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Abstract

Recent research indicates that the universe is expanding at an accel-
erated rate, and that dark energy and dark matter are underlying such
a behaviour. In this paper the proposal is made that dark energy and
matter are due to the zero point energy of a photon gas and its related
Casimir force. For cosmical dimensions an equilibrium is shown to exist
within such a gas, in the form of a balance between its pressure and
gravitational forces. With commonly accepted values of the parameters
involved, there is further an indication that the universe should be some-
what off such an equilibrium, and be governed by a pressure-dominated
accelerated state. The obtained numerical results depend critically on
the effective spectral contribution to the zero point pressure. Expansion
at a constant rate is only possible at special conditions. This analysis
can also be modified to apply to the hot photon gas prevailing during the
earliest stages of the expansion, thereby leading to a strongly reduced
characteristic radius within the parameter range of an equilibrium.
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mological constant, Casimir force, Planck length

1 Introduction

Astronomical observations with associated interpretations and theoretical anal-
ysis indicate that the universe is expanding at an accelerated rate. The detailed
mechanism governing such a behaviour is not clarified at this stage, but pro-
posals have been made that it is associated with the so far not fully identified,
dark energy and the related cosmological constant by Einstein.

In this paper a simplified theoretical analysis is undertaken on the steady
pressure equilibrium of a photon gas, being under the influence of its own grav-
itational field. Thereby a particular self-consistent solution has been obtained
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in spherically symmetric geometry of a flat space. The possible application of
this model as a first approximation to an expanding and accelerated universe
is outlined in later parts of the paper.

2 Observations and Theoretical Background

of the Expanding Universe

Based on observations of very distant supernovae, the expansion of the uni-
verse is actually found to accelerate, and not slowing down under the influence
of gravity as might be expected. Summaries of this knowledge have been pre-
sented in reviews by Hogan et al. [2], Linder and Perlmutter [5], and Turner [8].
Thus, in order to account for the acceleration, about 75% of the mass-energy
content of the universe has to be made of some weird gravitationally repulsive
substance [5]. The remaining 25% has attractive gravitational interactions,
but 5/6 of this is not even normal matter but rather some additional unknown
substance called dark matter [5]. Current data suggest that dark energy could
be some kind of Einstein’s long-abandoned cosmological constant.

In 1948 a theoretical analysis was reported by Casimir [1] who showed that
two metal plates at narrow distance will attract each other slightly, due to the
electromagnetic quantum fluctuations of the zero point energy. The theory
was experimentally confirmed within 5 percent accuracy by Lamoreaux [3]
who used a torsion pendulum. Lamoreaux found that this generated a force of
10−9 newton on a pair of Casimir plates having a diameter of 2.54 centimeters.
This force represents a lower limit of the total zero point energy pressure,
because only the small high-frequency modes of the spectrum are allowed to
squeeze in between the plates. In any case, the concept of dark energy could
on one hand be related to the cosmological constant, and on the other to the
quantum fluctuations of the zero point energy revealed by the Casimir effect.
A review of the latter has been presented by Yam [9].

The observations show that the universe is just about flat on a scale of 1026

meters which is the radius of its observable parts according to Linde [4]. Such
a finite radius also forms a basic concept of the Big Bang model. Conventional
wisdom says the universe is infinite, but it could be finite, merely giving the
illusion of infinity as pointed out by Luminet et al. [6]. On the other hand a
closed finite universe of curved space embedded in four dimensions, analogous
to the surface of a three-dimensional sphere, is certainly attractive from the
conceptual point of view, but does not become reconcilable with an observed
nearly flat geometry. The idea of a finite universe runs further into its own
obstacle of the apparent need for an edge. These are still unsolved questions,
not to be further discussed here. In this paper we thus limit ourselves to a study
of the spherically symmetric configuration of a photon gas in flat geometry.
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3 Equilibrium of a Photon Gas having Zero

Point Energy

We now consider a gas cloud consisting of n(r) photons per unit volume, having
spherical geometry in respect to a radial coordinate r. Similar to the Big Bang
model, the gas cloud is assumed to extend out to a limited radius R. There is
a zero point energy 1

2
hν0 per photon where ν0 stands for an average frequency

of the corresponding spectral distribution in a simplified model. This energy
is given by the quantum mechanical ground state of the harmonic oscillator,
as described by Schiff [7].

