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Abstract
This is a comprehensive review of newdevelopments in entropic gravity in light of the Relativistic
Transactional Interpretation (RTI). A transactional approach to spacetime events can give rise in a
natural way to entropic gravity (in theway originally proposed by Eric Verlinde)while also
overcoming extant objections to that research program. The theory also naturally gives rise to a
Cosmological Constant and toModifiedNewtonianDynamics (MOND) and thus provides a physical
explanation for the phenomena historically attributed to ‘dark energy’ and ‘darkmatter’.

1. Introduction and background

In previous publications, one of us (RK) has been developing the Transactional Interpretation into the
relativistic domain (e.g. [1–3];now called RTI), while the other (AS) has been applying it to the problemof
quantumgravity [4–6]. In the present work, we review some key results and showhowRTI can provide a
‘missing link’ that greatly reinforces the programof entropic gravity pioneered by E. Verlinde [7] by giving a
specific quantum-level account of the entropic effects that is immune to extant objections. In particular,
entropic gravity is often thought to arise from ‘quantum entanglement’, but this does not provide a clear
connection between the quantum level and that of spacetime, and is also subject to criticism based on the lack of
appropriate decoherence effects. In contrast, since transactions automatically trigger decoherence [2], in the
present approach theseweaknesses are remedied. Inwhat follows, we review key developments and discuss in
specific terms the role that the transactional picture plays in deriving entropic gravity and in resolving current
challenges for this program.

Wefirst introduce some key terms thatwill be used tomake contact with the existing literature and to
develop the current proposal:

1. quantum substratum: pre-spatiotemporal domain housing quantum systemswith non-vanishing restmass

2. spacetime: a storage device formeasurement results and their structural connections (i.e., on-shell photons)

3. matter: quantum systemwith non-vanishing restmass

4. holographic principle: description of a spacetime region can be thought of as encoded on a lower-
dimensional boundary to the region [8]

5. emitter: an elementary boundmatter system in an excited internal state (e.g., atomormolecule)

6. absorber: an elementary bound matter system subject to excitation of its internal states (e.g., atom or
molecule)

7. mass (m)M: a fermionic bound state in its local rest frame with rest mass, (m)M, possibly composed of N
elementary systems

8. transaction: general term for a non-unitary process ultimately leading to transfer of energy (and other
conserved quantities) in the direct-action (absorber) theory offields [9]
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9. actualized transaction: the transfer of a real photon from one emitter to one absorber, generating an emission
and absorption event and their invariant connection (null interval). The latter constitute elements of
spacetime.

The above definitions indicate that the current work views spacetime as non-fundamental, which breaks
with the traditional view of spacetime as a container or background for all physically real entities. Instead, we
adopt a view that the covariant construct described by general relativity is emergent byway of a specific non-
unitary transformation corresponding to quantummeasurement, reviewed below.One can also see in points 5.
and 6. above that there is some overlap between an ‘emitter’ and an ‘absorber’. These roles can depend on the
relation between the elementarymass (m) and other elementarymasses.While a ground state atom can only act
as an absorber, an excited atom could either emit or absorb depending on the availability of other atoms in
higher or lower states separated by energies nh corresponding to those of the given atom.

1.1. Relativistic transactional interpretation as an account of the emergence of spacetime events and their
structural connections
TheRelativistic Transactional Interpretation (RTI) suggests that the spacetimemanifold does not exist as a
primary ontological structure, but supervenes on specific sorts of interactions among quantum systems–i.e.
transactions, whichwill be briefly reviewed here. Quantitative details of this formulation are given in [1]. RTI
predicts the emergence of spacetime events from amore fundamental quantum substratum, such that an
actualized transaction gives rise to an emission event, an absorption event, and the invariant null interval
connecting them,which is constituted by the real, transferred photon. Thus, this is a ‘growingUniverse’ type of
picture.3 Inwhat follows, we showhow the concept of a transaction, as elaborated in RTI, constitutes the crucial
‘missing link’ between the quantum level and the emergent spacetime level that allows for a fully consistent and
seamless formulation of entropic gravity.

RTI is based on the fully quantum formof the direct-action or ‘absorber’ theory offields ([1],Chapter 5). In
this picture, unitary quantumprocesses and interactions include themediation of force through direct
connections via the time-symmetric propagator, which is oblivious to temporal orientation. Accordingly, such
interactions are not spacetime processes, but act ‘behind the scenes’, as physical possibilities (cf Kastner,
Kauffman and Epperson [10]), to steer the probabilities for the actualizations of spacetime events (the latter
involving a non-unitary process to be discussed further below). The systems involved, such as elementary
particles and atoms, are subject to quantum entanglement and accordingly are described byHilbert Space states.
As elements of a vector space of 3N spatial dimensions with complex amplitudes, such states (and accordingly
the entities they describe) are clearly not commensurable with the structure of spacetime. Thus, the domain of
the systems and their interactions cannot be 3+1 spacetime and accordingly, asmentioned above, we identify it
as an extra-spatiotemporal quantum substratum (QS). This is actually consistent with standard general
relativity, since it is well known that the curvature associatedwith anymass source is nonvanishing.Were the
mass sourcewithin the spacetime construct, the curvaturewould have to vanish at themass.4 Another type of
unitary process in theQS is the Schrödinger evolution of fermionicmatter, such as electrons, or bound states
such as atoms.One can attribute an internal ‘clock’ to such systems, corresponding to their spin [11]which
serves to define their proper time. The Schrödinger evolution ofmaterial systems defines inertial frames for the
emergent spacetime, though they themselves are not features of spacetime.

