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Abstract

The idea of a homogeneous, isotropic and spatially flat universe brings with it
some unresolved issues, such as the nature of dark matter and the “coinci-
dence problem”, i.e. the same order of magnitude between matter and vacuum
density at the present time. In order to better understand these problems, it
has been recently presented a physical interpretation based on quantum cor-
rections within the second order Friedmann equation, which assumes a
quantum condensate composed of gravitons filling the universe. In this article
we show that the above supposition is consistent with the picture of a holo-
graphic universe created from vacuum fluctuations. From five postulates
based on principles of modern quantum cosmology, we propose a very simple
conjecture that, while shedding light on the properties of dark matter and
dark energy, is able to predict values for the cosmological parameters which
are in great agreement with the most accurate data gathered in recent astro-
nomical observations.
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1. Introduction

Recently, it has been shown that the second order Friedmann equation (SOFE)
can be derived from the quantum corrected Raychaudhuri equation [1]. The lat-
ter, in turn, arises from the replacement of classical geodesics with Bohmian tra-
jectories. The resulting quantum correction terms in the SOFE provide an inter-
esting framework of physical interpretation for some existing problems in the

notion of a relativistic, homogeneous, isotropic and spatially flat universe,
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namely: the nature of dark matter, “the coincidence problem”, “the smallness
problem” and the beginning of the universe. While developing their reasoning,
the authors assume a quantum condensate of gravitons filling our universe, de-
scribed by a Gaussian wave function, ¢~ exp(—r2 / Rg) . The characteristic
length scale is of the order of the Compton wavelength, R, =h/mc . If one iden-
tifies this length with the current size of the observable universe, one obtains
m~10" kg, that is the alleged mass of gravitons, in line with various theoreti-
cal and experimental bounds estimated for the same [2] [3] [4].

In the present article, we show that the previous assumption of a universe as a
condensate of gravitons is consistent with a holographic Tryon’s world, and it
means a universe created from quantum fluctuations of the vacuum [5] which
conserves both energy and information, while also conforming the holographic

principle proposed by Hooft and Susskind [6].

2. Vacuum Fluctuations (First Postulate)

A vacuum fluctuation allows the creation of particle-antiparticle pairs of virtual
particles. It can be understood as a consequence of the uncertainty principle, ex-
pressed in the form below and widely used in particle physics. According to it,

energy conservation can be “virtually” violated over a lifetime Af:
h
AEAt > 5 (1)

AE is the net energy of the virtual particles. If one uses the mass-energy
equivalence for a relativistic particle, AE =FE = mc”, and writes its lifetime as
At = R/c, then one can define the rest mass in the minimum of (1), Ze. for a
squeezed coherent state:

h h

m=——=—— 2)
2¢%At 2¢R

At this point, some issues should be mentioned. First of all, the approach
posed at the beginning by means of the universal Compton wavelength agrees
with the above definition, except for the factor 2 in the denominator. This can be
explained by considering that actually a pair of particles is created, rather than
one (remember that the graviton is its own antiparticle). For simplicity, we will
consider only one of the gravitons created. Before proceeding we can therefore
choose between two physical interpretations that lead to the same formulation:
the first is that (2) acquires a physical significance from the beginning, identify-
ing it with the quantum vacuum zero-point energy, E, =mc’ =ha/2, with
@ =1/At =¢/R . Note that this vacuum energy corresponds to the ground state
of a quantum harmonic oscillator, whose wave function is in fact Gaussian; the
other option is to take (2) as a purely mathematical definition and then give it a
physical meaning in the light of results.

Secondly, (2) is in principle valid for any time during the evolution of the un-
iverse, ie. for any R. For example, let’s suppose that immediately after the Big

Bang, a particle was created and it has been stable enough to have a lifetime as long
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as the age of the universe. Using for the latter Ar=R,/c =13.798 billion years
(agreed data by contemporary scientific community [7]), one obtains
m=135x10"" kg . This value particularly matches very well the graviton mass
estimated in reference [2], besides being consistent with other approaches cited
above. By last, regarding the question about how a quantum fluctuation could
occur in this universal scale, the arguments given by Tryon in his article are
worthy of consideration [5]. On the theoretical consistency of this postulate, it
should be highlighted a recent rigorous test based on the analytical solutions of
the Wheeler-DeWitt equation that supports the idea of a universe spontaneously

created from nothing [8].

