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Abstract: Building on previous work that considered gravity to emerge from the collective be-
haviour of discrete, pre-geometric spacetime constituents, this work identifies these constituents
with gravitons and rewrites their effective gravity-inducing interaction in terms of local variables
for Schwarzschild—de Sitter scenarios. This formulation enables graviton-level simulations of entire
emergent gravitational systems. A first simulation scenario confirms that the effective graviton
interaction induces the emergence of spacetime curvature upon the insertion of a graviton condensate
into a flat spacetime background. A second simulation scenario demonstrates that free fall can be
considered to be fine-tuned towards a geodesic trajectory, for which the graviton flux, as experienced
by a test mass, disappears.
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1. Introduction

Numerous attempts to construct a theory of quantum gravity starting from a quantum
field theory (typically, string theory) or from general relativity (typically, loop quantum
gravity) have so far not yielded decisive results. According to emergent gravity theorists,
this must be due to the fact that both formalisms emerge rather independently from a more
fundamental framework involving entities that are currently invisible for experimentation,
but can be expected to be of the order of the Planck scale [1-3]. Correspondingly, the emer-
gent gravity paradigm states that spacetime and its dynamics, in terms of an effective
gravitational field, emerge from the interaction of more fundamental, i.e., pre-geometric
and non-gravitational, degrees of freedom [4-6]. It is often understood in terms of induced
gravity [7] or entropic gravity [8], but applies to many other approaches as well; see [9-11]
and references therein.

In one of the more recent approaches, gravity is considered to emerge from (possibly
pre-spatiotemporal) graviton interactions, which are typically obtained from standard
model physics [12-17]. Relating this approach to general relativity theory, however, remains
a difficulty; see [18] and the previous references. In this work, this complication is shortcut
by the introduction of an effective local graviton interaction—-think of an analogy with the
Lennard-Jones potential for molecular interactions—that is obtained from a solution of
the Einstein field equations directly. This is achieved by borrowing heavily from previous
results in entropic gravity theory.

Building on entropic gravity theory, previous work has provided an exploration of the
emergentist viewpoint on gravity by adopting an explicit complex systems approach [19].
This work conjectured that spacetime basically consists of indistinguishable constituents
that fulfil the conditions for the emergence of a complex system, which are defined as
‘numerosity” and (typically non-linear) ‘interactions’ that spontaneously result in persistent
structures [20]. In line with other emergent and analogue gravity approaches [4,15,21], it
was assumed that only one type of such ‘spacetime constituents” exists, that they move at
the speed of light (i.e., cannot define spacetime for themselves), and that a single interaction
law connects them relationally.
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In this work, the spacetime constituents proposed in [19] are taken to be standard
model gravitons (spin-2 gauge bosons). However, instead of using the standard deriva-
tion involving a boson Lagrangian that has each term corresponding to an interaction-
specific Feynman graph [13,14], the graviton self-interaction is here derived from a reverse-
engineering argument, in analogy with [9,19]: As the emergent effective field dynamics
of the gravitons must eventually obey Einstein’s field equations, an interaction law that
yields the required diffeomorphism invariant field behaviour is obtained from a solution
to these equations (also see Section 2). This means that the graviton interaction is even-
tually formulated within the emergent spacetime framework itself, and not in a more
fundamental, pre-geometric framework. Conceived as such, this approach is complicated
by the involvement of some external time that is tied to the pre-geometric dynamics of
the constituents. However, this flaw seems familiar and acceptable when looking at the
analogous issue in perturbative string theory [22].

The proposed graviton interaction makes spacetime a non-ideal and dissipative fluid
that eventually has to obey the Navier-Stokes equations [23,24]. For the Schwarzschild—de
Sitter (SdS) scenarios in particular, as considered in this work, the graviton dynamics must
obey the optical anisotropy of the Schwarzschild—de Sitter metric [25-27] and exhibit a
spherically symmetric spacetime curvature around massive objects. In order to simplify our
discussion without giving in on this metric, the central masses are considered to represent
graviton condensates in this work, as motived by [28,29]. Here, a parallel can be observed
with the recent attempt to derive entropic gravity from the relativistic transactional inter-
pretation (RTI) of quantum mechanics [30]: In both approaches, spacetime and gravity
emerge fo massive entities from a speed-of-light interaction between them. This transaction
takes place in the pre-spatiotemporal quantum substratum according to the RTI. In this
work, the graviton interaction is made locally explicit with respect to emerged spacetime,
enabling proof-of-principle simulations.

