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Abstract
The measurements of the Hubble parameter by the Planck collaboration and the SH0ES team
that dier from each other by more than 4.4σ provide evidence for the need for new physics beyond
the

ΛCDM

model of cosmology.

This is in addition to the long standing cosmological constant

(vacuum catastrophe) problem where the discrepancy between theory and experiment is

∼ 10120 .

Measurements of the Cosmic Microwave Background revealed the need for the theory of cosmic ination with its

ad-hoc

requirement that the early universe underwent an exponential e-fold volume

expansion, N, relative to the Planck volume, of around 60 before standard expansion began. Still
another need for physics beyond the standard models was revealed by the series of loop-hole free
Bell's inequality experiments that established the existence of a non-local physical reality where
quantum entanglement takes place. This paper presents a model of cosmology that:
* automatically eliminates the cosmological constant problem;
* provides a framework for new physics to resolve the measured H0 discrepancy;
*

predicts

the existence of ination with an N of about 61;

* and, makes room for a non-local physical reality as the seat of quantum entanglement. The basic
framework of this model is that the big bang singularity represents the opening up of a white hole
whose interior is non-local vacuum that expands as the event horizon expands. In this framework it
is the quantized event horizon (the vacuum horizon) that is the actual source of spacetime (gravity)
and matter/energy and not the singularity or original Planck region. The horizon expansion parameters are derived using the Holographic Principle, the Schwarzchild solution, the published data on
the total amount of information/entropy in the observable (local) universe (S
the assumption that the virtual energy density of the vacuum
there to be

' 4x1016

ρvac = ρcrit .

Planck sized entangled qubits in the non-local vacuum for every bit of the

N ' 61.

stant that is within

0.7σ

The assumption of

ρvac = ρcrit

∼ 10−78 m3

of the Planck collaboration measurement. The model value for

The new physics required to understand

ρvac > ρcrit

leading to

leads to a prediction of the Hubble con-

perfectly with the SH0ES team measurement with the assumption that

energy.

bits) and

This derivation requires

horizon (local reality). This ensemble of qubits has a Schwarzchild volume of
the prediction of

' 5x10104

H0

agrees

ρvac = 1.19 ± 0.05ρcrit .

would almost certainly be relevant to dark

Within the framework of the model this change can be explained by small changes in

the Planck units that represent changes in the fundamental constants c or G or, equivalently, the
relative strengths of the electrostatic and gravitational forces among the qubits. This could have

2

profound eects on the standard models and, perhaps, be relevant to dark matter. Some of the
precedent ideas relevant to the model are discussed in the paper and several experiments that could
falsify the model are identied.

I.

INTRODUCTION

A.

Background

The recent measurements of the Hubble constant [1] [2]that are statistically divergent
from one another (>4σ ) has led to the recognition of the need for new physics beyond the

ΛCDM standard model of cosmology[3].

There is also the outstanding cosmological constant

120
(vacuum catastrophe) problem that requires new physics to resolve the disparity (>10
)
between predictions of the energy density of the vacuum from quantum eld theory and the
observations of the energy density of the universe embodied in

ΛCDM

[4] .

Measurements of the Cosmic Microwave Background (CMB) has led to the proposal of
new physics in the form of the theory of ination [5] [6]. This theory postulates a period
of extremely rapid expansion of the universe following the big bang in order to explain
the observed homogeneity in the CMB. The ad-hoc assumption is that the universe had a
volume of

∼ 10−78 m3

before Hubble ow began. This corresponds to an e-fold expansion,

N, of about 60 relative to the Planck volume.
The series of loop-hole free Bell's-inequality experiments [7][8][9] that were reported in
2015 establish that physical reality includes a non-local reality where quantum entanglement
takes place as well as the local 3D+1 spacetime from which we make our observations.
Understanding the physics of this non-local reality is another example of the need for new
physics beyond the standard models.
In the rest of this paper a logical/numerical model of cosmology, the Horizon Model
(HM), is presented that:
* automatically eliminates the cosmological constant problem;
* predicts the existence of ination with an N of about 60 before normal Hubble ow began;
* provides a framework for new physics to resolve the measured H0 discrepancy;
∗
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* and, makes room for a non-local physical reality as the seat of quantum entanglement.

B.

Fundamentals of the Horizon Model.

In about 1990 John Archibald Wheeler, mentor to so many distinguished theoretical
physicists, is reported to have coined the aphorism it from bit [10].

This expressed his

belief, derived from decades of foundational thinking and research in quantum gravity, that

all things physical are information-theoretic in origin. Following his guidance, the Horizon
Model is an information-theoretic model that attempts to explain the origins of physical
reality.

1. The Horizons
The fundamental assumption of HM is that the observable universe is bounded by horizons that shield or limit the observable from the unobservable elements of physical reality.
The non-local singularities at the center of black holes (BH) of mass/energy M are shielded
from observation (from within the local universe) by spherical event horizons surrounding
them. These BH event horizons are given by General Relativity (GR) to be located at a
distance from their singularity that is dependent on M, given by the Schwarzchild radius,

Rs = 2GM/c2 ,

where

G

is the universal gravitational constant and

c

is the speed of light.