The equivalent total mass of the photon now becomes

m0 = hν0/2c2 = h/2cλ0 (1)

with λ0 = c/ν0 as a related average wavelength. The corresponding energy
density u0 and isotropic pressure p0 are given by

u0 = 3p0 =
1

2
nhν0 = nhc/2λ0 (2)

and the total mass contained within the local radius r becomes

M(r) =
∫ r

0
4πr2m0n dr . (3)

A steady equilibrium should in this case be governed by a balance between
the radially outward directed local pressure force density fp and the radially
inward directed gravitational force density fg due to the self-gravitation of the
photon cloud. Thus

fp + fg = 0 (4)

where

fp = −dp0

dr
= −1

6
hν0

dn

dr
(5)

and

fg = −GMnm0/r
2 (6)

with G ∼= 6.673 × 10−11 m3/kg · s2 as the Newtonian constant of gravitation.
The local force balance of equation (4) yields

−1

6
hν0

dn

dr
= Gnm0M/r2 (7)

This equation is normalized by introducing the quantities ρ = r/rc where rc

stands for a characteristic radius, and n = ncN(ρ) where nc is a characteristic
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photon density. Multiplying equation (7) by r2/n and taking the derivative
with respect to r, the result becomes

d2N

dρ2
+

2

ρ

dN

dρ
− 1

N

(
dN

dρ

)2

+ 2 C0N
2 = 0 (8)

and includes the dimensionless characteristic parameter

C0 =
3πGhr2

cnc

c3λ0
= 3πncr

2
cL

2
p /λ0 = 6πGp0cr

2
c/c

4 . (9)

Here Lp = (Gh/c3)1/2 is the Planck length and p0c = nchc/6λ0 is a character-
istic photon pressure.

A particular solution of equation (8) can be found by means of the ansatz
N = ρ−α which leads to

2C0 = αρα−2 (10)

and becomes satisfied when α = 2,

n(r) = nc (rc/r)
2 (11)

and C0 = 1. Relation (11) applies inside the boundary r = R, outside of which
n = 0. When C0 = 1 for an equilibrium to be established, the extremely small
Planck wavelength has to be outbalanced by a very large cosmical radius rc.
In equilibrium the characteristic radius becomes

rc =
(
c4/6πGp0c

)1/2
(12)

for a given characteristic photon pressure p0c. The integrated mass at the
radial distance r becomes

M(r) = 4πm0ncr
2
cr (13)

and increases linearly with r from M(0) = 0. The density n has on the other
hand a singularity at r = 0, which can here be interpreted somewhat as a
remnant from the earlier stages of the Big Bang.

The parameter C0 of equation (9) represents the ratio between the gravita-
tion and the pressure forces. It should then be observed that fg is proportional
to Gn2

cν
2
0 and fp to ncν0. Therefore the ratio fg/fp varies as Gncν0. Conse-

quently C0 = 1 represents an equilibrium, whereas C0 < 1 would correspond
to a pressure-dominated accelerated expansion, and C0 > 1 to a gravitation-
dominated accelerated compression. A constant expansion or compression are
unlikely to take place in terms of this theory, because it would require p0cr

2
c

in equation (9) to be kept constant, and C0 = 1 to be preserved, during a
dynamic state of a varying radius rc. We observe that this analysis only con-
cerns an equilibrium and the deviations from it, without treating the details
of the equation of state of the photon gas as discussed elsewhere [5, 8]. It has
some resemblance to the energy principle in fluid dynamics, where stability is
studied in terms of virtual changes of energy.
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4 Application to Observations and Discussed

Concepts of the Universe

So far made observations and theoretical investigations indicate that dark en-
ergy and matter appear to dominate the general dynamics of the universe. The
present analysis can therefore be applied as a first approximation, without tak-
ing normal matter into account. As observed from the Earth, the surrounding
parts of the universe appear on the average to be rather uniformly distributed
over the entire solid angle of the sky. This is here taken as an indication that
the Earth is positioned deep inside the cloud of the universe, i.e. far away from
its ”boundary” at r = R. At this position the Casimir pressure value recorded
by Lamoreaux is taken as a lower limit of the total pressure p0c. Here we adopt
the working hypothesis that this total pressure does not exceed the recorded
value by many orders of magnitude. The value p0c

∼= 2 × 10−6 newtons/m2

is therefore used as a first approximation when determining the equilibrium
radius rc of equation (12).