3. Totality Principle (Second Postulate)

Let’s now imagine that our virtual graviton is interacting with all the rest of the

universe, whose net mass at the present time is denoted by M . This mass is

contained within the Hubble radius R, :HL’ where H is the Hubble con-
0

2
0

I

stant. It can be estimated using the critical density value p, = G Hence,

with a little algebra, we find that the gravitational potential energy of this inte-
raction is given by:

_GmM B mc*

E =

£ R, 2 G)

We call this postulate the “totality principle”, recalling that the whole is more
than the sum of the parts and each part interacts with the whole. Given the cos-
mic formation of large-scale gravitationally bound structures such as galaxy
groups and clusters, mainly due to the long range of gravitation in the universe,

it is not unreasonable to rely on this principle.

4. Holographic Principle (Third Postulate)

Following the reasoning given by Tryon, the net energy of a universe understood
as a vacuum fluctuation should be zero. Thus, although “virtually” no energy is
conserved during Af, even so there should be an additional term to override

2
mc

E,+E, = .This is where we rely on the holographic principle, written by

the following inequality:

s< (4)
AL

/ hG
where k is the Boltzmann constant, /, =,|—- is the Planck length and 4
c
is the surface bounding a given volume of space. The principle determines that
the information contained in a given volume of space can be known by the in-

formation encoded on its surface. This applied to the entire universe can be stu-
died in depth on the works of Susskind [6] and Bekenstein [9].
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5. Conservation (Fourth Postulate)

In order to meet the energy conservation principle of the universe, we find the
following equality responding to a simple mental model that will be explained

below:

E,+E,~T,S,=0 (5)

S, = mk and it is what we might call a “holographic bit”. It corresponds to the
upper bound in (4) using A =4nl;, the Planck area. It is known that this area
plays an important role in black hole entropy. The surface of a spherical black
hole increases in this amount when it swallows one bit of information [10].
_ hc’
~ 8nGMk
black hole whose mass is equal to M , in our case the mass of the universe.

Meanwhile, T}, , that is the temperature of Hawking radiation for a

6. Yukawa-Type Gravitational Potential (Fifth Postulate)

Finally, just as it is done by Ali and Das, we will now assume for gravity a Yuka-

GmM —&  GmM
wa-type of force law, F =- mz e Moo= mz e " [1].In our context, this
r r

supposition makes physical sense since we are working with a non-vanishing
mass for the boson associated with the gravitational interaction. But only for
scopes commensurable with the radius of the universe, for which gravity has not

been tested, this correction makes sense numerically speaking. Otherwise, the
2mce

exponential term is negligible, ie. e RS Through this Yukawa interaction
for gravity, we propose the following reformulation of (5):

E,+E, —aT,S,=0 (6)

r r
GmM R mc* R .
e " =——¢e ,and a is a cor-

Instead (3), we now have E, =—

rection factor for the information entropy (4). It should be noted that this law
can be obtained not only through a quantum potential, but also through ex-
tended theories of gravity. In this sense, it is also important to stress that some
unresolved cosmological issues, such as dark energy and dark matter, can in
principle be approached from extended theories of gravity [11]. On entropic
gravity resulting from a Yukawa type of correction to the gravitational force,
there are some articles that can be studied, arriving at correction factors equiva-

lent to the one we put forward in (6) [12] [13].

7. Conjecture

Before stating our conjecture and only with the aim of gaining insight, it is use-
ful to read (5) and (6) from the outlook provided by the following simple mental
model: for each graviton created into the observable universe, the surface of the
latter increases in a Planck area unit which, in turn, emits Hawking radiation in
order to conserve the net energy of the system. This model is in agreement with

a recent paper that studies the idea of information transfer between a test par-
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ticle and the holographic screen in entropic gravity [14].

In other words, from a viewpoint of information one could imagine that our
universe behaves like a Schwarzschild black hole, so that the information gain of
a “vacuum bit” given by the creation of the graviton (rest mass-energy or ze-
ro-point energy) is offset by the information loss of a “gravitational bit rot” (gra-
vitational potential energy in its interaction with the rest of the universe) plus a
“holographic bit rot” or “thermal bit rot”, understood as information entropy
(Hawking radiation in the event horizon of our universe). It is noteworthy that us-
ing maximum entropy in (4) with minimum uncertainty in (1) is physically consis-

tent from this perspective of information. On the other hand, it is important to note
2

that the area of the observable universe is composed of N =—20z6.5><10121
P

Planck area units, as it follows in a study of the computational capacity of the
universe [15]. The same suggests that the previous order of magnitude corres-
ponds to the maximum number of bits of the universe, counting both the matter
and conventional energy as the gravitational degrees of freedom. This in turn
coincides with the maximum number of elementary logical operations that
could be performed in the universe. If one multiplies this number by the gravi-
ton mass, with a little algebra one finds that Nm =M , whereby the quantum
condensate pervading the universe may contain ~10'*' gravitons. In the same
sense, this is in agreement with another recent work which investigates the rela-
tion between the mass of the graviton and the number of information according
to the holographic principle [16].