Observation of the far distant regions of the universe are limited by the particle horizon
that denes the limits to observation imposed by the expansion of spacetime[11].

At the

present time the particle horizon is located at a distance from any observer of about 46.9
Gly (billions of light years).
HM is built on the understanding that the non-local reality where quantum entanglement
occurs is unobservable (by the instruments of local science). HM therefore asserts that this
non-local reality must be shielded behind an horizon.

The vacuum is another element of

physical reality that is unobservable [12] and can therefore be considered as also being
shielded by an horizon. HM equates these two horizons as the horizon of an expanding white

hole that will be referred to below as the vacuum horizon.
Because the vacuum is equated with the non-local reality of quantum entanglement, HM
(an information theoretic model) considers the interior of the vacuum horizon to be quantized
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in the form of qubits. And a key consequence of the non-locality is that the quantized vacuum
horizon is the actual source of spacetime, not the singularity itself. Locality originates on
the vacuum horizon. This situation is shown schematically in Figure(1).

2. The Vacuum Horizon
According to the Holographic Principle of Susskind[13] and t'Hooft[14] and the work
done on the entropy/information associated with black holes by Hawking[15][16] and
Bekenstein[17], a bit of information is associated with a unit of area on an horizon.

HM

asserts that the rst qubit entering the universe was the interior of the vacuum horizon surrounding the rst element of reality that emerged from the big bang singularity. This would
be the original Planck region.

According to General Relativity (GR), the Schwarzchild

radius of a white hole is exactly the same as for a black hole. For the Planck region then,
the radius of a Planck qubit consisting of the horizon and its contained Planck region is

Rpq = 2GMp /c2 .

From the denition of

Rpq = 2lp = 3.23x10−35 m

Mp ,

it follows that

with a corresponding area

. (Incidentally, this factor of 2 in the equation

Apq = 1.31x10−68 m2

Rpq = 2lp can be seen as the origin of the factor

of 1/4 appearing in Hawking and Beckenstein's proportionality between horizon area and
entropy/information.) So a bit of horizon surrounding a qubit has an area of

1.31x10−68 m2 .

The Holographic Principle applied to our 3D+1 universe states that the maximum amount
of information contained within any sphere is proportional to the area of the 2D+1 surface
surrounding it. The particle horizon at 46.9 Gly has a surface area of

2.47x1054 m2 .

There-

fore, according to the Holographic Principle and HM, the maximum amount of quantized
information in the observable universe is

' 2x10122

qubits.

A key consequence of the white hole nature of the vacuum is that as the horizon expands
the energy density of the vacuum (ρvac ) decreases. As the horizon expands it continues to
emit new spacetime so there is no need for the cosmological constant in the eld equations
of GR. So the white hole assumption eliminates the cosmological constant problem for
cosmology. The situation is more complicated for quantum physics.
Quantum experiments have veried the existence of tiny local electromagnetic eects,
such as the Casimir force[18][19], that quantum eld theory explains as being due to shifts
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in the energy density of the electromagnetic vacuum.

These shifts in the vacuum energy

density are brought about by positioning interacting bodies (conductors) of various shapes
in the local electromagnetic eld.

In HM, the vacuum is non-local and the elds all are

assumed to go to their minima on the surface of the vacuum horizon. So the importance to
HM of zero-point energy eects, such as the Casimir eect, is that it must be possible to
alter local spacetime conditions to alter conditions on the vacuum horizon.

3. Local/Non-Local Entropy and Ination.
HM makes contact with observation through the identity of information with entropy.
Chas Egan and Charles Lineweaver have published a very useful and detailed budget of
entropy/information within the observable universe[20].

This work establishes the total

entropy in the local universe at the present time to be

104
S = 3.1+3.0
k
−1.7 x10

According to the

ΛCDM

,or, a Shannon entropy/information

104
= 4.47+4.3
bits
−2.4 x10

model of cosmology, current observations establish that the mat-

ter/energy density of the universe is very close to the critical density of about
(Ω

' 1).

(1)

5 GeV /m3

As will be shown in the next section, HM uses the Holographic Principle and the

denition of an event horizon to calculate the total amount of information within the nonlocal vacuum,

Iq ,

assuming

Ω = 1.

It turns out to be

121
Iq = 1.78+2.17
qubits.
−0.88 x10

according to HM, for every bit of observable local information there are

Therefore,

16
4+5
−2 x10

qubits of

non-local information in the universe. Looking back to t=0 , this means that before spacetime began there were

16
4+5
−2 x10

non-local qubits introduced into the physical reality of the

vacuum by the big bang singularity. From the Planck parameters, the area of the horizon
surrounding this region is

−52 2
5.2+6.3
m.
−2.7 x10

This expansion of the vacuum horizon before spacetime began corresponds to the period of
ination proposed by Alan Guth[5] and Andrei Linde[6] to explain the observed homogeneity
in the Cosmic Microwave Background (CMB). HM predicts that this period of ination
corresponds to a vacuum volume relative to the Planck volume of
expansion of

N = 61+1.2
−1.0 .

of the inaton.