As alluded to above, one requires a non-unitary interaction called a ‘transaction’ in order to generate spacetime
events and their connective structure. Thenon-unitarity is inherent in the direct-actionpicture offields (but is
obscured in the standard formulation), and canbequantified in termsof decay rates ([1],Chapter 5). The non-
unitary interaction is triggeredbywhat is called ‘absorber response’ in thenon-relativistic formof the theory, but at
the relativistic level (RTI) is actually amutual interaction among emitters and absorbers,which is called the ‘NU-
interaction’ (for ‘non-unitary interaction’). A basic requirement for theNU-interaction is the satisfaction of
conservation laws. It is only through theNU-interaction that a real, on-shell photon canbe created ([1],Chapter5).
Once a real photon is created, energy is transferred from the emitter to one of the responding absorbers in a
radiative process. This process establishes a ‘link’of spacetime constitutedby the emission event, the absorption
event, and the transferredphoton. These links are invariant null intervals. Thus, spacetime is constituted solely by
invariant events and their invariant null connections. In this context, the ‘field’ is the structured set of events. The
spacetime construct itself is fully invariant, and it is only descriptions, relative to internal inertial frames, that are
non-invariant. In this regard, it is vital not to conflate themap (coordinate-dependent descriptions such as
‘spacetimediagrams’)with the actual territory (the invariant events and their null connections).

3
In this picture the ‘Big Bang’was simply the initial emergence of the structured set of events that we call ‘spacetime’, andwhich continues to

grow. Transactions are also the reason for theHubble expansion, as we show in section 3.
4
Thus, the commonnotion that ‘everything physical exists in spacetime’ is an uncritical folk belief that should be discarded.
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It is also important to note that the events are not to be identifiedwith thematerial systems (e.g., atoms)
giving rise to them. That is, the systems themselves are never part of the spacetimemanifold nor are theywithin
it. It is only their activities–the events–that are elements of the spacetimemanifold, as are the photonic
connections between them,which establish the structure of themanifold. In commonparlance one refers to a
spacetime point being ‘occupied’ bymatter, but in our picture that is really a shorthand for the idea that a
material systemhas become associatedwith that point (understood as simply an element of a particular
reference frame) via an actualized event. (Of course, given the spreading of wave packets, such a systemwill not
remain indefinitely localized.)

1.2. The stress-energy tensor describes classical radiationfields, not individual photons
Wedeal first with a possible concern. It is noted above that photons are radiation. It is often stated that radiation
is a source of thefield, but this statement requires crucial disambiguation in the quantum context, and especially
in the light of RTI. This is because individual photons (Fock states) are not sources of the gravitational field, even
though they reflect ‘curvature’ of themetric due tomatter sources. Consider the stress-energy tensor mnT .The
standard account notes that the contribution, to the energy densityT00 for radiation is with specific constants
e m,0 0 and

 
E B, denoting the electric andmagnetic fields

 
e
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Other components of the stress energy tensor involve themomentumorflux, which is expressed through
Poynting’s vector
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2

However, the classical fields

E and


B vanish for Fock states, so individual photons do not contribute to mnT .The

waywe obtain non-vanishing classical-level fields by reference to quantum theory is through so-called ‘coherent
states’ añ∣ ,which actually comprise an indefinite number of photons:

åa
a

añ =
a-

=

¥

∣
!

( )
∣ ∣

e
n

, . 3
n

n

2

0

2

According to RTI, however, such states do not really describe individual photons. Rather, they describe
collective emitter and absorber states that give rise to probabilities of photon detection. It is these detections of
actualized, well-defined numbers of photons that collectively trace out the amplitude of the classicalfield. (For
further details, see [12]). Thus, the individual photons that connect emitters and absorbers in actualized
transactions, and thereby serve as the structural connections of spacetime through the invariant null intervals
that they establish, do not themselves constitute sources of the gravitational field–i.e., spacetime. Rather, they are
structural components of spacetime.5 The null intervals are one-dimensional constituents of space-time, which
emerge by interactingmatter. The notion ofmicro-constituens of space-time in general is discussedwith a view
to the vast literature in e.g. [14].

1.3. The role of spacetime
Asnoted above,wedonot take spacetime as a ‘container’, so care is needed regarding terminology like ‘spacetime
region’or ‘masses at distance >R 0’. The spacetimemanifold is simply a structured set of emission-and
absorption events. Thiswas essentially noted byEinstein,who remarked:‘There is no such thing as empty space,
i.e., a spacewithout afield. Spacetime does not exist on its own, but only as a structural quality of thefield’[15].

In our proposal, the term ‘field,’ as usedbyEinstein, refers to the structured set of events actualizedbyway of
transactions. This picture is harmoniouswith the analysis provided byWestman and Sonego (2009), whoprovide
further insights into Einstein’s fundamentally relational viewof spacetime6. The events constitutive of thefield,
whichEinstein referred to as ‘point-coincidences,’ are essentially the emission and absorption events.Westman
and Sonego [17], although they use the term ‘field’ somewhat differently, note the crucial distinction between
invariance and covariance,which applies to our proposal as follows: the actualized set of events is invariant (frame-
independent), while the description in termsof the spacetimeparameters is covariant (frame-dependent).

