
HAL Id: hal-01169099
https://hal.science/hal-01169099v1

Preprint submitted on 27 Jun 2015 (v1), last revised 18 Nov 2016 (v2)

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépôt et à la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche français ou étrangers, des laboratoires
publics ou privés.

Time-dependant cosmological interpretation of quantum
mechanics

Emmanuel Moulay

To cite this version:
Emmanuel Moulay. Time-dependant cosmological interpretation of quantum mechanics. 2015. �hal-
01169099v1�

https://hal.science/hal-01169099v1
https://hal.archives-ouvertes.fr


Time-dependant cosmological interpretation of

quantum mechanics

Emmanuel Moulay∗

Abstract

The aim of this article is to define a time-dependant cosmological in-

terpretation of quantum mechanics in the context of a multiverse coming

from eternal inflation. A common notion of time is defined for observers

in similar observable universes by using the holographic principle. It is

the time elapsed since the post-inflationary epoch. With this improve-

ment, the cosmological interpretation of quantum mechanics becomes a

full interpretation of quantum mechanics where the unitary evolution of

quantum states is preserved. Moreover, it is well suited for eternal infla-

tion.

1 Introduction

A new interpretation of quantum mechanics, called the cosmological interpre-
tation of quantum mechanics, has been developed in order to take into account
the new paradigm of eternal inflation [1, 2, 3]. Eternal inflation can lead to an
infinite collection of open bubble universes belonging to a multiverse [4, 5, 6, 7].
Such a multiverse implies that there exist an infinite number of observers be-
longing to similar observable universes which are indistinguishable [1, 8]. A
quantum state |Ψi〉 ∈ H is associated with each observer i belonging to these
similar observable universes and it is possible to define a quantum state gath-
ering all these observers

|Ψ∞〉 =

∞
⊗

i=1

|Ψi〉 (1)

which belongs to the Hilbert space

H⊗∞ := H⊗H⊗H ⊗ · · · (2)

The reader may refer to [9, 10, 11, 12] for more details about the notion of
infinite quantum states. Such a modelling is compatible with the Born rule
[1, 13, 14, 15, 3] and can avoid the problem of the wave function collapse [2].
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However, the notion of time is not well defined because similar observable uni-
verses are not causally related. The main objective of this article is to define
a notion of time for the quantum state (1). We will see that this problem
can be solved by using the Fischler-Susskind cosmological holographic principle
[16, 17]. The holographic principle has also been used to render the many-worlds
interpretation of quantum mechanics compatible with eternal inflation [18, 19].
The unitary evolution of the time-dependent quantum state of the cosmological
interpretation of quantum mechanics is preserved.

The organization of this paper is the following. In Section 2, a common no-
tion of time is defined for observers belonging to similar observable universes by
using the Fischler-Susskind cosmological holographic principle. We prove in Sec-
tion 3 that the time-dependant quantum state associated with these observers
does not collapse. Finally, a conclusion is addressed in Section 4.

2 Time-dependant quantum states

Let us consider two similar observers belonging to two similar observable uni-
verses which are indistinguishable. Let us denote by |Ψ1〉 the quantum state
of the observer 1 and by |Ψ2〉 the quantum state of the observer 2. We may
wonder if it is possible to define a common notion of time for these two ob-
servers. We want to use the time elapsed since the post-inflationary epoch as
the same reference time. The problem comes from the fact that it is possible for
two different initial quantum states to evolve toward two indistinguishable final
quantum states. In other words, we may wonder if the two observers, belonging
to two similar observable universes at a given time, have a similar past since
the post-inflationary epoch.

If there exist two similar observers in two similar observable universes who
have different pasts, then it is not possible to define a common notion of time
based on the time elapsed since the post-inflationary epoch. One of the two
observers may refer to a past which is different from the past of the other
observer. Then the unitary evolution and also the notion of time elapsed since
the post-inflationary epoch fall down. To the best of our knowledge, it seems
impossible under these conditions to define a common notion of time.

The cosmological horizon is defined as the boundary of the observable uni-
verse. It is possible to assert that two similar observers in two similar observable
universes at a given time have a similar past since the post-inflationary epoch
because all the information is stored in the cosmological horizon of each ob-
servable universe [20]. This is a consequence of the cosmological holographic
principle.

The properties of the cosmological horizon were first studied by Gibbons
and Hawking in [21]. Let us recall how it is possible to define a cosmological
horizon for a flat de Sitter space. The Friedmann equation is given by

3

(

1

c2

(

ȧ(t)

a(t)

)2

+
k

a(t)2

)

− Λ =
8πG

c4
ρ(t) (3)
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where a(t) is the scale factor, ρ(t) the mass density, Λ > 0 the cosmological
constant homogeneous to the inverse square of a length, G the gravitational
constant, k = 0, 1,+1 for a flat, open or closed universe respectively. Let

H(t) =
ȧ(t)

a(t)
(4)

be the Hubble parameter. The Friedmann equation reduces to

H(t)2

c2
+

k

a(t)2
=

Λ

3
(5)

for a vacuum space with ρ = 0. Such a universe where only the cosmological
constant Λ has an influence on the scale factor a is called a de Sitter universe.
It is the maximally symmetric, vacuum solution of Einstein’s field equations
with a positive cosmological constant Λ > 0. In a flat de Sitter space where
k = ρ = 0, the Friedmann equation becomes

H2
dS =

c2Λ

3
(6)

and in static coordinates, the de Sitter metric is given by

ds2 = −

(

1−
c2Λr2

3

)

dt2 +
1

1− c2Λr2

3

dr2 + r2dΩ2 (7)

where dΩ2 = dθ2 + sin2 θ dϕ2 (see for instance [21, 22, 23]). The de Sitter
metric (7) looks like the Schwarzschild metric and there is an analogy between
the properties of de Sitter spaces and those of black holes [24]. At

RdS =
1

HdS

=
1

c

√

3

Λ
(8)

there is the cosmological horizon which is also called the cosmological event
horizon. It has a similar role to that of the horizon of a black hole.

