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Abstract

Motivated by the suggestion made by R. H. Dicke in 1957 that the speed of light may be correlated with the gravitational potential
of the entire universe, we develop a model for a Machian cosmology in which matter determines the speed of light through a scalar
field which has a mathematical form similar to, but distinct from, the gravitational potential. We show that this leads naturally
to a cosmology in which the speed of light was higher in the early universe and is decreasing in cosmological time, providing an
explanation for the isotropy of the cosmic microwave background (CMB) without the need for inflation. This cosmology results
in an apparent amplification of the baryonic mass density (dark matter) and predicts a critical acceleration reproducing that of
modified Newtonian dynamics (MOND). We also fit the model to high-redshift supernova data from the Supernova Cosmology
Project, showing that an excellent fit is obtained with only baryonic matter. Finally, we derive a geometric relationship between
cosmological parameters and the fine structure constant of quantum electrodynamics.
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1. Introduction

In 1957 R. H. Dicke published “Gravitation Without a Prin-
ciple of Equivalence” in which he made the observation that
twice the gravitational potential of the observable universe is
approximately equal to the speed of light squared [1]. Dicke
was considering the fact that the deflection of light around a
gravitating body can be modeled as a local change in the re-
fractive index of the form
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He suggested that the number 1 on the right-hand-side of this
equation has its origin in the gravitational potential of all matter
in the observable universe. Upon performing the computation
using the currently estimated mass of the observable universe
and the particle horizon as its radius he did, in fact, find it to
be a numerical coincidence. An obvious question is whether
this is simply a numerical coincidence that happens to hold at
our present cosmological time, or if it represents a deeper con-
nection in physics between gravitation, electromagnetism, and
causality.

In what follows we will develop a Machian cosmology in-
spired by Dicke’s observation in which the speed of light is
connected to all masses in the universe, although not precisely
by the gravitational potential itself. This cosmology will be
founded on three postulates: 1) A slightly modified form of the
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Einstein equation of general relativity differing only in the cos-
mological constant term, 2) a scalar field which resembles the
Newtonian gravitational potential but differs in some respects,
and 3) a Friedmann-Robertson-Walker (FRW) metric for the
universe without dark energy or dark matter but with intrinsic
negative spatial curvature. We will now breifly outline the mo-
tivation for these postulates.

1.1. A Modified Einstein Equation
The Einstein equation is given by
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where G, is the Einstein tensor constructed from the metric
tensor g,,, T, is the stress-energy tensor of matter, and A is
the cosmological constant. The cosmological constant term is
often moved to the right hand side, and since g, can be made
equal to the Minkowski metric 7, locally through a coordinate
transformation, the cosmological constant behaves as a source
of stress-energy with positive energy density and negative pres-
sure.

Writing the metric as the Minkowski metric plus a perturba-
tion g, = 1, + hy,, we suggest slightly modifying the cosmo-
logical constant term to
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This form of the Einstein equation remains generally covariant.
Since h,, may be transformed away to be identically zero lo-
cally (but not everywhere), the cosmological constant no longer
represents an effective stress-energy tensor but rather a screen-
ing factor for the metric.



To make this clear, we will represent the components of A,
as
hoo = 2@
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where ¥ encodes the trace of h;; and s;; is traceless so that we

have {
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We will assume |h,“,| < 1. In the transverse gauge the com-

ponents of the Einstein equation in units where ¢ = 1 can be
written as follows [2]
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The (0,0) equation in (6) reduces to

V¥ — AD = 47Gp. )

In the case of dust where T, = pu,u,, from (8) we have ¥ = ©
so that (9) reduces to a screened Poisson equation

V2D — AD = 47Gp. (10)

Equation (9) is simply the Newtonian equation for the gravi-
tational potential with characteristic screening length VA with
solution given by
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We will come back to this solution when discussing the na-
ture of the proposed scalar field in Section 2.