There is an a priori spatial and temporal intuition, no doubt, andwe associate to physical systems spacetime
parameters. But it is the exchange of photonswhich actualizes the events constitutive of the invariant spacetime
manifold and connects emissions and absorptions by generating a relation between them in the formof a

5
This is consistent with the observation that while the expectation values of the E and B field operators are zero in a Fock state,

theirvariances are nonzero (andmaximal). The large variance of the E andB field operators is a reflection of the completely uncertain phase
of the Fock state, which assures that new spacetime events are added in a Poissonianmanner. The latter assures covariance of the coordinate-
level description (see, e.g., Sorkin 2003 [13] ).
6
For background on relational versus substantival theories of spacetime, see Friedman [16].
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spacetime null-interval. The set of possible events together with theirmetric structure can bemodeled as points
of a four dimensionalmanifold and their distances. So a ‘spacetime region’ simplymaps the activities ofmasses
that generate the events, butwho exist beyond the spacetime construct associatedwith them.Objects of
geometric calculations are elements of this idealized, continuous and in itself staticmanifold-model of possible
events, out of which grows by transactions a discrete ‘Galaxy’ of actualized events–the latter being the actual,
emergent spacetimemanifold.We treat the pre-emergentmanifold of possible events as amap or ‘blueprint’ and
even assign properties to its elements (points, regions), in order to formulate relations between the actualized
events.Wewill see in section 3 that themost general covariant description compatible with such a set of events is
in terms of a Lorentz-manifold.

It is thus, in the context of RTI, that the holographic principle acquires a new interpretation: the holographic
screen can be thought of as the boundary between the quantum substratum and the newly emergent region of
spacetime, in the sense above. This picture is harmoniouswith the original idea inVerlinde [7] inwhich he noted
that such a screen can be thought of as containing data aboutwhat is on the not-yet-emergent side of it.

In the sequel wewill show in section 2 that transactions are the physical basis of the entropy, which is used in
[7] to deriveNewtonian gravity.Wewill further show in section 3 how the exchanged photons can serve as
clocks, naturally inbuilt to events, whose gauging leadsmost generally to Einstein’s equations on a Lorentz-
manifold, including a cosmological term. The synchronization of these light-clocks from the perspective of
different observers in specific spacetimes further leads to the correction ofNewtonian gravity as calculated in
MOND, [18, 19], a fact whichwe show in section 4. Finally in section 5we state somefinal conclusions.

2.Gravitational force fromentropic considerations based on transactions

More formally, we can arrive at the basic entropic argument and its relation to gravitation, as outlined above,
from information-theoretic considerations and themechanism of transactions.

2.1. Localization and entropy
By a transaction an absorber in energy-groundstate ñ∣E0 measures a photon four-momentum ñ∣k j, ,j by
assuming an energy-pointer state ñ∣E k,k

7. The corresponding probabilities are = < >| |p E E .k k 0
2 By the

transfer of the photon, the transaction also localizes the absorptionwith spatial component 

= ( )x x kj j

38.
There is no covariant space-operator and non-relativistic position-and energy-operators do not commute. So
the localization is not a ‘measurement’ but a consequence of the space-time interval, which emerges between
emitter and absorber by a transaction. There is a set of corresponding position-probabilities

= < >˜ ∣ ∣ ( )p E x 4kj k j
2

The corresponding (Shannon-) information is

å= -˜ ˜ ( ˜ ) ( )I p pln . 5k
j

kj kj

It is formally possible to transform Ĩk into (thermodynamic) entropy S̃k bymultiplicationwith the
Boltzmann constant k .B

9 S̃k is independent of the probabilities pk of the energy-states ñ∣E ,k but depends, of
coarse, on the physical systems involved and, if there are large numbers of emitters and absorbers involved10,
some generic-quantity is necessary. This can be achieved by changing perspective and by asking, whether there is
somemeasure for the information content of space independently of specificmaterial systems. It turns out that a
correspondingmeasure can naturally be defined and it is hence possible to allocate information content to
spatial regions per se. This information actually leads to the entropic gravity in [7].

2.2. Spatial information
Weassume towork in a local inertial frame throughout the following exposition. Let there be a bounded region

W Ì 3 on a spatial hyperplane and a partition by balls

7
We assume that the photon four-momentum space P is coarse-grained, = >{∣ }kj jP . This can be expected in a direct action theory

like RTI.
8
Emission is also localized and, due to the transactionwhich establishes a spacetime distance, we canwork in a joint coordinate systemof

both emitter and absorber. Connected components of events lie thus in one chart of the coordinate system.
9
While formally correct, the physical validity of this identification is still debated [27]. Among the authors R.K. has reservations, while A.S.

supports it as themost general formof Boltzmann’s law.
10

For instance in the case ofmacroscopic systems.
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  È= = We e eW >{ ( )} ( ) ( )B x B x, . 6n x x n, 0n n n n n

Relative to the partition , a position-information can be attributed to a quantum system in terms of square-
integrable functions over W, y W( ) ( )x L ,2 by


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W e
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x

x x x
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Bymultiplicationwith the Boltzmann constant, k ,B we get

 y y=( ) ( ) ( )S I k . 8B

Wecanask,whether it is possible to take adifferent perspective and attribute informationnot tomaterial systems,
but to regions or, idealized, single points x .0

3 Apoint, Wx ,0 can empirically be associatedwithmatter or not and
hence represents in this sense onebit of information.Given a single physical system, y W( ) ( )x L ,2 wecan therefore
state that the informationof the onebit, Wx ,0 with respect to y ( )x and thepartition  (6)11 is