26
2.7+3.5
−1.0 x10

or an e-fold

This is in good agreement with the expected volume expansion

For HM, the non-locality of the inaton precludes the idea of stages

or phases during the initial ination[21].

Heisenberg uctuations within the bits of the
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FIG. 1. Schematic of the Horizon Model. The non-local region inside the vacuum had instantaneously inated to a size (dia) of

∼ 10−26 m

before spacetime began .

expanding vacuum horizon could possibly explain the small irregularities observed in the
CMB.

4. Quantization of the vacuum horizon.

It is natural to assume that each bit of local reality (spacetime/gravity, matter/energy)
emanates from a single bit of the vacuum horizon; i.e., that the vacuum horizon is quantized.
In the previous section it was shown that the rst bit of local reality emanated from the
horizon surrounding the inaton having a surface area of
length associated with the vacuum horizon quantization is
quantized time interval of

−52 2
5.2+6.3
m
−2.6 x10

.

Thus the

−26
2.3+1.1
m with an associated
−0.7 x10

−35
7.6+3.7
s.
−2.2 x10

Paul Dirac wrote : There is a limit to the neness of our powers of observation and
the smallness of the accompanying disturbancea limit which is inherent in the nature of

things and can never be surpassed by improved technique or increased skill on the part of
the observer" ([22],page 4, emphasis mine). Since the non-local vacuum is unobservable HM
supports Dirac's idea and predicts the absolute limits to observation to be

∼ 10−34 s.
7

∼ 10−26 m

and

II.

NUMERICAL MODEL

A.

Input data.

According to the Holographic Principle the total number of qubits in the vacuum,
proportional to the area of the vacuum event horizon, so

Rvh ∝ Iq1/2 .

If

Rpq

Iq ,

is

is the radius of

a single qubit,

Rvh = Rpq Iq1/2 = 2lp Iq1/2 = 3.23x10−35 Iq1/2 m.

(2)

According to the Schwarzchild equation for the radius of the event horizon,

Rvh = 2GMq /c2
The volume of the vacuum,Vq , is
the vacuum

ρvac = Mq /Vq

3
∝ Rvh

Mq ∝ Iq1/2 .

,therefore,

∝ Iq3/2 .

and therefore

The matter/energy density in

, so

ρvac ∝ Iq−1 .
The volume of a single Planck qubit,Vpq , is
ter/energy density of a single qubit,

8.63x10121 /Iq GeV /m3

4/3π(2lp )3 = 1.41x10−103 m3

so the mat-

ρpq = Mp /Vq = 8.63x10121 GeV /m3

and

ρvac =

so,

−1/2
Iq1/2 = 9.29x1060 ρvac
.

(3)

Plugging this into Equation(2),

Rvh = 3.0x1026 ρ−1/2
vac m ;
The primary assumption of HM is that

where,

ρvac = ρ;

the observable (local) universe. According to the

ρvac

is in

where

ΛCDM

ρ

GeV /m3 .

is the matter/energy density in

model of cosmology,

approximately equal to the critical density for a at universe, i.e.,

1

where

ρcrit = 8.62x10−27 kg/m3 = 4.84Gev/m3 .

(4)

ρ

is currently

Ωtot = ρ/ρcrit = Ω '

With this value for

ρvac

Equation (2)

yields

Rvh = 1.36x1026 m = 14.42Gly
With the total entropy in the observable universe

S,

as given in Equation (1), the ratio

of the number of non-local qubits to local bits of spacetime is

16
Iq /S = 4+5
−2 x10
8

(5)

. Assuming that the expansion of the vacuum horizon occurs at the speed of light, Rvh

−1
cHvh
;

where,

Hvh

is the Hubble constant for the vacuum expansion.

=

Since spacetime

expands with the vacuum horizon it is reasonable to assume that the local Hubble constant

H = Hhv .

With this denition, Equation(4) can be rewritten as:

H(km/s/M pc) = 978.7/Rvh (Gly).

(6)

It is indicative of the simplicity and potential for unication of HM that it only requires
2 inputs from the quantum world and 2 inputs from cosmology. The quantum inputs being
the Planck mass and length (∼

10−8 kg

and

∼ 10−35 m)

and the cosmological inputs are

the total entropy in the observable universe and the present energy density of the universe
(∼

10104

B.

bits and

∼ GeV /m3 ).

Model equations.

The output of HM can be summarized as a simple set of equations relating the state of
the non-local vacuum to the total information/entropy,

S(bits),

in the observable universe

at the same time. The ratio of qubits to S(bits) given in Equation (5) is assumed to be a
constant independent of S.
The model equations are so simple they have been programmed into an Excel spreadsheet
that was used to calculate the state of the vacuum as a function of S. The equations themselves are presented in Table I. The equations have been normalized to give
the current value of local entropy. The uncertainties (the
cited by Egan and Lineweaver[20] for

∆s)

Ωvac = 1

for S,

reect the large uncertainties

104
S = 4.47+4.3
bits.
−2.4 x10

As examples, the Table shows that when the observable universe has a total entropy of
S bits and where
from the equation

Z = ln(S),

the value of the virtual energy in the vacuum can be found

ln(M ass/Energy) = 63.06+0.4
−0.34 + Z/2

be found from the equation

Rvh

can

ln(Rvh ) = 124.7+0.34
−0.40 − Z/2.