1.2. An FRW Metric with Negative Spatial Curvature

In order to motivate our postulate that the universe has neg-
ative spatial curvature, we begin with the Friedmann equations
which govern the expansion of the universe in general relativity
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where k = k/Ry’ is the spatial curvature, Ry is the radius of
curvature at the present time, A is the cosmological constant,
and & and & represent first and second time derivatives of the
scale factor [2]. The parameter k in the spatial curvature may
take the values +1, —1, or 0 corresponding to closed, open, and
flat universes.

With the modified form of the Einstein equation proposed
above, we may eliminate the cosmological constant terms from
these equations since this constant no longer represents an ef-
fective stress-energy tensor of the vacuum but rather a screening
factor for the metric tensor. In a universe dominated by bary-
onic matter the pressure terms in the stress-energy tensor are
also zero. Taking the curvature term to be negative we have
k = —1/Ry*. The Friedmann equations therefore simplify to
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The Machian aspect of our framework is that the speed of
light squared is somehow determined by all masses in the uni-
verse. Therefore we might expect to obtain an expression for
the speed of light squared which is proportional to the average
density of baryonic matter. We will show later that the speed of
light also depends on the scale factor a(¢) and takes the follow-
ing general form

¢* = dpa’ (16)

where ¢ is a constant of proportionality to be determined, p
is the average baryonic mass density and a is the scale factor.
Using (16) in (14) yields
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Although we began with a universe having negative spatial
curvature, (17) looks effectively like a flat universe having
a baryonic mass density artificially amplified by a factor of
1 + 36/(87GRy?). The artificial amplification of the baryonic
mass density from the perspective of the expansion rate is sug-
gestive that the origin of dark matter is simply negative spatial
curvature combined with a speed of light having the form in
(16). We should note that this does not explain the apparent ac-
celerated expansion rate of the scale factor, since (15) suggests
that the universe should be decelerating. We will show in the
section on cosmology that the apparent accelerated expansion
rate which was deduced based on observations of distant su-
pernovae is also an illusion having its origin in negative spatial
curvature.

This brief introduction, however, highlights and motivates
why negative curvature is one of the three postulates of the pro-
posed cosmology which we will continue to expand upon in the
sections that follow.

2. The Scalar Field

We now outline the properties of the scalar field which gives
rise to a relationship of the form in (16). In the introduction we
found that the modified Einstein equation leads to a screened
Poisson equation for the Newtonian potential of the form

V20 — AD = 47Gp (18)



with solution given by
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However, this is the solution in flat space. In a universe with
negative spatial curvature the Laplacian in (18) is
1 d do
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sinh? (r/R) dr dr
where R is the radius of negative curvature. The general solu-
tion to (18) for a point mass M in this negatively curved space

is then
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Without a cosmological constant screening term we have 4 = R
and the Newtonian potential decays exponentially over a length
scale corresponding to the radius of negative curvature. The
addition of the cosmological constant enhances the screening
effect resulting in a faster exponential decay. Note that for r <<
R, Rsinh (r/R) ~ r, and e ~ 1 so that we recover the correct
Newtonian potential ®(r) = —GM/r in the limit of small r.

R. H. Dicke suggested that the scalar field we are search-
ing for which relates mass to the speed of light squared is sim-
ply twice the gravitational potential itself. However, this ap-
proach is problematic when viewed from the perspective of
Newtonian gravitational forces. To understand why, consider
the Schwarzschild metric around a spherically symmetric mass
M

ds® = - (602 -

with
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The Newtonian gravitational acceleration is given by 1/2Vggg
which is simply the expected Newtonian result —GM/r*. Dicke

suggested
2GM;
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where the subscript U signifies the contribution from all masses
in the universe other than the mass M of the body of interest.
Note that ggo now becomes
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The gop component of the metric now has no dependence on the
mass of the gravitating body or the distance from it. It is simply
a constant dependent upon the properties of the rest of the uni-
verse. In other words, in the universe Dicke proposed, there are
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no Newtonian gravitational forces. What this implies is that if
the speed of light squared does in fact depend on mass accord-
ing to some scalar function of M, that function must effectively
be a constant when close to that mass instead of having a 1/r
dependence. Only then do we have a restoration of Newtonian
gravitational forces.