 = - + - -y ( ) [ ( ) ( ) ( )] ( )I x p ln p p ln p1 1 . 9x x x x0 0 0 0 0

Tofind a generic definitionwe have to account for all possible partitions ,which amounts to taking into
account all probabilities,  p0 1.x0

Sincewe alwaysfind some bounded W Ì 3 with Wx ,0 we can define

the information ( )I x ,0 x ,0
3 by

ò= - =( ) ( ) ( )I x p ln p dp2
1

2
. 10x x x0

1

0

0 0 0

Evidently, (10) is not only independentof a chosenpartition , but alsoof theparticularmaterial system y ( )x .
While the choice of a particular  is, of course, frame-dependent, the describedprocesswill lead to thedefinitionof

( )I x0 by equation (10) in every local inertial frame.By (8)wearrive at the correspondingone-bit entropy

=( ) ( )I x k k
1

2
. 11B B0

Taking into account that localization is physically limited to a Planck volume, we rescale the entropy (11) by
a factor of p4 , tofinally get

p=( ) ( )S x k2 . 12B0

2.3. Transactions and a holographic principle
Assumethere is a transactionbetween twophysical systems through theexchangeof a real (on-shell)photon.A
transactionbreaks theunitary symmetryof the interactionand localizes absorber andemitter. If it takes thephotona time

intervalD =t
R

c
R fromtheemitter to the absorber, then,next to the time intervalDt ,R there is the spatial distance

>R 0 beinggeneratedby theprocess. For symmetry reasons12, thepossible locationsof theabsorber lie equiprobablyon
the sphere S .R Wecandefine inanalogy to (10)and (12) the total entropyof the sphere ( )S SR around theemitterby

p p= =( ) ( ) ( )S S k I S k N4 2 , 13R B R B R

where NR is just the number of bits on the sphere. For this numberwe set, with
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We pick the ball e ( )˜˜B xnn with x0 e ( )˜˜B xnn andminimal -∣ ∣˜x x .n0

12
Photons are emitted in all spatial directionswith equal probability.

13
Note that equation (14)might serve as a definition for the constantG [7].

14
We canmultiply the information-entropy ( )I x by the “number” of bits on the sphere, because ( )I x is the average information over all

partitions containing the point x and is hence independent of a specific coverage B of the sphere. In order to count the number of bits on the
sphere, S ,R we chose the local surface-measure s p= -( ) ( ) ( )d x l d x4 P

2 1 2 and get ò s= =( ) ( ) ( )S S k I x d x k .R S B B
A

l2R

R

P
2
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Remember that expression (13) is the sumof all entropies ( )S x x S, ,R which in turn are calculated over all
possible local probabilities,   p x S0 1, .x R So ( )S SR can be considered to be the entropy contained in all
possible absorptions on the sphere S .R

Let us assume that in a concrete physical situation thefields defined over the ball B ,R y ( ) ( )x L B ,R
2 have a

totalmass M.We then know the total energy to be =E Mctot
2 and derive from (15) and the thermodynamic

relation = ⋅E S T by the thermodynamic equivalence principle the existence of a formal temperature
= ( )T T M R, satisfying

= ⋅ =( ) ( ) ( ) ( )Mc S S T M R k
A

l
T M R,

2
, . 16R B

R

P

2
2

By (16)we get for ( )T M R, ,with =g
GM

R
,R 2
the expression

 
p p

= =( ) ( )T M R
MG

ck R

g

ck
,

2 2
. 17

B

R

B
2

Weare now ready for the final step.

2.4. Entropic force
Weare now in a position to reconstruct the argument in [7]. Assume that a particle ofmass m enters into a
transactionwith a systemof totalmass M, m M, a process which localizes the particle at a point x SR0 for
some >R 0.This processmakes position-information (12) available and consequently by the 2nd law, there is a
(minimal) amount of entropy added to the thermal environment on the surface of pD =( ) ( )S x k I x4 .B0 0

15We
account for the fact that a particle is not really point-like, but still structureless, by using its (reduced)Compton

radius


l =
mc

C and postulate that the full information is part of the space-like surface SR only, if the particle is

at a Compton-distance from it and that the information decreases linearly, if it is getting closer to the surface,
(i.e. [7, 20])

 


l= ⋅ D DD ( ) ( )I x
mc

x x
1

2
, 0 . 18x C0

Associatedwith the entropy difference there is by (17) a (minimal) amount of energy D ( )E S x0
given by

p=D D ( ) ( ) ( )( )E k I x T M R4 , . 19S x B x 00

The definition of energy as work, i.e. force along a path, leads to a corresponding force FG by

= ⋅ DD ( )( )E F x. 20S x G0

By (17) and (18)we get from (20)




p
p

⋅ D = ⋅ D ( )F x k
mc MG

ck R
x2

2
, 21G B

B
2

andfinally the expression for FG

= ⋅ =( ) ( )F m g M R m
GM

R
, . 22G 2

The force FG is attractive, since the entropy-gradientD ( )S x0 points to the surface S .R The above derivation
of FG has shown that the concept of spatial information and transactions leads, togetherwith the
thermodynamic equivalence principle (16), to the existence of gravity as an entropic force, emerging from the
coming-into-being of empirical reality (22).16

Oncewe consider that transactions possess by the exchanged photons naturally inbuilt clocks, which
measure the rhythmof becoming by an invariant gauge c, the speed of light, theway is open to derive ametric
structure of spacetime, locally governed by the Einstein equations [4]. In the process we find the reason for the
general validity of the clock-hypothesis.17We are going to derive Einstein’s equations in this spirit in the next
paragraph. The universality of gravity, its propagation at the speed of light and the equivalence of inertial and
heavymass are further immediate corollaries of our insight.