The presented work first revisits the spacetime constituent interaction identified in [19],
which is extended to Schwarzschild—de Sitter scenarios in such a way that it only depends
on local variables (Section 2). This enables direct graviton-level simulations for two sim-
ulation scenarios that are presented afterwards, and which are intended to, respectively,
address two research questions (Section 3): (1) Does spacetime curvature emerge upon
introducing a graviton condensate into a flat graviton (spacetime) background, and (2) does
a graviton density gradient induce free fall upon a test mass? The demonstration of this
emergent gravity framework by simulations of radially moving gravitons immediately
results therefrom (Section 4). To our knowledge, these are the first graviton-level simula-
tions in support of emergent gravity theory. The last section summarizes this work’s main
findings and provides additional discussion (Section 5).

2. Effective Graviton Interaction

The self-interaction of gravitons within emergent gravity theory is typically developed
from a Lagrangian framework [13,14], but this does not allow for graviton-level simulations
of entire gravitational systems. Alternatively, as the graviton-graviton interaction must
eventually obey the Einstein field equations, it can be derived from a solution to these
equations for a null interval [9,19]. Given our goal to simulate the emergence of the
spacetime curvature from a flat spacetime background upon the insertion of a mass, we
consider the simplest solution of Einstein’s equations in the presence of both central mass
M and cosmological constant A, known as the Schwarzschild—de Sitter (SdS) metric [25]:

ds? = — f(R)c2df? + f(R)"'dR? + R*4Q? @)
with R R2A
. S
fR)=1-F =5~ ?

as a general solution. This solution actually combines the Schwarzschild solution describ-
ing a central mass in empty spacetime (second term) with the de Sitter solution for a
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cosmological constant (third term). The reference radius Rg is the Schwarzschild radius
2GM/c3 with the G gravitational constant and the cq speed of light at infinity for A = 0.
Cosmological constant A can be considered to originate from a possibly time-dependent
integration term in the Einstein field equations [31,32] and as such, for A > 0, represents a
flat graviton background in this work.

For radially moving gravitons in the absence of a cosmological constant (ds?> = 0,
d0? = 0, A = 0), the effective graviton velocity c(R) = dR/dt as calculated from
Equations (1) and (2) simplifies to:

c(R) = ¢ (1 - 2GM> (©)

2
cgR

In previous work, based on the degrees of freedom within entropic gravity theory, M
was found to represent a number of spacetime constituents 1,s multiplied by “unit mass’
m, as a conversion factor [19,33]. Under the assumption that an emergent quantum gravity
theory requires spacetime to be discretized at the Planck scale (see also Introduction), this
m, turned out to be equal to half of the Planck mass mp = c3lp/G if the constituent length
was equal to the Planck length Ip [19]. Insertion of M = nqm, into Equation (3) reproduces

Equation (14) of [19]:
(R) = Co(l - ”AIQ’P> @)

whereby the right term was identified with a ‘radial constituent density’ nyIp/R < 1
that expresses the number of spacetime constituents n,; with respect to radial distance
R in Planck units. The radial constituent density only equals unity at the Schwarzschild
radius, whereupon each Planck length along the radius is covered by a single constituent:
np = R/Ip and hence ¢(Rg) = 0.

In this work, Equation (4) is assumed to hold for gravitons as well, upon their explicit
identification with the constituents of the emergent spacetime presented in [19]. However,
an alternative expression for the radial graviton density is required, which should allow
rewriting Equation (4) fully in terms of local variables, hence expressing a local graviton
interaction law. By redefining the radial graviton density due to M as pp; = np/R,
the critical (or condensation) radial density p. at the Schwarzschild radius is given by:

=M _y, T ) % g 5)
Pe=TRe = "™\ 20ymG | = mpG ~ P

Therefore, the critical radial density corresponds to the presence of one graviton
per Planck length along the radius, in agreement with our earlier assumption that the
constituent size equals the Planck length. As such, Equation (4) becomes:

c(om) = co (1 — F;ACA) (6)

In analogy with our rewriting of the second term of Equation (2) in terms of a relative
local graviton density Rg/R = pp/pc, the same can be achieved for the third term that
introduces a flat graviton background by means of a positive cosmological constant. By ex-
pressing the latter in terms of an equivalent volumetric mass density My / (4/3) TR within
R and insertion of the corresponding conversion factor 871G/ c3, one obtains:

