian mod-
els the trouble seems to come from the boundary conditions, if one eliminates
the boundary region one eliminates the problem. But this reasoning 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 did Einstein) rule out some models of GTR as definitely anti-
Machian and use these judgments as constraints on any explication of Mach’s
Principle. The clearest case is that of empty spacetimes. Since they do not
contain any matter-energy and have a definite spatial (and hence inertial)
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 gravitation theory. Demand [2.| should remain our
most secure touchstone in theorizing about how to create a Machian gravi-
tation 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 hypothetical boundary.

2.2. Our universe: If one examines our universe, there does not appear
to be any conflict with respect to Mach’s principle: matter exists every-
where, and local inertial structures are determined by embedding any local
spacetime into more global ones. These global structures are ultimately de-
termined by matter, up to the homogeneous and isotropic zeroth-order model
corresponding to the Friedmann-Lemaitre-Robertson-Walker metric. There-
fore, 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 relativity 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 Rel-
ativity 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 solution of General Relativity.
This mathematical solution represents an entire universe that is asymptoti-
cally 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 rota-
tion in this context is an intrinsic (or absolute) property of the black hole,



rather than a relative one. This suggests that inertia can be an absolute
structure in General Relativity, while it can also be a relative one (as ex-
emplified by the solution corresponding to our actual universe). This dual
ontology of inertia in General Relativity is logically inconsistent. In the con-
cluding 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 physics simply corresponds to paths with stationary quan-
tum phases in the path integral over all non-redundant possible paths. The
reason is that for large actions relative to Planck’s quantum of action A, paths
far from those producing a stationary phase interact destructively with each
other. In contrast, there is constructive interference for paths with stationary
phases and those close enough. The Core theory of physic is expressed as
follows:

ze= [Iallosiew | [de (2 +e200)]. @

where [[D] relates to the sum over all possible (non-redundant) field con-
figurations)q R is the usual Ricci scalar that is constructed upon the metric
tensor g, djz = \/—|g|d*z is the spacetime volume element, with |g| the
metric g determinant. £, is the Lagrangian 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 quan-
tum constant i (Planck’s), the causal structure constant ¢ and the constant
of gravity G = ¢*kgr/(87) (Newton’s).

Due to the very nature of Eq. (), solutions devoid of matter fieldd cannot
exist as long as £,, # (). Consequently, quantum field theory leans towards
satisfying 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, rendering
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 £,, = 07 B/ Is it still possible, at least theoretically, to have an explicit vio-
lation of the relativity of inertia even with matter fields present everywhere?
While the first question appears somewhat metaphysical in the context of
Eq. (), we will see below that it receives an answer within the framework

!That is, the current standard model of physics, as named by Wilczek [13].

2Usually, a cut-off scale for the integral is defined, beyond which this formulation is not
believed to hold true.

3That is, vacuum solutions in the classical sense.



of Entangled Relativity: specifically, Entangled Relativity precludes having
L., = 0. The second question, on the other hand, cannot be resolved without
either proving that such solutions are impossible or finding an explicit ex-
ample of such a 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 precludes the existence of
spacetime without matter fields permeating it, while simultaneously being
more parsimonious 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

Zew= [Dall0slew (55 [a557). @
where L, is the Lagrangian density of matter fields f—which could be the
current standard model of particle physics Lagrangian density, or most likely
a completion of it. Indeed, Zgr cannot even be defined if £,, = (. In
some sense, Entangled Relativity satisfies the principle of relativity of inertia
simply because nothing is not an option in this framework; whereas pure
quantum General Relativit can be defined and studied—as one can notably
check within the framework of Causal Dynamaical Triangulation for instance
[16].

Furthermore, the formulation of this theory requires only two universal
dimensionful constants instead of three: the causal structure constant c,
which is implicit in the definition of the four-volume element d‘glx, and a
squared quantum of energy €2. Notably, Planck’s quantum of action A 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 fundamental in Entangled Relativity, whereas the Planck
energy still is. Indeed, in order to recover standard quantum field theory
when gravity is neglected, one can show that € has to be the reduced Planck
energy [17.[18].

3.1. Classical physics: While both the perturbative and the non-perturbative
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 corresponds to sta-
tionnary phases in Eq. (@), leading to the following equations [19]:

Guu = KITMV + fﬁl [Vuvu - QWD] fRa (3)

where

_ 2 0(V=9Lm)
T 1= == (4)

!That is, assuming £,, = 0 from the start.




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

1 L2 of 1 L2 1
= (P=mm hegrmsamaae) ©

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

v (Cor) - v (%) 0

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

0L L, (8\/—\g|£m>: 0Ly R, (£m> ™

X /gl 9 (0sXx) 0 (0sX) L R

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 standard quantum field theory
as a limit. This can be traced back to the intrinsic decoupling originally
discovered in scalar-tensor theories [20]. 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

320k 2 = k(T — L) . (8)

Therefore, whenever L£,, = T on-shell, the extra degree-of-freedom is not
sourced and become constant 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 approximation of the current content of our
universe. As a side note, whenever £, = T, one also recovers Kk = —R/T of
General Relativity.

3.2. Recovering standard quantum field theory: Interrestingly, all the pre-
vious field equations, including those of matter fields, can be recovered by
the alternative Einstein-dilaton phase that follows, provided that one has

L, #0:
1 1 /R
== d;lx - (— + Em) , (9)

K \ 2K

where k is a dimensionful scalar-field. Notably, one can quickly check that
00/6k =0= Kk =—R/L,,, as in Eq. (Bl). This Finstein-dilaton form makes
the additional 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 [20].



Therefore, when gravity is entirely neglected, the path integral of Entan-
gled Relativity can be approximated by

Zowarr [[0few (5 [dtetan) . 10

This path integral is particularly suitable for calculating 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 disregarded, it
follows that

Kke® = ch. (11)

This implies that h actually varies proportionally to x in general. In other
words, h changes in a manner akin to a new gravitational field. It also
establishes an explicit connection between the quantum and gravitational
realms,; indicating that G o h, and that the weak gravity limit G — 0 is also
the classical limit A — 0.

The variation of k is, however, expected to be very small throughout the
observable universe. Indeed, it has been shown in [2I] that the maximum
amplitude variation for y/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 4 has been estimated
to be dh/h ~ 2.5 x 107!2 between the surface of the Sun and a remote
observer [22]. Tt 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 £,, # 0 in Eq. (@), En-
tangled Relativity inherently requires matter fields to permeate the entirety
of spacetime. However, this does not necessarily 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 kK = —R/L,,, it may seem that x becomes singular as £,, — 0.
However, this is not the case, as the behavior of x is dictated by the entire
set of field equations, akin to how the constant behavior of R/T in General
Relativity is governed by its field equations in the limit 7" — 0. Specifically,
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 [23]. 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 T" = 0. Consequently, the ratio
between the two remains well-defined and constant as £,, — 0, as one should
have anticipated directly from Eq. (g]).

4. Conclusion



In conclusion, Entangled Relativity completes the journey started by Ein-
stein more than a century ago. It firmly embeds the principle of the relativity
of inertia into its structure through a unique non-linear approach. This the-
ory not only sticks closely to Einstein’s original ideas but also creates a clear
link between quantum mechanics and gravity, highlighted by the relationship
G o« h. While we still need to explore how it behaves in the realm of quantum
gravity, its framework already stands out by using fewer fundamental con-
stants 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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