15
As explained in 2.1, entropy is understood as unavailable position-information, which is calculated as an average (10,11,12) overall

possible systems. Transactionsmake this information available, a fact whichmust be compensated by the second law. In thissense ‘a particle
adds one bit of information to the surface’ [7].
16

We haveworked out theminimal acceleration, based on theminimal dissipation in (19). Generally, we can expect ( ) ( )a M R g M R, , .
Wewill see in paragraph 3 that this possibility is implicitly contained in Einstein’s equations.
17

Timelike curves on a Lorentz-manifold can be approximated arbitrarily closely by a zig-zag of null curves (i.e. light clocks) [26].

6

J. Phys. Commun. 7 (2023) 065009 A Schlatter andREKastner



3. Einstein equations

By results in [21, 22] it takes a physical system in a pure state yñ∣ and in a thermal environment of temperatureT0

a time-step of toflip into an orthogonal and hence distinguishable state y ñ^∣ , y yá ñ =^∣ 0.This time step is
universal and independent of the particular system. The quantitymeasures proper-time ds in units ofDt.This
way, the thermal environment defines the steps of a thermal clock.

D = ( )t
h

k T4
23

B 0

t =
D

= ( )d
ds

t h
k T ds

4
24B 0

Wemay now assume that spacetime is just locally flat.18 Like in section 2 let there be a test systemwithmass
m at a sufficiently close distance R from amass M m. Further assume that both systems are instantaneously
at relative rest. The test systemwill by (22) feel an acceleration g .R Using Rindler coordinates, J( )y z, , , 19,

there holds by (24) in the local rest frame at  =
c

gR

2

and for = ( )T T M R,gR
(17)

t J= ( )d
h

k T cd
4

. 25B gR

Throughmultiplying td by the factor
c

gR

we get a velocity

= ( )v
h

k T
c

g

4
. 26g B g

R

2

R R

Remember that the acceleration gR originated from a transaction and the corresponding exchange of a
photon. If we gauge the thermal clock (24) by the light-clock, given naturally by the photon20, we have to gauge
(26) by the speed of light21

p
= ( )

h
k T

c

g

c4
. 27B g

R

2

2R

Solving for the temperaturewe arrive at


p

= ( )T
g

k c2
. 28g

R

B
R

Formula (28) is exactly theDavies-Unruh temperature, whichwe have already found in equation (17),
proving that our approach is consistent and that the thermal clockwith temperature ( )T M R, is indeed the
equivalent of a light-clock. Equation (27) is now the starting point to understand Einstein’s equations.

With =E Mc ,2 
=l

G

c
P 3

and p=A R4R
2 we can rewrite equation (27) as

p
= ( )g A

G

c
E

4
. 29R R 2

Weare interested in the time development of equation (29) andwork in a local inertial frame around M in
geodesic normal coordinates.With ( )V tR denoting the volume of a small ball of test systems at radius ( )R t
around M,with = =( ) ( )R R R0 , 0 0 and =̈ ( )R g0 ,R we can rewrite (29) as [23]

p
==∣ ( ) ( )d

dt
V t

G

c
E

4
. 30t R

2

2 0 2

If we introduce the zero-componentT00 of the energy-momentum tensor  m nmnT , 0 , 3, via

=


T
E

V
lim
R

R

R
00

0

22, denoting the energy density at the origin, and use the local properties of the Ricci tensor

 m nmnR , 0 , 3,wehave [23].

18
‘Locallyflat’means approximatelyMinkowski in small regions around a point x .0 Technically this amounts to the existence of geodesic

normal coordinates, inwhich there holds h=( )g x ,ab ab0 G =( )x 0,ij
k

0 but generally  nG ¹n( )x i j k0, 0 , , , 3.ij
k

, 0

19
The line-element in Rindler coordinates is 

kr
J= - - -⎛

⎝
⎞
⎠

ds
c

c d d dy dz .2
2

2
2 2 2 2 2

20
Light signals, sent fromone system to an other, are clocks in the sense of Einstein.

21
The factor

p
1
2
results from going through the same steps leading to equation (23) for a photon-systemwith w=E [4].

22
We assume E to be homogeneously distributed around the origin.
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=
̈

∣ ( )V

V
c R , 31R

R
t

R
0

0 2
00

i.e. by (29)

p
= ( )R

G

c
T

4
. 3200 4 00

So far, we have onlymade use of the zero-component, i.e. the energy, of the transferred photon. From the
transferred three-momentum there arises a pressure ḡP , equivalent to an energy density, which hence enters on
the right hand side of equations (29), (32). Let  A i, 1 3,i be small surface elements with

 
á ñ =∣n e 0,A ji

¹i j.Wehave, with the de Broglie-relation


=∣ ∣p
h

R
23, =x ct0 and ( )N xR 0 denoting the number of

transactions in volumeV ,R
24

å

å

= -
D

D

= -
D
D

⋅

= - ⋅
D

D

g
 =

 =



⎜ ⎟
⎛
⎝

⎞
⎠

¯

( )

( )

( )

P
A

p

t

c

A

N x

x

h

R

c h

N x

V

x

lim
1

lim

lim . 33

A i i

i

A i i

R

R

R

R

0 1

3

0 1

3
0

0

0

0

0

i

i

The number of transactions follows by the laws of quantum electrodynamics a Poissonian stochastic
process.