Turning first to the conditions of an equilibrium, the radius (12) corre-
sponding to C0 = 1 becomes rc

∼= 2 × 1024 meters. At the boundary defined
by the radius R = 1026 meters of the observable universe, we would then end
up with a density ratio n(R)/n(rc) = 3 × 10−4 due to the radially decreasing
distribution (11). A low value of this ratio is reconcilable with a limited size
of the universe in a simple theoretical model.

Next we notice that a density ratio of 3 × 10−4 is somewhat artificial, and
that a radially limited nearly flat universe would even correspond to smaller
ratios n(R)/n(rc) and rc/R. This undoubtedly makes C0 decrease below unity,
thereby indicating that there must prevail a pressure-dominated accelerated
expansion.

The obtained numerical values in this application depend critically on the
data of the Casimir force. The vacuum energy density according to quantum
mechanics should be an embarrassing 10120 times larger than the value required
to explain the cosmic acceleration [5]. Also truncating at an energy scale
beyond which one can appeal to physics ignorance illustrates the difficulty
with this concept [8]. But one important point appears in any case to be clear,
namely that an excessively large value of the average photon energy and of p0c

would make C0 very large at cosmically relevant values of rc in equation (9).
In its turn, this would lead to a strongly gravitation-dominated accelerated
compression, not being reconcilable with observations.

There may also be other reasons for the embarrassingly high vacuum en-
ergy density to become reduced. Thus a high pressure p0c can run into a range
for which the average photon distance n−1/3 is small enough for the adjacent
individual photon fields to overlap. In its turn, this may result in an interac-
tion and mutual cancellation which reduces the energy spectrum, but further
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investigations on this point are necessary.

5 On the Earliest Stages of the Expansion

The present analysis on an equilibrium can easily be modified to apply also to a
hot photon gas, by dropping the factor 1/2 in equation (1). The corresponding
solution could then apply to the earliest stages of the expanding universe which
are imagined to be radiation dominated. In such a case the photon pressure p0c

becomes very high, and the equilibrium condition C0 = 1 can only be satisfied
by a strongly reduced radius rc, in accordance with the commonly accepted
model of the expansion.

6 Conclusions

The results of this investigation can be summarized as follows:

• The zero point energy concept and the related Casimir force seem to be
associated with dark energy and matter, as well as with the cosmological
constant. The zero point energy density then stands for dark energy, and
its equivalent mass density for dark matter.

• Equilibrium at cosmical dimensions can thereby be established in princi-
ple between the pressure force of a zero point energy photon gas and its
self-gravitational force. The extremely small Planck length is then out-
balanced by a very large cosmical radius. At presently given parameter
values, however, the universe seems to be somewhat off such an equi-
librium, i.e. in a pressure-dominated accelerated state. Expansion at a
constant rate is further likely to take place under special conditions only.

• The analysis can also be applied to the hot photon gas at the earliest
stages of the universe, thereby leading to a strongly reduced character-
istic radius at equilibrium.

• The result of the present application to the universe depends critically
on the measured values of the Casimir force, and on the related adopted
value of p0c. It would become radically changed if there exists an exces-
sively large but physically questionable vacuum energy density as indi-
cated by some quantum mechanical arguments. A very large value of p0c

would, however, lead to a gravitation-dominated accelerated compres-
sion. There may also exist mechanisms which reduce the embarrassingly
high value of p0c, such as those being due to field overlapping of adjacent
photons, but this requires further investigation.
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• Also when both the frequency ν0 and the density n are radially variable,
equation (8) applies as well to a photon pressure p(r) = p0cP (ρ), with
the same parameter C0 as in the last member of equation (9).
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