To gain some insight into the form of the scalar function
which has this property of being approximately constant for
small r, we return to the solution for the gravitational poten-
tial in (21)
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Our choice for the scalar function ® should look similar but
without the 1/r dependence. A reasonable guess might be

2GM
e

with

O(r) = (28)
where R again is the radius of negative curvature, and r the
distance from the body of mass M. Note that for » << R this
reduces approximately to ®(r) = 2GM/R, which is a constant.
Whereas Dicke proposed a relationship of the form
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We are now proposing
2GM; _,
C2 = Z Te_r’/’l. (30)

It is important to point out that in order for all inertial observers
to agree on the same speed of light, by convention the M; in
(30) must be the rest mass and not the relativistic mass. In addi-
tion, it should be noted that Equation (30) is a non-propagating
constraint, meaning the scalar field is instantaneous, much like
the gravitational potential in Newtonian gravity. If the speed of
causality has an origin (in this case the scalar field), it is only
logical that the origin of causality cannot itself be causal.

We may express (30) in integral form by assuming an aver-
age density of baryonic matter p and integrating to infinity over
mass shells of area 47R%sinh? (r/R) and thickness dr
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where we have defined the dimensionless parameter y = R/A.
This equation allows us to interpret the speed of light in terms



of cosmological parameters as one unit of cosmological length
A divided by one unit of cosmological time 1/ /Gp multiplied

by a geometric prefactor V167my/(y* — 4).

We now have one equation with two unknowns vy and 1. We
can obtain a second equation relating these unknowns to the
Hubble parameter H = a/a using the first Friedmann equation

(é)z _ 8nGp c? (32)
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We will assume that the screening length A is increasing along
with the scale factor a(¢) so that we may express A% in (31) as
22 = 29%a* where A, is the screening distance of the scalar
field at the present cosmological time. If 1 = 1/ VA + 1/R? is
proportional to the scale factor a(?), this implies that the cosmo-
logical constant which has units of 1/m? is also evolving with
the scale factor as A o« 1 /az.

Substituting the expression for ? given in (31) into (32) and
replacing a/a with the Hubble parameter H we obtain
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Since G and c are known and H and p are approximately known
based on cosmological observations we now have two equations
with two unknowns y and A4 which may be solved for uniquely.
We may use (33) to solve numerically for y and then use this
value for vy in (31) to solve for A.

Using a value for the Hubble parameter of H = 70km/s/M pc
and an average density of baryonic matter of p = 4.08 X
10"2kg/m® we obtain y = 2.0339 and 1 = 6.648 x 10%m.
It is important to emphasize that we are only including bary-
onic matter in our model and not dark matter or energy. Since
v = R/A we may solve for R to obtain R = 1.352x 10%m. Thus,
the radius of negative spatial curvature of the universe lies just
beyond the radius of the Hubble sphere which is Ry = ¢/H =
1.321 x 10?m. Using A = 1/ y/A + 1/R? we may solve for the
present value of the cosmological constant which in our model
is not a constant but changes along with the scale factor like
a () toobtain A = 1/22 — 1/R*> = 1.716 x 1072 m 2.

There is an interesting relationship contained within these
numbers. If we take the ratio of the radius of negative cur-
vature R to the radius of the Hubble sphere Ry we obtain
R/Ry = 1.0229. If we then subtract 1 and divide by 7 we obtain
0.00729 = 1/137 which is precisely the fine structure constant.
We therefore have the empirical relationship
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with « the fine structure constant. For some, this may appear
to be numerology instead of physics. However, we should not

completely exclude the possibility that the fine structure con-
stant has cosmological origins. Dicke’s observation has also
been criticized as numerology, but as we have shown, his ob-
servation could potentially have deeper physical meaning. The
relationship in (34) may ultimately give further insight into the
connection between gravitation, the geometry of the universe,
and quantum electrodynamics.

Finally, we point out that in equation (33), the baryonic mass
density is amplified by a factor of 1 + 6/(y(y* — 4)). Using
v = 2.0339 as calculated above, we find that only about 4.4%
of the universe appears to be baryonic matter. Therefore, in our
model, dark matter is not a special type of matter but rather has
its origin in negative spatial curvature.