The equation for temperature, T

(K),

shown in the Table is problematic and oversimpli-

ed. It assumes a simple equation of state with

∝ ρ−1 .

(GeV). Another example:

w = −1

so that the values of T are simply

The length dependent parameters are related to the radius of the vacuum horizon.
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TABLE I. State of the Vacuum as a Function of the Shannon Entropy of the Observable Universe .
Equations: ln(Parameter) =

Z0

Parameter

Z0

+∆[24]

−∆

Z dependence

Total Qubits

38.22

0.79

0.68

+Z

Rvh (m)

-60.31

0.40

0.34

+Z/2

-179.48

1.19

1.02

+3Z/2

60.85

1.19

1.02

+3Z/2

63.06

0.40

0.34

+Z/2

1.47

0.40

0.34

+Z/2

ρvac (GeV /m3 )

242.55

0.68

0.79

-Z

ρvac (kg/m3 )

180.95

0.68

0.79

-Z

32.30

0.68

0.79

-Z

Ωvac

240.97

0.68

0.79

-Z

Hvh (km/s/M pc)

124.70

0.34

0.40

-Z/2

Vvac (m3 )
ln(Vvac /Vp ),[25]
Virtual Mass/Energy

(GeV )

Virtual Mass/Energy

T

C.

(kg)

(K)

+ Z dependence, [23]; where,

Z = ln(S(bits))

State of physical reality at t = 0 (the Inaton).

The two limiting values of S(bits) that are of particular interest are the values at t
=0 (S

= 1)

and t = now (cosmological time.)

The state of physical reality at t=0 is

shown in Table II. The table shows that the group of qubits that produced the rst bit of
local entropy/information in the universe contained

16
4+5
−2 x10

Planck qubits. It is one of the

assumptions of HM that this ratio of qubits/bit has remained constant during the expansion
of the universe.
Table II also shows the prediction by HM that the rst group of qubits (the inaton) had
an e-fold expansion relative to the Planck volume of

N = 61+1.2
−1.0 .

This is in good agreement

with the theory of cosmic ination that argues that an e-fold expansion of around N = 60
after the big bang is required to explain the observed homogeneity of the CMB. From

Rvh

at

t=0, when the rst bit of local reality emanated from the vacuum horizon, it follows that the
horizon is quantized in areas of

−52 2
AS = 5.2+6.3
m
−2.6 x10

The corresponding quantized time intervals are
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or at a length scale of

−35
7.6+3.7
s.
−2.2 x10

−26
2.3+1.1
m.
−0.7 x10

TABLE II. The Non-local Region (the Vacuum) at t=0 (the Inaton ).
Value

(see footnote [24]) +∆

−∆

3.98E+16

4.84E+16

1.96E+16

AS (m2 )

5.23E-52

6.35E-52

2.57E-52

Rvh (m)

6.45E-27

3.15E-27

1.85E-27

Vvac (m3 )

1.12E-78

2.58E-78

7.17E-79

2.66E+26

6.11E+26

1.70E+26

60.85

1.19

1.02

2.44E+27

1.19E+27

7.00E+26

4.34

2.12

1.25

2.17E+105

2.10E+105

1.19E+105

3.86E+78

3.74E+78

2.12E+78

1.06E+14

1.03E+14

5.82E+13

4.48E+104

4.34E+104

2.46E+104

1.44E+54

5.78E+53

4.71E+53

Parameter
Total Qubits

Volume Expansion,[26]
ln(Vvac /Vp )
Mass/Energy

(GeV )

Mass/Energy

(kg)

ρvac (GeV /m3 )
ρvac (kg/m3 )
T

(K)

Ωvac ,

[27]

Hvh (km/s/M pc)

D.

State of the vacuum at various epochs during the expansion of the universe.

Egan and Lineweaver[20] have provided an estimate of the entropy of the universe (S)
at various epochs (stages) of its expansion. (Table 1 of [20]). Table III shows the results of
applying the equations of Table I to the various epochs identied in their paper. These data
show, for example, that at the emergence of the CMB, the vacuum horizon had a radius of
around 600 light-years, and the energy density of the vacuum was about
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2.8x1015 GeV /m3 .

TABLE III. The Vacuum at Various Epochs During Its Expansion
Radius

Mass/Energy Density
GeV/m

3

3

kg/m

Ωvac ,

[29]

Hvh (km/s/M pc)

Epoch,[28]

Z

Total Qubits

meters

light-years

-

186.18

2.88E+97

1.73E+14

1.83E-02

3.00E+24

5.35E-03

6.21E+23

5.34E+13

Stars

186.82

5.45E+97

2.39E+14

2.52E-02

1.58E+24

2.82E-03

3.27E+23

3.88E+13

+

187.21

8.05E+97

2.90E+14

3.06E-02

1.07E+24

1.91E-03

2.22E+23

3.19E+13

-

187.28

8.64E+97

3.00E+14

3.17E-02

9.99E+23

1.78E-03

2.07E+23

3.08E+13

ISM/IGM[30]