R*A _ R*87G  Mp _ nplp

3 3 & (43)mR3> R @

given that, as before My = npm. = npymp/2. The de Sitter term of Equation (2) thus obtains
the same form as the Schwarzschild term in Equation (4). By defining the background
graviton density as pp = 1 /R, in agreement with the definition of pj, and sticking to
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the critical density obtained in Equation (5), the effective radial graviton velocity for the
full Schwarzschild—de Sitter solution can be rewritten from Equation (6) in terms of the
combined radial density p = pp + pa as:

c(p) =co(1- 1) ®)

Equation (8) expresses a graviton interaction law based on local quantities, i.e., each
graviton’s effective radial velocity is determined by the combined radial graviton density p,
including both a central graviton condensate (mass) and a constant graviton background.
Therefore, this equation can be straightforwardly used for graviton-level simulations of
Schwarzschild—de Sitter spacetimes (see next section). Moreover, it expresses a linear
connection between graviton attributes ¢ and p that can be easily interpreted: The gravitons
have a maximum speed ¢ in absolute (Fock) vacuum or ¢(0) = ¢y, while they come to a
standstill if there is no ‘room’ for movement, i.e., upon reaching p., one has c(pc) = 0 (see
Figure 1). Moreover, from Equation (8), one also trivially has:

0(c) :pc<1—c> )
o

meaning that ¢ and p are recursively and symmetrically determined by an eventually non-

linear interaction, resulting in a complex systems dynamic that shows a positive feedback

mechanism (cf. Wheeler’s maxim [34]: “matter tells spacetime how to curve; spacetime

tells matter how to move”).

1

c/c0

plp,

Figure 1. Recursive linear connection between radial graviton density p and radial graviton velocity
c for an effective Schwarzschild-de Sitter spacetime.

3. Simulation Setup

Proof-of-principle for the emergence of gravity from a graviton interaction as obtained
in the previous section is provided by straightforward graviton simulations. Two scenarios
are considered addressing two research questions:
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*  Does spacetime curvature, i.e., a gravitational field in terms of a radial graviton density
gradient, emerge upon introducing a mass (a graviton condensate) into a flat graviton
background?

*  Does the introduction of a test mass into a spherically symmetric gravitational field (a
graviton density gradient) induce a geodesic trajectory (free fall)?

Conceived as such, both scenarios have spherically symmetric geometries around
a central mass by construction. Through spherical integration, one can stick to radial
simulations. For now, simulation parameter values are fine-tuned for proper visualization
at short spatiotemporal scales of actually weak-field gravitational effects.

The radial simulations are performed by moving a conserved number of gravitons
within an array of cells with a coarse-graining of choice and using circular edges. The central
mass is considered a rigid graviton condensate that only contributes to the local graviton
density. Apart from that, all gravitons in cell r are iteratively moved to cells #’ by using the
following implementation of Equation (8):

¥ =r+drcos(y) =71+ Co( - pr)At cos(p) (10)

Oc

from dr = cAt with p, the current number of gravitons within cell r, and with i randomly
chosen between 0 and T—mimicking spherical symmetry—for each graviton and within
each iteration step with time interval At, which is set to unity in practice. The graviton
velocity c is determined by a sub-iteration within each At, as p; is updated to each cell that
is traversed by a graviton during a single time step.

According to the Schwarzschild—de Sitter solution to Einstein’s field equations, the in-
troduction of a graviton condensate (central mass) into a flat graviton field (background
cosmological constant) will go hand in hand with the emergence of a gravitational field
in terms of a radial graviton density gradient dp/dR outside of the central mass. This is
demonstrated by the first simulation scenario addressing our first research question. The ra-
dial graviton density gradient can only emerge together with a radial graviton acceleration:

oc co 9p co 0p

aC(R)—g——EE——cp—Cﬁ (11)
to a Rindler observer that is located at distance R from the mass centre. However, according
to the equivalence principle for gravitational and inertial mass, a test object cannot distin-
guish between proper acceleration of its inertial mass and an acceleration in the opposite
direction of the gravitons that constitute the local environment. Therefore, as in Einstein’s
Gedankenexperiment [35], a gravitational field in terms of an acceleration of surrounding
gravitons can be locally compensated for by the proper acceleration into a net flux-free
(geodesic) trajectory, i.e., into the experience of a flat spacetime where the gradients of ¢
and p have disappeared. Conceived as such, free fall is a fine-tuning exercise by nature
at (local) graviton speed: Due to the experience of a graviton flux, a graviton cluster is
accelerated up to the point where the flux disappears. As a direct consequence, a test mass,
which is a graviton condensate itself, can never be accelerated beyond the local graviton
speed (of light). This is a well-known result from relativity theory.