With a constant average transaction rate, g,25 the process, is Lorentz-invariant [27]. Hence for the average

transaction density l =


¯ ( ) ( )
x

N x

V
lim
R

R

R
0

0

0 there holds l l lD
D

=
+ D -

D
= g

¯ ( ) ¯ ( ) ¯ ( )x

x

x x x

x
0

0

0 0 0

0

and

equation (33) turns into

= - ⋅ ⋅g g¯ ( )P c h . 34

By defining

 p p
pL = - = =g g g¯ ( )G

c
P

Gh

c
l

4 4
4 , 35P4 3

2 2

we get from (32)with d00 denoting the zero-component of theMinkowskimetric

d
p

+ L = ( )R
G

c
T

4
. 3600 00 4 00

If the test systems do not start at rest,  ¹( )R 0 0,wehave to transform into a local rest frame, such that there
is a pressure component originating from the flowofmatter, which goes into the equation via the trace of the
energy-momentum tensor like in (33). In the localMinkowskimetric we have

å= = -mn
=

( ) ( )T tr T T T . 37
i

ii00
1

3

Adding this component on the right hand side of (36) leaves usfinally with

d
p

d+ L = -⎛
⎝

⎞
⎠

( )R
G

c
T T

8 1

2
. 3800 00 4 00 00

Under the assumption of known transformation rules, the full Einstein equations
p

+ L = -mn mn mn mn⎛
⎝

⎞
⎠

( )R g
G

c
T Tg

8 1

2
, 39

4

are equivalent to the fact that equation (38)holds in every local inertial coordinate system around every point
in spacetime [23]. Note that the path from equations (29)–(32) and then via (36)–(38) is a path of successive
generalization. So, to get back from (38) toNewtonian gravity, wewould have toworkwithmasses at low speed,

23
We take the smallest wavelength, compatible with the time-energy inequality.

24
We set aminus-sign, since the pressure is repulsive. This corresponds to the requirement that L, if traditionally considered as vacuum

energy, leads to negative pressure [28].
25

The transaction rate is the number of transactions per four-volume.
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T T ,00 omit L and then chooseweak gravitational fields26, leading approximately to Euclidean space and
equation (29).

We have shown that the entropy increase by a transaction leads to the definition of a natural thermal clock,
whichmeasures the rhythmof becoming. Equation (29) synchronizes it with a light-clock, defined by the
transferred photon, and a generalized formof (29) turns out to be Einstein’s equations. As shown in (33)–(35)
the three-momentumof the exchanged photon leads to the definition of a term L (35), which represents a
cosmological constantwith different physical origin than the vacuum energy. The synchronization of thermal
clocks from the perspective of different observers is a powerful tool and leads to deviations toNewtonian gravity
in the rotation of spiral galaxies, as we shownext.

4. Corrections toNewtonian gravity

The observation that the rotation velocity of the outer rims in spiral galaxies does notmatch the predictions of
Newtonian gravity, given the observedmass of these large objects, has lead to the hypothesis of the existence of
darkmatter. Various proposals as to its true nature have beenmade, but so far darkmatter has remained elusive.
Another approach to explain the data has been tomakemodifications toNewtonian gravity, prominent among
which isMOND-theory27 [18, 19].Wewill show that the acceleration and velocity found inMONDcan be
deduced from gauging thermal clocks of different observers, right in the spirit of equation (27). The detailed
results can be found in [5] andwe refer to this publication, if we do not give all the details here. The starting point
is again equation (27)

p
= ( )

h
k T

c

g

4 1
. 40B g

R
2R

After explicitly plugging in formula (28) for theDavies-Unruh temperature TgR
we get the equivalent form,

already found in equation (16)28

= = ( )T
k A

l
Mc E

4

1

2

1

2
, 41g

B R

P
2

2
R

where, as before in equation (14), p=A R4 .R
2 Equations (40) and (41)will again prove key, this time in a specific

spacetime, namely the Schwarzschild-de Sitter solution to Einstein’s equations.

4.1. Schwarzschild-De Sitter spacetime
To represent space-timewith a cosmological constant and in the presence of somemass M,with corresponding

Schwarzschild radius =R
GM

c

2
,S 2
we can use the Schwarzschild-de Sitter solution to Einstein’s equations. Its

line-element has the form

= - - W

= - -⎜ ⎟
⎛
⎝

⎞
⎠

( )
( )

( ) ( )

ds f r c dt
f r

dr r d

f r
r

R

R

r

1
,

1 , 42S

2 2 2 2 2 2

2

0
2

where =
L

R
3

.0 Note that themetric (42) is static, although it describes the perspective of a non-inertial

observer. In the framework of quantum-events it follows that there is no such thing as a pure vacuum spacetime,
since ametric structure and a cosmological term only arise by transactions and the corresponding radiation,
which involves and actualizesmatter-fields. From amathematical perspective though, it is of course possible to
considermetric (42) as a combination of a vacuum solution to Einstein’s equationswithmetric factor

= -⎜ ⎟
⎛
⎝

⎞
⎠

˜ ( ) ( )f r
r

R
1 , 43

2

0
2

called de Sitter space, adjusted by the potential of a gravitatingmass M, F =( )r
MG

c r
2

2
.