188.83

4.07E+98

6.52E+14

6.89E-02

2.12E+23

3.78E-04

4.39E+22

1.42E+13

+

189.42

7.31E+98

8.74E+14

9.23E-02

1.18E+23

2.10E-04

2.44E+22

1.06E+13

-

192.64

1.83E+100

4.37E+15

4.61E-01

4.73E+21

8.43E-06

9.78E+20

2.12E+12

Gravitons[31]

198.39

5.77E+102

7.77E+16 8.20E+00 1.50E+19

2.66E-08

3.09E+18

1.19E+11

+

198.85

9.15E+102

9.78E+16 1.03E+01 9.44E+18

1.68E-08

1.95E+18

9.47E+10

-

201.38

1.15E+104

3.46E+17 3.66E+01 7.52E+17

1.34E-09

1.55E+17

2.67E+10

Dark Matter[32] 203.69

1.16E+105

1.10E+18 1.16E+02 7.46E+16

1.33E-10

1.54E+16

8.42E+09

+

205.99

1.15E+106

3.47E+18 3.67E+02 7.48E+15

1.33E-11

1.55E+15

2.67E+09

-

206.91

2.88E+106

5.49E+18 5.80E+02 2.99E+15

5.34E-12

6.19E+14

1.69E+09

Neutrinos[33]

206.94

2.97E+106

5.57E+18 5.88E+02 2.91E+15

5.18E-12

6.01E+14

1.66E+09

+

206.97

3.06E+106

5.65E+18 5.97E+02 2.82E+15

5.03E-12

5.84E+14

1.64E+09

-

206.95

3.02E+106

5.62E+18 5.93E+02 2.86E+15

5.09E-12

5.91E+14

1.65E+09

CMB

206.98

3.11E+106

5.70E+18 6.02E+02 2.78E+15

4.95E-12

5.74E+14

1.62E+09

+

207.01

3.20E+106

5.78E+18 6.10E+02 2.70E+15

4.81E-12

5.58E+14

1.60E+09

-

223.73

5.83E+113

2.47E+22 2.61E+06 1.48E+08

2.64E-19

3.06E+07

3.75E+05

Stellar BH

225.49

3.40E+114

5.96E+22 6.29E+06 2.54E+07

4.53E-20

5.25E+06

1.55E+05

+

226.51

9.37E+114

9.90E+22 1.05E+07 9.21E+06

1.64E-20

1.90E+06

9.36E+04

-

240.17

8.06E+120

9.18E+25 1.40E+10

10.709

1.91E-26

2.21

100.89

SMBH[34]

240.97

1.78E+121

1.37E+26 1.44E+10

4.837

8.62E-27

1.00

67.81

+

241.64

3.51E+121

1.92E+26 1.48E+10

2.458

4.38E-27

0.51

48.34

12

E.

State of the non-local vacuum at the present time (t=Now).

The large uncertainties in the data presented in the Tables above (derived from the
uncertainties on the estimates of S, Equation (1), are too large to permit meaningful comparison with measurements. To circumvent this limitation, the model can be required to t
a particular measurement with the uncertainties on S articially adjusted to reproduce the
measurement uncertainty.
From the 2018 Planck Collaboration measurements of

ρ

[1], the

ΛCDM

experimental

value for

Ωtot = ΩΛ + Ωm = 0.685 ± 0.007 + 0.317 ± 0.008 = 1.00 ± 0.01.

So requiring HM to t this measurement requires

Ωvac = Ωtot

,i.e.,

ρvac = ρ = 4.85 ± 0.05GeV /m3

Plugging this value into Equation(4), we nd

Rvh = 1.36 ± 0.01x1026 m = 14.42 ± 0.08Gly.

For this value of

Rvh ,

Equation (1) nds

Iq = 1.78 ± 0.02x10121 qubits.

Using these values as input, the state of the vacuum at the present time calculated by
HM is shown in Table IV.
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TABLE IV. The Non-local Vacuum at t = Now With
Parameter

max

min

1.78E+121

1.80E+121

1.76E+121

2.34E+53

2.36E+53

2.31E+53

1.36E+26

1.37E+26

1.36E+26

(Gly)

14.42

14.50

14.34

3)

1.06E+79

1.08E+79

1.05E+79

(GeV )

5.16E+79

5.18E+79

5.13E+79

(kg)

9.19E+52

9.24E+52

9.14E+52

4.85

4.90

4.79

8.64E-27

8.73E-27

8.54E-27

1.00

1.01

0.99

67.87

68.25

67.50

AS (m2 )
Radius

(m)

Volume(m
Mass/Energy

Mass/Energy

ρvac (GeV /m3 )
ρvac (kg/m3 )
Ωvac
Hvh (km/s/M pc)

As shown in Table IV , HM predicts that, when

67.87 ± 0.38

Ωvac = 1.00 ± 0.01, H0 = Hvac =

km/s/Mpc. This is in good agreement (0.7σ ) with the value of the

measured by the Planck collaboration in 2018[1]:
Note that

Ωvac < 1

means that

ρvac < ρ.

H0 = 67.39 ± 0.54

must be greater than

67.5

ΛCDM H0

km/s/Mpc.

Since the qubits (information) are inde-

structible the vacuum horizon can only expand and

H0

Uncertainties.