In the second simulation scenario, a graviton condensate is introduced into a linearly
curved spacetime background as a local, yet exaggerated, approximation to the previously
emerged Schwarzschild-de Sitter spacetime. In the absence of a proper acceleration, this
test mass will experience a gravitational pull in terms of a radial graviton density gradient
dp/0R. Our second research question addresses whether it can be accelerated up to and
beyond a geodesic trajectory that has dp/9dR = 0. According to the above, this can be
achieved by adding a radial acceleration a.(R) to Equation (10). Given the assumed rigidity
of the test mass, however, this work sticks to radial acceleration a. that is independent
of the location in simulation space. As such, the combined acceleration of the entire
test mass is mimicked by a constant acceleration in the opposite direction of the curved
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spacetime background, leaving the test mass at the centre of the simulation space in practice.
The second simulation scenario demonstrates that this acceleration can be fine-tuned to a
free fall value a,, whereupon the radial graviton density gradient indeed disappears at the
location of the test mass.

4. Results
4.1. Spacetime Curvature

Considering 20 + 1 simulation cells (to have a cell covering the mass centre at 7 = 0) of
size Ar = 1, and for cp = 1/4 of the spatial simulation range per At, one has ¢y = 5.25 cells
per time step Ar/At. Introducing a flat spacetime background of 50 gravitons per cell and
taking p. = 1000/ Ar yields c = 4.9875 Ar/ At for the background. Adding a condensate
of 100 gravitons per cell at the five central cells reduces the local graviton velocity to
c = 4.4625 Ar/At initially. Figure 2 contains simulation results for this first scenario,
showing the emergence of a radial graviton density gradient outside of the central mass as
a graviton condensate, i.e., outside of cells —2 to 2. The time-averaged graviton density
pr is thereby plotted after 1000 iterations (blue crosses) and compared with the initially
flat graviton density distribution (black dots). In every iteration step, any higher-order
structure of p, is smoothed out from the condensate using linear fitting (while in reality the
ratio between, e.g., a proton and a Planck-scale constituent, would be of the order of 102,
allowing for tremendously complex internal dynamics, cf. QCD).
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Figure 2. Time-averaged number of constituents (gravitons) per cell before (black dots) and after
(blue crosses) 1000 iterations for Scenario (1).

4.2. Geodesic Trajectory

A linear background graviton density gradient, going from 300 (c = 3.6750 Ar/At)
to 50 (c = 4.9875 Ar/At) gravitons per cell, is reintroduced upon every iteration step in
the second scenario. As a result, the integrated number of gravitons of the central mass
(with a distribution that is initially identical to that of the first scenario) has to be iteratively
rescaled to keep the total graviton number conserved. Figure 3 displays the simulation
results for this second scenario using the same settings as for Figure 2, for four values of
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acceleration term a.. The condensate experiences a graviton density gradient in agreement
with the spacetime curvature for a, = 0 (Figure 3a), while the gradient decreases for
increasing a. (Figure 3b) up to the point where a geodesic trajectory is reached, i.e., when
the graviton acceleration matches the gravitational acceleration a,, of the test mass (a. = a,
Figure 3c). Acceleration beyond a,, (Figure 3d) induces a graviton density gradient, and
hence a gravitational pull according to the equivalence principle, in the opposite direction
(cf. free fall as a fine-tuning exercise in the previous section).
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Figure 3. Time-averaged number of constituents (gravitons) per cell before (black dots) and after
(blue crosses) 1000 iterations for Scenario (2), for four values of the acceleration term in simulation
units Ar/ (At)2.