3. The Critical Acceleration in Modified Newtonian Dy-
namics

Modified Newtonian dynamics (MOND) is a modified the-
ory of Newtonian gravity which was proposed to explain the
flat velocity versus radial distance curves for stars orbiting most
galaxies including the Milky Way Galaxy [3, 4, 5]. Stars in the
outer regions of these galaxies are orbiting at tangential veloc-
ities which are faster than expected, suggesting the existence
of a lower limit for acceleration ag [6, 7, 8, 9]. In MOND this
acceleration is a fitting parameter which is still fundamentally
unexplained, but seems to accurately fit the experimental data.
Its empirically determined value is ap = 1.2 + 0.3m/s*. In the
following section we will show that the numerical value for this
critical acceleration can be obtained from our proposed scalar
field.

The FRW metric with negative spatial curvature is given by

ds® = —*di* + a(t)* |dr* + R sinh®(r/R)AQ?| . (35)

As we showed above with the Schwarzschild metric
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the Newtonian gravitational acceleration is obtained from the
metric as 1/2Vgq. Applying this to the Schwarzschild met-
ric we obtain —GM/r* which is the expected Newtonian result.
However, so far we have overlooked the fact that ¢? is deter-
mined by the scalar field and should be included when taking
the gradient of ggg.
For the FRW metric in (35) we have
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The factor of cos @ takes into account that the acceleration is
a vector. We will be interested in determining the acceleration
along the z-axis corresponding in spherical coordinates to § =



0. The projection of the acceleration vector onto the z-axis for
non-zero 6 is simply cos 6. We may now convert the sum into
an integral over hemispherical shells
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where we have used y = R/A. Using y = 2.0339 and A =
6.648 x 10®°m which we obtained above, we obtain a critical
acceleration of ag = 1.69%x 107'%m/s%. This is remarkably close
to the empirically observed value of ag = 1.2+0.3x 107 %m/s>.
The critical acceleration therefore appears to have its origin in
the cumulative repulsive gravitational effects from the scalar
fields of all matter in the universe.

Note that since A o« a(f) and Gp o a(f)~>, the critical acceler-
ation scales with the scale factor like ag o« a(f)">. This means
that at a redshift of 9 the critical acceleration would have been
100 times larger, roughly 1.2 x 107® m/s>. It has been argued
that MOND - especially a version of MOND in which the criti-
cal acceleration is scale-dependent - may be capable of explain-
ing recent observations made by the James Webb Space Tele-
scope (JWST) showing much faster structure formation than
previously thought possible [10, 11, 12, 13, 14, 15, 16]. The
scale-dependence of the critical acceleration in our theoretical
framework would seem to support this hypothesis.

4. Dark Energy and Cosmology

So far we have shown that our proposed model is capable of
explaining the origin of dark matter, but we have not yet ad-
dressed the fact that it predicts a decelerating universe which is
at odds with dark energy. We will now develop a more com-
plete cosmological model so that we can fit the model to high-
redshift supernova data from the Supernova Cosmology Project
[17, 18], demonstrating that we can obtain an excellent fit with
only baryonic matter.

To summarize our results thus far, our proposed universe has
an FRW metric with negative spatial curvature given by

ds® = —c*df* + a(t)* |dr* + R® sinh®(r/R)dQ? | . (39)

The first and second Friedmann equations take the form
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As we mentioned previously, although our model has contri-
butions from both matter and curvature, from a mathematical
standpoint it appears effectively to consist of only matter but
with an amplified average mass density. In a matter-only uni-
verse, the scale factor evolves in time according to
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where t; is the age of the universe which is related to Hy by

to = 2/(3Hy). The proper distance to an astronomical object is

given by

d,(to) = f %dt. (43)

where ¢, is the time light from the source was emitted [19]. In

our model the speed of light varies in cosmological time. From
(31) we have
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Since A o a(f) and p « a(t)*3, we have ¢? « a(t)*1 and ¢ «

a(t)_l/ 2. Therefore we may express ¢ as ¢ = coa(t)_l/ 2 where co

is the present value for the speed of light. Equation (43) then

becomes
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where we have used (42) for the time-dependence of the scale
factor.
The redshift is related to the scale factor by 1 + z = 1/a(t)

1 o \?/3
¢ a(t) t (46)
which we can solve for #,/t to obtain
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Our expression in (45) for the proper distance then becomes
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where we have used the fact that in a matter-only universe #y, =
2/(3Hy).