Value

Total Qubits

Radius

ΛCDM Ω

ρvac ≥ ρ

[35].

So, according to HM,

km/s/Mpc.

Incidentally, the rst entry in Table IV ,

Iq = 1.78 ± 0.05x10121

qubits, is all of the

information assumed to emerge from the big bang singularity up to the present time. This is
to be compared with the holographic limit of

1.88x10122

qubits established by the area of the

particle horizon. This implies that physical reality is less than 10% lled by the information
resulting from physics; i.e., the creation and expansion of spacetime and matter/energy. [36]
For

Ωvac = 1.00 ± 0.01

1.31 ± 0.01x10−52 m2
to

the size of the bits making up the vacuum horizon is

AS =

and the uncertainty on the e-fold expansion of the inaton is reduced

N = 60.85 ± 0.02.
The Planck collaboration measurements of

H0 [1] were

derived from the CMB anistropies

and therefore are indicative of the Hubble ow in the early universe. An alternative measurement of

H0

has been carried out by Adam Reiss and his colleagues on the SH0ES team
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using IR data from the Hubble Space Telescope. This measurement is derived from measurements of the red shifts of extra-galactic Cepheids and other astronomical objects and is
therefore indicative of the Hubble ow in the late universe[2].

SH0ES measurement: H0
The SH0ES and Planck values for

H0

= 74.03 ± 1.42

km/s/Mpc.

quoted here dier by about 4.4σ . Both teams have

examined their error budgets and insist that this dierence is real. This has led Adam Riess
and others to conclude [2] that the H0 measurements provide strong evidence for the need
for physics beyond

ΛCDM.

Riess has even been quoted as saying that cosmology is now in

crisis [3].
As was done for the

Ω

measurement, HM was adjusted to t the SH0ES measurement

and the corresponding uncertainties. The results are shown in Table V.

TABLE V. The Non-local Vacuum at t = Now With SH0ES
Parameter

Uncertainties.

Value

max

min

1.50E+121

1.56E+121

1.44E+121

1.97E+53

2.04E+53

1.89E+53

1.25E+26

1.28E+26

1.23E+26

(Gly)

13.22

13.48

12.97

3)

8.20E+78

8.68E+78

7.74E+78

(GeV )

4.73E+79

4.82E+79

4.64E+79

(kg)

8.42E+52

8.59E+52

8.26E+52

5.77

5.99

5.55

1.03E-26

1.07E-26

9.89E-27

1.19

1.24

1.15

74.03

75.47

72.62

Total Qubits

AS (m2 )
Radius
Radius

H0

(m)

Volume(m
Mass/Energy

Mass/Energy

ρvac (GeV /m3 )
ρvac (kg/m3 )
Ωvac
Hvh (km/s/M pc)

The Horizon Model agrees exactly with the SH0ES measurement with the assumption
that

Ωvac = 1.19 ± 0.05

For

Ωvac = 1.19 ± 0.05

1.10 ± 0.04x10−52 m2
to

and

Rvh = 13.22 ± 0.25Gly

.

the size of the bits making up the vacuum horizon is

AS =

and the uncertainty on the e-fold expansion of the inaton is reduced

N = 60.6 ± 0.06.
15

The HM values for

H0 = Hvac (Ωvac )

SH0ES measurements in Figure

FIG. 2.

are shown plotted together with the Planck and

(2). They are shown plotted together with a compilation

Horizon Model (HM) values of the Hubble constant as a function of Ωvac . With Ωvac =

Ω = 1.00 ± 0.01, the HM value for H (67.87 ± 0.38) agrees very well with the Planck collaboration

measurement. The HM values for H are in agreement with the SH0ES team measurement if Ωvac =
1.19 ± 0.05. For a Hubble time of 13.8 Gyr, Ωvac = 1.094.
of estimated values of

FIG. 3.

H0 ,

2001-2020, in Figure

(3).[37].

Estimates of H0 , 2001 − 2020. Estimates in black represent calibrated distance ladder mea-

surements; red represents early universe CMB/BAO with ΛCDM Parameters; blue are other techniques. The solid lines are the HM values for H0 = Hvac (Ωvac ).

III.

A.

A FRAMEWORK FOR NEW PHYSICS.

The Hubble Discrepancy.

For HM the fact that the

H0

measurements from the two dierent epochs of CMB and

Cepheids are statistically dierent is proof that
time.

In the early universe

ρvac = ρ

so

P ≡ ρvac /ρ has increased over cosmological

P = 1
16

and spacetime expanded according to the

parameters established by the

ρvac > ρ

so

P > 1.

ow and that

ΛCDM

standard model.