5. Discussion

In previous work, effective spacetime was considered to emerge from the collective
behaviour of discrete, pre-geometric constituents, which were assumed to move at the
speed of light with respect to massive constituent condensates (as observers) [19]. A con-
stituent interaction (law) was defined in such way that general relativity’s Schwarzschild
solution provided an effective description of the constituents” emergent dynamics. Heavily
building on these results, this work identifies spacetime’s constituents with gravitons
and rewrites their effective gravity-inducing interaction in terms of local attributes (radial
densities and velocities) for Schwarzschild—de Sitter scenarios. Actually, this formulation
allows developing this emergent gravity framework without reference to the holographic
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principle—asserting that the number of fundamental degrees of freedom within a space-
time region is related to the area of its surface [36]—nor its artificial generalization to
non-holographic surfaces, which were both assumed to be essential ingredients of entropic
gravity theory [4,8,19,37-39]. Equation (8) indeed limits the gravitationally relevant de-
grees of freedom to the local graviton density along each graviton trajectory, which in turn
determines the effective local graviton speed, as measured in a non-inertial coordinate
system at fixed distance from the central mass. Most importantly, this localised formulation
enables graviton-level emergent gravity simulations for the first time.

Two simulation scenarios are considered. Both scenarios show spherically symmetric
(eventually Schwarzschild—de Sitter) geometries around a central mass by construction,
and they address two research questions. The first simulation confirms that the graviton
interaction proposed in Equation (8) indeed induces the emergence of a gravitational field in
terms of a radial graviton density gradient as the spacetime curvature, upon introducing a
graviton condensate (central mass) into a flat spacetime background. The second simulation
addresses whether the introduction of a test mass into a (linearized) gravitational field
induces a geodesic trajectory. By connecting with the equivalence principle, it is indeed
found that the graviton flux, as experienced by the test mass, disappears upon proper
acceleration, suggesting that free fall can be considered to be ‘fine-tuned’ towards a geodesic
trajectory. Correspondingly, accelerating the test mass beyond the gravitational pull induces
a graviton density gradient in the opposite direction.

The straightforward and successful insertion of a constant background graviton den-
sity in the simulations, as a substitute for a cosmological integration constant, indicates
that the graviton fluid and the dark fluid, in terms of ACDM cosmologies, could be one
and the same, as already suggested in the literature [40]. The latter goes hand in hand
with the study of Einstein’s field equations—including the cosmological constant—as a
fully covariant representation of the graviton dynamics, i.e., without the need for their
modification as for Verlinde’s entropic gravity [41]. Relatedly, it is remarkable that the
absolute maximum mass density for which all gravitons come to a standstill (i.e., for p = p;)
equals mc /13 ~ 3 x 10'22py, if py; represents the current (critical) density of the universe.
This order of magnitude difference between the maximum density and the average ob-
served density (corresponding to about six protons per m?) points towards the cosmological
constant problem: By construction, quantum field theories typically assign one condensed
degree of freedom 1, to each constituent-sized location 113J at minimum, even in the vacuum
state [42]. However, from the spacetime constituents considered here, it is concluded that
on average the free graviton equivalent of one m, is distributed over 3 x 10'?? possible
locations. Thus, the universe is quite empty (in the Fock sense) with ¢ ~ ¢y throughout, or,
in other words, spacetime is mostly not. Moreover, ¢ < ¢¢ within hadrons and black holes,
which have comparable mass densities. In contrast with average spacetime, both can be
considered graviton condensates indeed [43]. The ‘slow’ graviton movement ‘around’ and
within these condensates must co-determine their (internal) dynamics.

The major drawbacks of the presented emergent gravity simulations are (1) their
current limitation to Schwarzschild—de Sitter scenarios, (2) the need for the insertion of
four-dimensional spacetime by hand, although the radial mass interpretation allows for
reconsiderations in different dimensions, and (3) the lack of prospect towards a graviton-
level falsification, i.e., at Planck energies [44]. Regarding (1), this work should be extendable
to all Kerr-Newman-type surfaces by substitution of M with a total mass-equivalent M’
that contains rotational and electric field energies. Generalizations of entropic gravity
theory to geometries that are not necessarily asymptotically flat have been explored in the
literature and will be related to this work in the future [45-47]. In order to compensate for
(3), more extensive simulations involving fully realistic parameter values could demonstrate
the applicability of this theory when compared to macro-scale observations. The latter
also points to the necessity to connect with standard model quantum physics, although a
possibility has already been outlined before [19]. Especially, the question of how graviton
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condensates acquire inertial mass, possibly through a connection to a Higgs field, has not
been addressed in this work, and requires further examination.
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