Although we have so far neglected curvature in regard to all
equations related to the expansion of the universe, with regard



Distance Modulus

33

Redshift 1 10

0.01 0.1

Figure 1: Plot of distance modulus vs. redshift using data from the Supernova
Cosmology Project. The solid red line shows the model prediction.

to luminosity distance we must take into account the negative
curvature of the universe. In this case luminosity distance is
related to the proper distance by [19]

dr, = Ry (1 + z) sinh (r/Ry)

49
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Using the expression in (48) for the proper distance in (49) and
taking Ry =~ co/Hp equal to the radius of the Hubble sphere
which we showed is approximately true in Section 2, we then
obtain ‘
dp =~ (1+z)sinh(In(1 +2))
Hy

co (50)
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The luminosity distance is in turn related to the distance mod-

ulus defined as the difference between the apparent magnitude
and absolute magnitude of a light source by

[(1+z)2—1].
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Figure 1 shows a plot of distance modulus as a function of
redshift based on publicly available data from the Supernova
Cosmology Project Union 2.1 Compilation [17, 18]. The red
line shows our model fit based on a luminosity distance given
by (50). Note that the model provides an excellent fit to the
data even at high redshift where the ACDM model fails without
dark matter and dark energy. We are only considering ordinary
baryonic matter in our model.

This supernova data was previously interpreted as imply-
ing that the rate of expansion of the universe is accelerating
[20, 21]. This conclusion was drawn based on the use of the
ACDM model. In our model the scale factor increases as if the
universe is geometrically flat and contains only baryonic matter

but with an amplification factor for the baryonic mass density.
In a flat universe with only baryonic matter the deceleration pa-
rameter is ¢ = +0.5, meaning the expansion of the universe is
decelerating, not accelerating. The universe only appears to be
accelerating due to the fact that the speed of light is decreasing
in cosmological time according to ¢ = coa(f)""/? and the neg-
ative geometric curvature affects the calculation of luminosity
distance.

There is another important point that must be made about our
model before concluding this section. The fact that the speed of
light varies in cosmological time naturally implies other physi-
cal constants must also vary in time. The idea of time-varying
constants in cosmology is not new, as it was first proposed by
Paul Dirac in 1937 and has since been expounded upon by many
others [22, 23, 24, 25, 26]. For example, the speed of light is re-
lated to the permittivity and permeability of free space, meaning
that if the speed of light is varying in time either one or both of
those constants must also vary in time. We must check that the
variability of other constants which are connected to the speed
of light is consistent with experiment.

The fine structure constant is given by
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Experiments utilizing electronic transitions in atomic clocks as
well as cosmological observations have constrained the time
variation of & to @/ ~ 10™yr~!, which strongly suggests that
it is in fact a constant [27, 28, 29, 30]. We have already shown
that in our model we have ¢ o a(f)"/?. Since ¢ = 1/ Vg, we
could take 1o o a(r)'’? and &y o a(r)!/* which would give the
correct dependence of the speed of light on a(). Note from the
expression for @ in (52) if ¢ « a(t)‘l/2 and gy « a(t)l/2 then o
does not depend on a(¢) as long as /& and e are true constants.