2
R0 is theHubble

horizon in de Sitter space.Note that the addition of amass M reduces the horizon R ,0 =˜( )f R 0,0 to some
smaller radius < =ˆ ( ˆ )R R f R, 0.0 0 0 This fact will play a role later on.

26
In this stepwemake use of the fact in footnote 16.

27
ModifiedNewtonianDynamics.

28
Note that we havemultiplied both sides with a factor 1

2
for convention’s sake.
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In de Sitter space there are the following equalities for the acceleration of the horizon ¥a [24]

= = =
L

¥ ( )a cH
c

R
c

3
, 440

2

0

2

where H0 is theHubble constant.We define = ¥a
a

2
.0 For a (hypothetical) acceleration ( )a r at radius <r R0

there holds [5]

=( ) ( )a r
r

R
a . 45

0
0

Given the fact that in the transactional ontology ametric emerges from interactingmatter, a pure vacuum

spacetime and therefore an acceleration of empty space, ( )a r , aremeaningless. The factor
r

R0

could, however,

moremeaningfully be attributed to the entropy expression =( )S r
k A

l4
B r

P
2

in (41) in order to define the de Sitter

entropy ( )S rdS

=( ) ( ) ( )S r
r

R
S r . 46dS

0

For different reasons29, the same definition arises in [25], where the horizon-entropy is supposed to be
equally distributed over the bulk of de Sitter space andwhere at =t 0, say, a ball around the originwith radius r
and volume ( )V r contains de Sitter entropy

=( ) ( )S R
k A

l4
47B R

P
0 2

0

=( ) ( ) ( )S r
V r

V
. 48dS

0

V0 is chosen
30 in such away that there results again equation (46)

=( ) ( ) ( )S r
r

R
S r . 49dS

0

4.2. Effective entropy in Schwarzschild-de Sitter spacetime
Since, asmentioned above, themass-induced potential F( )r2 in (42) reduces the horizon, <R̂ R ,0 0 it also
reduces the corresponding entropy (47). In this paragraphwe follow the exposition in [25]. For F∣ ( )∣r 1 the
horizon changes through addition ofmass by a negative amount of

D = F ⋅( ) ( )R R R . 500 0 0

Hence the horizon-entropy changes under  + DR R R0 0 0 tofirst order by


p

D = D = -⎜ ⎟
⎛
⎝

⎞
⎠

( ) ( )S R R
d

dR

k A

l

ck MR

4

2
. 51dS

B R

P

B
0 0

0
2

00

In order to calculatefirst order entropy change in regions far away from the horizon, r

R
1,

0

we take in the

presence of amass M the derivative of ( )S r with respect to the geodesic distance = + F -( ( ))ds r dr1 ,1 whereas
in vacuum this distance is simply =ds dr.Thefirst order difference of entropy in the two situations becomes


p

= F = -
=

¹

⎜ ⎟ ⎜ ⎟
⎛
⎝

⎞
⎠

⎛
⎝

⎞
⎠

( ) ( )d

ds

k A

l
r

d

dr

k A

l

ck M

4 4

2
. 52B r

P M

M

B r

P

B
2

0

0

2

The right hand side of (52) is the amount of entropy, which amass M takes away from the entropy of a

spherical region of radius r. In view of (51)wedefine the infinitesimal change
D ( )S r

dr
dS to be differentiationwith

respect to coordinate r only, to get after integration


p

D = -( ) ( )S r
ck M

r
2

. 53dS
B

Multiplying equation (53) both in the nominator and denominator by R0 and remembering (51) leads to the
form

29
The arguments are of string-theoretic type.

30 
=V

G R

c

4

3
.0

0
2
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D = D( ) ( ) ( )S r
r

R
S R . 54dS dS

0
0

Wenowdefine the effective de Sitter entropy after addition of amass M, ¯ ( )S r ,dS by


p

= + D = -⎜ ⎟
⎛
⎝

⎞
⎠

¯ ( ) ( ) ( ) ( )S r S r S r
k r

R

A

l

cMR

4

2
. 55dS dS dS

B r

P0
2

0

Weare now ready to tackle themain goal of this section, namely to calculate the effective acceleration ¯ ( )a r in
Schwarzschild-de Sitter spacetime.

4.3. Effective acceleration: themain formula
The effective acceleration ¯ ( )a r in Schwarzschild-de Sitter spacetime describes the point of view of a non- inertial
observer for whom theflowofmatter is subject to a combined vacuum-gravity acceleration. At the same timewe
can also take the viewpoint of an observer co-movingwith the vacuumexpansion and only experiencing
gravitative pull ( )g r .Both accounts have to be consistent. In the presence ofmatter, equation (45)makes sense
again for ¯ ( )a r and should approximately hold in regions, where gravitational acceleration is sufficiently small

~¯ ( ) ( )a r
r

R
a 56

0
0.