It seems plausible that

P >1

P >1

But by the age of the Cepheids

resulted in an acceleration of the Hubble

corresponds to the dark energy postulated to explain the observed

acceleration.
According to the Horizon Model:

ρvac =

c3 −1
Mp
Mp −1
−1
I
=
0.03
I
=
0.03
I (GeV /m3 ).
4/3π(2lp )3 q
lp3 q
h̄G2 q

[38] and the SH0ES measurement discrepancy' is explained by
Any variation of

h̄

(7)

P = 1.19 ± 0.05.

and c must be constrained by the observed limits on variation of the

ne-structure constant,

α=

e2
. Introducing
4π0 h̄c

ρvac =

α,

Equation (7) becomes :

3 0 α c4 −1
I .
8 e2 G2 q

(8)

.
Assuming that
by

4.4 ± 1.1%

0 α
is constant, for
e2

ρvac

to increase by

or G would have to decrease by

8 ± 2%

19 ± 5%:

c would have to increase

over the span of about

108

years, the

estimated age of classical Cepheids. These correspond to an average increase in c of
cm/s per year or average decrease in G of

5.3 ± 1.4x10−20

m

kg −1 s−1

Equation(8) can be rewritten in terms of the Coulomb force,
force,

FG ,

acting between qubits of mass

ρvac =
. In these terms,

P = 1.19 ± 0.05

MP

and electric charge

FC ,

13 ± 3

per year.
and the gravitational

qP :

3 0 FC c4 −1
I .
8 qP2 FG G2 q

(9)

implies that the relative strengths of the electromagnetic

and gravitational fundamental forces may have changed by that amount in the

∼ 108

years

since ordinary matter was created and the time of the classical Cepheids.
These are a possible ad-hoc explanations for the Hubble discrepancy derived from the
HM framework. But a prediction from rst principles would require new physics in the form
of an understanding of

P (S)

or, equivalently,

P (t),

and the relationship between

P >1

and

dark energy.

B.

The Non-local Vacuum.

The basic framework of HM is built on the idea of a non-local vacuum that is a region of
completely entangled qubits existing outside of spacetime. So the qubits undergo no change
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in the sense of local time. But the indestructibility of the qubits (information) implies that
separation (space) is maintained among them. The most likely physics for this separation
would be a balance between the electrostatic repulsion and gravitational attraction among
the Planck size qubits. This physics would essentially describe the creation of the uncurved,
3-dimensional, (Euclidian) space that lls the interior of the vacuum.
qubits might be viewed as a superposition of

[gravitons, photons].

In this picture the

Any Hamiltonian derived

to describe the energy-density of the vacuum must be time-independent.
The real challenge for new physics would be to explain how an ensemble of

∼ 1016

spatial qubits (an inaton ) produces a local bit of Minkowski spacetime (gravity) and
matter/energy on the horizon.
reverse: a hologram of

The situation is like the Holographic Principle acting in

∼ 1016 3-D qubits projects on to a bit of a holograph of 4-D spacetime.

Is it brought about by Heisenberg uctuations within the qubits, or by some property
emerging (in a Complexity Science sense) from such a high degree of entanglement, or is it
something entirely new?

C.

The Vacuum Horizon.

The second basic element of the framework of HM is that local reality originates on the
quantized horizon surrounding the vacuum where local reality consists of spacetime and
matter/energy. According to General Relativity (GR), the physical reality of spacetime is
as the geometrical metric of the gravitational eld.

So the quantized bits of the vacuum

horizon give rise to quantized gravity and quantized matter/energy.
New physics is required to determine the exact form of these quanta and how the quantized bits of the horizon give rise to one or the other of them. That is: what are


and how does




The value of

[0]

and

[1]



0


become either

1
P = 1.19 ± 0.05

[0]

or

[1]?[39]

that explains the Hubble discrepancy means that the size

of the vacuum horizon bits had decreased by

16 ± 4%

over the

108

years. The new physics

relating the emergence of matter/energy from these bits and how this could have changed
with the size of the bits over the

108

years might be relevant to understanding dark matter.

(This is, of course, highly speculative.)
In the picture of HM the non-local vacuum is outside of spacetime. Therefore all quantum
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elds have their zero-point energies and all Hamiltonians obtain their time-dependence not
in the vacuum but on the vacuum horizon. All wave-function collapse occurs on the vacuum horizon. Perhaps all quantum superposition occurs within the unobservable vacuum.
(Wouldn't this be where Schrödinger's cat exists?)
In HM all world lines begin from the quantized bits on the expanding vacuum horizon.
New physics may ow from making this framework compatible with GR. HM would dene
the physical Now [40] as the vacuum horizon that exists everywhere in spacetime with
a depth of

∼ 10−35

s and a spatial uncertainty of

∼ 10−26

m.

In this picture Now is a

quantum bit of the horizon where cosmological time stops and local time begins.

D.

Some Precedents

The notion that spacetime emerges from a surface has arisen before.

In 1997 Juan

Maldacena had the insight to invoke the Holographic Principle [13][14] such that 3D+1
spacetime was dened on a surface bounding a bulk 5 dimensional Anti de Sitter (AdS) space.
Maldacena conjectured that there is a correspondence between certain Conformal Field
Theories (CFT) applied outside the boundary in 3D+1 spacetime and the compactication
of M/string theories on the 5D Anti de Sitter spacetime inside the boundary: the AdS/CFT
correspondence [41].
In 2006 Ryu and Takayanagi [42] used the Holographic Principle and AdS/CFT correspondence to calculate the entanglement (Von Neumann) entropy of CFTd+1 from the
entropy of quantum many-body systems in AdSd+2 .