In our cosmological model we also assumed that the wave-
length of atomic transitions does not depend on a(?). In other
words, we assumed that a hydrogen atom emitted light at the
same wavelengths in the past as it does now. The redshift we
observe is due solely to the expansion of the universe so that
1 +z = 1/a(t), and not due to any intrinsic variation in the
properties of the hydrogen atom that would cause it to emit at
different wavelengths in the past. The wavelength at which hy-
drogen emits is given by the expression
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If @ and A are true constants, and ¢ « a(t)*l/ 2, then in or-
der for hydrogen to emit at the same wavelength independent
of the scale factor we must also have m, o a(r)"/?. It would
seem reasonable to propose that all particle masses are vary-
ing with the scale factor, not only particles interacting with the
Higgs field, such that the proton-electron mass ratio y remains
constant which is strongly supported by observational evidence
[31, 32, 33]. This implies that the energy scale for quantum
chromodynamics scales like Agcp o a()™'"? so that the proton
mass m,, then scales like m,, o AQCD/02 o a(t)"/z/a(t)‘1 =



Table 1: Dependence of various natural constants on scale factor

Parameter Symbol Units Variation
Gravitational Constant G m/ (kg - s%) a(n)™?
Particle Mass m kg a(n'’?
Speed of Light c m/s a(n)™?
Permittivity of Free Space € Fim a(t)l/ 2
Permeability of Free Space Ho H/m a(n'’?
Energy E kg - m? / 52 a(®)™V 2
QCD Energy Scale Aocp kg - m* / §? a(t)"]/ 2
Radius of Curvature R m a(t)
Radius of Hubble Sphere Ry m a(t)
Hubble Parameter H 1/s a(n)™3?
Cosmological Constant A m™? a(t)’2
MOND Ceritical Acceleration ay m/s? a(n™>
Electric Charge e C constant
Fine Structure Constant a constant
Planck Constant h kg -m*/s constant
Proton-Electron Mass Ratio u constant

a(t)l/ 2. Note that the Bohr radius (the effective size of an atom)

which is given by
h

meca

ap = (54)
remains constant in this framework.

Lunar laser ranging experiments have also constrained time
variation in the gravitational constant to G/G ~ 10_]3yr_l [34].
However, this constraint is based on the assumption that mass
is not varying which is not correct in our model. These laser
ranging experiments are not actually measuring variations in G
directly but variations in GM. Since masses are varying like
M o a(f)'?, we must have G « a(r)~"/? in order for the product
GM to be conserved. The dependence of various physical con-
stants and their dependence on scale factor a(¢) is summarized
in Table 1.

Finally, we note that in a cosmology with ¢ o a()~'/? the
speed of light would have been significantly higher in the early
universe. If the universe truly began as a singularity then it
would have been infinite. Variable speed of light theories have
been investigated in the past as an alternative to inflation to ex-
plain the isotropy of the CMB [35, 36, 37, 38, 39, 40]. This
could be considered another potential advantage of the cosmo-
logical framework we have presented.

5. Conclusion

Motivated by the observation made by R. H. Dicke in 1957
that the speed of light has its origin in the gravitational poten-
tial of the entire universe, we developed a cosmological model
based on a scalar field which couples matter to the speed of
light. We showed how this scalar field, when combined with
negative spatial curvature and a slightly modified form of the
Einstein equation, leads naturally to an explanation of dark mat-
ter. The model is consistent with cosmological observations

such as the flat rotation curves of galaxies and provides a means
to numerically predict the critical acceleration in MOND from
first-principles. We also fit the model to luminosity and red-
shift data from the Supernova Cosmology Project, showing that
an excellent fit is obtained without dark matter and dark energy.
Finally, recent observations from JWST of galaxies at very high
redshift show much faster structure formation than previously
thought possible. This may be explained by a drastically larger
MOND critical acceleration in the early universe predicted by
the proposed model.

Since the speed of light scales inversely with the square root
of the scale factor, we derived a cosmology in which many nat-
ural "constants" are also varying in cosmological time with the
scale factor. While this model appears promising as a path to
explaining dark matter and energy, further work is certainly
needed to understand if this model is empirically consistent
with observations of the CMB, baryon acoustic oscillations
(BAOs), and big bang nucleosynthesis (BBN). These observa-
tions are often used as evidence to rule out models which in-
clude time-varying natural constants. However, in our model
many different constants instead of just one are varying with the
scale factor, and this must be taken into account when being put
into the context of observations of the CMB, BAOs, and BBN.
Clearly such studies will need to be done before this model can
be seriously considered as a possible alternative to ACDM.
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