Wecan saymuchmore about ¯ ( )a r by noticing that for both observers there hold equations (40) and (41) or
their analogue, since they both locally define thermal clocks, which they can gauge by a light clock (27). By the
local invariance of the speed of light we need for consistency reason in the range >r r ,0 r0 to be determined later,
[6],

=¯ ( ) ( ) ( )¯( ) ( )T S r T S r . 57a r dS g r

Equation (57) is the key relation and by (55) it turns into

+ D =( ( ) ( )) ( ) ( )¯( ) ( )T S r S r T S r . 58a r dS dS g r

By applying (49), (53) and (56)we get

- D - =
¯ ( ) ( ) ¯ ( )∣ ( )∣ ( ) ( ) ( )a r

a
S r a r S r g r S r 0. 59dS

2

0

For fixed r r0 (59) is quadratic in ¯ ( )a r with one positive solution

=

D
+

D
+⎜ ⎟ ⎜ ⎟

⎛

⎝
⎜

⎛
⎝

⎞
⎠

⎛
⎝

⎞
⎠

⎞

⎠
⎟

¯ ( )

∣ ( )∣
( )

∣ ( )∣
( )

( )

( )a r a

S r

S r

S r

S r

g r

a

4

2
. 60

dS dS

0

2

0

TheNewtonian potential can bewritten F =
D∣ ( )∣ ∣ ( )∣

( )
r

S r

S r

1

2
dS and hence (60) turns into

=

F + F +
F

⎜ ⎟
⎛

⎝

⎞

⎠¯ ( )

∣ ( )∣ ∣ ( )∣ ∣ ( )∣

( )a r a

r r
r c

MGa
2 4

4

2
. 610

2
2 4

0

After factoring outwefinally get themain formula

= F + +⎜ ⎟
⎛

⎝

⎞

⎠
¯ ( ) ∣ ( )∣ ( )a r a r

c

MGa
1 1 . 620

4

0

4.4.Discussion of themain formula
Wealreadymentioned that equation (54) is valid for radii, r r ,0 bigger than some limit radius r .0 This limit
radius follows immediately from equation (55), because for (57) tomake sense theremust hold

>¯ ( ) ( )S r 0. 63dS

Thismeans by (55)


p

> ( )A

l

cMR

4

2
, 64r

P
2

0
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and hence

> = ( )r r
MG

a
. 650

0

Below this limit ¯ ( )S rdS is exhausted, gravity dominates and there holds theNewtonian regime.We still need
to check consistency at =r r .0 Todo this wemake use of the fact that by (55)we have = D( ) ( )S r S RdS0 0 and

hence F =∣ ( )∣r
r

R2
.0

0

0

Since a 1,r

R 0
0

0

31 equation (62) turns by (44) into

» = =¯ ( ) ( )a r
r

R
a

c

MGa

c

R
a

2 4
. 660

0

0
0

4

0

4

0
2 0

On the other handwe get by a direct calculation

=
F

= =( ) ∣ ( )∣ ( )g r
c r

r

c

R
a

2
. 670

2
0

0

2

0
0

Equations (66) and (67) guarantee consistency of the regimes at =r r .0

At the same time, since F∣ ( )∣r a 10 for >r r ,0 we can simplify equation (62) further to get

» F =¯ ( ) ∣ ( )∣ ( )a r r a
c

MGa

MGa

r
. 680

4

0

0

The right hand side of (68) is exactly the expression suggested in the originalMOND-theory at accelerations

above~a0 [19]. Via the link =¯ ( ) ( )
a r

v r

r

2

we get

= ( )v MGa , 692
0

which fits observed velocity-data in spiral galaxies.

5. Conclusion

In ourwork, gravity reveals itself to be the result of entropic effects in connectionwith electromagnetically
induced transactions. Gravitation is therefore a consequence of coming-into-being (at the empirical level), and
hence universal. The photons involved in transactions serve as naturally inbuilt clocks, whichmeasure the
rhythmof becoming, andEinstein’s equations turn out to result from synchronizing these clocks, as they appear
from specific perspectives, by the invariant speed of light. Effects conventionally attributed to ‘darkmatter’ are
also shown to stem from this synchronizing process, while ‘dark energy’ expansion is a consequence of the
exchange of photon-momentum in transactions. Since electromagnetism is the root of these transactions, it is
clear that gravity can atmost spread at the speed of light and that the ‘charge’ of gravity is inertialmass.Hence
there holds the equivalence of inertial and heavymass. Our approach, together with a result in [26], also shows
that the length of a timelike curve is a good representation for the timewhich elapses by succeeding transactions.
Therefore relativistic proper-time indeedmeasures any experienced time-flow, biological,mechanical or other,
since itmeasures the rhythmof coming-into-being of every individual physical system (more precisely, the sets
of actualized events associatedwith such systems) in theUniverse. Our approach lends itself to the relational
view regarding the nature of spacetime [16] and the derivation of gravity also indicates that, while being a
consequence of quantummechanics, it is itself not described by some quantumfield and its interactions.32

While of course elementary particles do havemass, themathematics in 2.4. gives hints that at very small
distances, e.g. below theCompton radius in Bekenstein’s approach, there are no transactions anymore, which
would lead to nomanifestation of gravity in our approach. In this context it should also be noted that due to
conservation laws, transactions can only occur between bound states subject to internal energy levels, which do
not attend elementary particles [1].We state this fact as an observation, which has otherwise no significance to
the results in this paper.

We don’t know at present whether transactions describe correctly what nature actually does, and there are
consequently different approaches to explain gravity. The beauty of our approach lies in the fact that gravity,
including dark energy and darkmatter, can very elegantly be derived as a consequence of the existing formalism
of quantumphysics togetherwith principles of thermodynamics. All that is needed is a different perspective as to
what quantumphysics tells us that nature really does, and a number of open questions surrounding gravity
naturallyfind an answer.

31 ~ -a
m

s
10 .0

10
2

32
This does not imply that spacetime is not discrete, which it probably is, as discussed in section 1.
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