In 2010 Mark Van Raamsdonk pub-

lished a paper[43] that invoked AdS/CFT duality to argue that the emergence of spacetime
in the gravity picture is intimately related to the quantum entanglement of degrees of freedom in the corresponding conventional quantum system. He concluded his paper with the
statement: It is fascinating that the intrinsically quantum phenomenon of entanglement
appears to be crucial for the emergence of classical spacetime geometry.
In 2013 Maldacena and Susskind extended the idea of the connection between spacetime
and quantum entanglement when noting that the GR solution for two distant black holes
whose interiors are connected via a wormhole (Einstein-Rosen bridge) can be interpreted
as the two black holes being in a maximally entangled state[44] [45].

Brian Swingle has

published a review of the idea that spacetime and gravity can emerge from entanglement
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[46].

Inspired by AdS/CFT duality Swingle argues that networks of tensors can be used

to dene a discrete geometry that encodes entanglement and, with the assumption that a
continuum limit can be taken, that this geometry necessarily obeys GR.

E.

John Wheeler's Aphorism

As mentioned in the Introduction, John Wheeler's famous information-theoretic aphorism
is it from bit .

All of physical science is tied up in the word from in that phrase.

The

framework of HM would extend Wheeler's aphorism to include bit from qubits and all of
the new science required to ll out HM is tied up in the word from in that context.

A

complete physics that includes the HM framework can be expressed in the aphorism it from

bit from qubits .

IV.

SUMMARY AND CONCLUSIONS

The basic framework of HM is that of a non-local vacuum lled with spatial binary qubits
behind an expanding quantized horizon that is the source of local reality (spacetime/gravity
and matter/energy).

This framework when combined with quantitative estimates of the

number of bits (entropy) in the observable universe requires the existence of ination before
the expansion of spacetime began and calculates that it involved an e-fold expansion relative
to the Planck volume of

N = 61+1.2
−1.0 .

The framework automatically eliminates the cosmological (vacuum catastrophe) problem and provides a logical home for the non-local reality of quantum entanglement.
If the requirement from
assumption that

Ωvac = Ω

ΛCDM

that

Ω = 1.00 ± 0.01

predicts a value of

is imposed on HM, the framework

Hvac = H0 = 67.87 ± 0.38

uncertainty on the e-fold expansion of the inaton is reduced to
value of

H0

km/s/Mpc and the

N = 60.85 ± 0.02.

agrees with the 2018 Planck Collaboration measurement [1] to within

area of a bit of the quantized vacuum horizon is predicted to be

Ωvac = 1.19 ± 0.05.

N = 60.6 ± 0.06;

and

With this assumption:

The

AS = 1.31 ± 0.01x10−52 m2 .
H0

[2] with the

H0 = 74.03 ± 1.42

km/s/Mpc;

HM can be made to agree perfectly with the SH0ES team measurement of
assumption that

0.7σ .

This

AS = 1.10 ± 0.04x10−52 m2 .

For HM, the Hubble discrepancy implies that
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P ≡

ρvac
has increased over the cosmoρ

logical time between the time of the CMB and the era of the classical Cepheids. Possible
explanations of this increase within the HM framework are changes over time of the physical
constants c or G (assuming the ne-structure constant is truly constant). Numerically, over
a time span of

108

years the average changes required would be an increase in c of

cm/s per year or a decrease in G of
required change in

ρvac

5.3 ± 1.4x10−20

m

kg −1 s−1

per year. Alternatively, the

would result from a change in the relative strengths of the electro-

magnetic and gravitational forces (

FC
) by the same amount. These are only possible ad-hoc
FG

explanations. The new physics required by HM is an understanding of how
local entropy,

P (S)

or, equivalently,

A consequence of

AS

13 ± 3

P (t) > 1

P (t)

and how

P (t) > 1

P

varies with

relates to dark energy.

is that the size of the quantized bits of the vacuum horizon

decreases. In HM these bits are the source of gravity (spacetime) and matter/energy.

The new physics required here is understanding how matter/energy and gravity emerge from
these quanta and how that might have changed over cosmological time.

In HM there is an ensemble of

' 4x1016

non-local (entangled) binary qubits behind

each quantum of the vacuum horizon (the explanation for ination). From the fact that
information (a qubit) is indestructible leads HM to postulate that the separation among
them is responsible for the creation of 3-D space. But the really challenging question is how
an ensemble of entangled spatial qubits gives rise to a local quantum bit of the horizon from
which matter/energy and gravity (time) emerge.

All the new physics required to esh out the framework of HM is captured by an extension
of John Wheeler's aphorism; viz., it from bit from qubits .

HM satises Karl Popper's requirement for a legitimate scientic hypothesis that it be
falsiable. The assumptions of HM could be falsied by experimental proof of the existence
of a naked singularity.

The model could be falsied by measurements of the CMB that

imply an e-fold expansion of the inaton that disagrees with the model's prediction of

N = 61+1.2
−1.0 .

The model could also be falsied by any experiment, such as the Holometer

experiment at Fermilab[47], that detects a granularity of spacetime at at a length scale less
than

∼ 10−26 m

or with time intervals less than
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∼ 10−34 s.
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