Returning to reference [1], another key point highlighted there is that the gra-
viton mass is related in a simple way with the observed cosmological constant,
namely: A, = LLZ = [%J . Then, with this interpretation we propose the fol-

0
lowing conjecture: the energy conservation (6) of a holographic universe com-
posed of a quantum condensate of gravitons created from nothing and interact-
ing with everything (summary of the five postulates) is linked to well-known
cosmological parameters of the ACDM model. It is known that the densities of
dark energy Q, (or vacuum density), dark matter Q, , baryonic matter and
neutrinos (both relativistic and non-relativistic) €3, , and the radiation density
of the universe € (only photons, excluding relativistic neutrinos), ideally sa-

tisfy this relationship condition for a flat universe:
Q,+Q, +Q, =1-Q, (7)

In order to evaluate how this equality is mathematically linked to (6), we first

square the latter obtaining:
E2+2E,E, + E} = (aT,S,)’ (8)
Then, by properly normalizing (8), dividing by m’c* and multiplying by an

arbitrary density parameter (), we find an equality wherein we propose the

following identifications:
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o P, T
Ry Ry
€ €
Q =(1- Q;, Q = Q;
A 2 bn 2
€
Q, =¢ ™0 1-0 =|1+e  |Q

The term on the right in (7) can be identified with the analog in (8)

N2
r

~a’=|2-¢ ™ |, that is the Hawking radiation that is lost outside the ob-

servable universe for a given time, according to the mental model explained

r

Ry

above. In addition, we have identified E; ~ Ee with baryonic matter and

neutrinos, 2E,E, ~ e % with dark matter, and the rest mass-energy term mi-
nus the pure gravitational term with dark energy. In other words, to gain pers-
pective: the pure vacuum energy account for dark energy, the geometric mean
between vacuum energy and gravitational energy account for dark matter, the
pure gravitational energy account for baryonic matter and the Hawking thermal
energy account for radiation in the universe. Putting in this way, one can say
that the forms of mass-energy in the universe go from vacuum to matter (or
“from dark to bright”), depending on the share of the gravitational energy on the
total energy of the system. This is the reason why we could denominate our

proposal as the “dark-bright conjecture”.

8. Results

Applying (9) for the current time (7 = R, ) and using Q, =5.46x107 +£0.16x10
for photon density, based on the best fit of Planck 2013 data (combination of the
Planck temperature power spectrum with a WAMAP polarization low-multipole
likelihood) [17], the values shown in the first column of Table 1 are obtained. In
the second column, these predicted values are compared with the most accurate
results of the Planck space mission observations for the content of the universe,
relying on ACDM model.

On the other hand, the cosmic microwave background radiation, from the era
of recombination (378,000 years after the Big Bang), studied by WAMAP yields a
result of 15% for the density of photons at that time [18]. With (9), the following

Table 1. Comparison for the cosmological parameters between predicted values using (9)
and best fits resulting from Planck spacecraft observations.

Cosmological parameters Predicted values PIMC[(_A[CI:?]M values
Q, (dark energy) 0.68155+0.00002 0.6817£0.0018
Q, (dark matter) 0.26893+0.00001 0.2693 +0.0006
Q,  (baryonic matter and neutrinos) 0.04947 £0.00001 0.049£0.001
Q, +Q, (matter of all types) 0.31839 +0.00002 0.3183+0.0016
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values for the remaining cosmological densities are recovered: ), =0.212,
Q,, =0425, Q, =0.213. WMAP estimations are Q, =0.22 for the density
of neutrinos and atoms, €, =0.63 for dark matter, and negligible dark ener-
gy at that epoch. Regarding the latter our model predicts that Q, +Q, =0.638.
This discrepancy could either give a new perspective to the content of dark
energy in the early universe, or may give some hint to a recent conjecture about
the possible conversion of dark energy to dark matter during the evolution of the
universe [19], which is beyond the scope of this work. Within the perspective of

future work, new results will be sought to support our conjecture.

9. Conclusion

In summary, we have shown that the assumption of the universe as composed of
a quantum condensate of gravitons is consistent with the idea of a holographic
universe created from vacuum fluctuations that conserves the total energy. Us-
ing for gravity a Yukawa-type force law, we have proposed a simple heuristic
conjecture that links the net energy conservation of the system with the cosmo-
logical parameters of the universe within the ACDM model, describing the con-
tents of the universe. Our “dark-bright conjecture” not only can provide a phys-
ical framework to explain both the “coincidence problem” as the nature of dark
matter, but it is also capable to predict theoretical values for the cosmological

parameters that are in great agreement with recent astronomical observations.
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