If the notion of cosmological horizon is time-independent for a de Sitter uni-
verse, this is not the case for a Friedmann-Lemâıtre-Robertson-Walker (FLRW)
universe [20]. The FLRW metric is given by

ds2 = c2dt2 − a(t)2
(

dr2

1− kr2
+ r2dΩ2

)

. (9)

A natural definition of cosmological horizon for a FLRW universe is the particle
horizon whose radius is defined at time t by

RP (t) = a(t)

∫ t

t0

c

a(s)
ds (10)

where t0 denotes the post-inflationary epoch. The particle horizon is the largest
comoving spatial distance from which light could have reached an observer if it
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was emitted at time t0 [25]. It represents the boundary between the observable
and the unobservable regions of the universe for an observer.

The cosmological holographic principle, given by Fischler and Susskind, says
that the entropy of matter inside the post-inflationary particle horizon must
be smaller than the area of the cosmological horizon [16, 26]. The Fischler-
Susskind cosmological holographic principle is true for open and classical flat
FLRW universes [27, 20]. As eternal inflation can lead to open FLRW universes
[4, 5, 6], the Fischler-Susskind cosmological holographic principle can be applied
in this context. It implies that an observer can theoretically have access to the
past of his observable universe since the post-inflationary epoch because all the
information is stored in his cosmological horizon [19]. Thus, we conclude that
if two similar observers have indistinguishable observable universes at time tf
after the post-inflationary epoch t0 then they have a similar past since the post-
inflationary epoch, i.e. their observable universes are similar since the post-
inflationary epoch t0. The observers can be two particles created during the
post-inflationary epoch. Let us remark that the Fischler-Susskind cosmological
holographic principle has been extended in [27] to more general FLRW universes,
as closed FLRW universes, by using another cosmological horizon called the
apparent horizon and whose radius is given by

RA(t) =
1

√

H(t)2 + k
a(t)2

. (11)

We are now able to define the quantum state

|Ψ12(t)〉 = |Ψ1(t)〉 ⊗ |Ψ2(t)〉 (12)

for all t0 ≤ t ≤ tf because we know that |Ψ1(t)〉 and |Ψ2(t)〉 are indistinguishable
for all t0 ≤ t ≤ tf . If we consider all the quantum states of all the observers
having an observable universe similar to the observable universes 1 and 2, then
the generalization to the quantum state (1) is straightforward and we obtain
the time-dependant quantum state

|Ψ∞(t)〉 =

∞
⊗

i=1

|Ψi(t)〉 (13)

for all t0 ≤ t ≤ tf . By using the time-dependant Schrödinger equation associated
with each |Ψi(t)〉

i~
∂

∂t
|Ψi(t)〉 = Ĥ |Ψi(t)〉 (14)

where Ĥ is the Hamiltonian associated with each similar observable universe,
we obtain the following formal equation associated with |Ψ∞(t)〉

i~
∂

∂t
|Ψ∞(t)〉 = Ĥ∞ |Ψ∞(t)〉 (15)

where ∂

∂t
:= ∂

∂t
⊗ ∂

∂t
⊗ · · · and Ĥ∞ := Ĥ ⊗ Ĥ ⊗ · · · .
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3 The unitary evolution

We have proved in [2] that the collapse of the time-independent quantum state
(1) can be avoided. However, the same reasoning cannot be used for the time-
dependent quantum state (13). Indeed, if a measurement is done at time tm, all
quantum states |Ψi(t)〉 collapse at time tm. So, we may wonder if the unitary
evolution of the time-dependent quantum state |Ψ∞(t)〉 can be preserved.

First, let us remark that if we have only a finite fixed number of similar
observable universes, the unitary evolution cannot be satisfied. Suppose that
we have only a finite fixed number N of similar observers i in similar observable
universes having quantum states |Ψi(t)〉. Just after the measurement at time
t+m = tm + ǫ, we may have

∣

∣Ψi(t
+
m)
〉

=
∣

∣Ψj(t
+
m)
〉

(16)

for all i, j ∈ {1, · · · , N} where ǫ > 0 is a sufficiently small number. So, the

quantum state
⊗N

i=1 |Ψi(t)〉 collapses at time tm and all its possible evolutions
cannot be explored. Let us remark that the Born rule is also not satisfied in a
sufficiently large universe [28, 29].

Then, we prove that the unitary evolution of the time-dependent quantum
state |Ψ∞(t)〉 is preserved. Let us denote by t−m the time just before the mea-
surement in each similar observable universe and t+m the time just after the
measurement. We study the quantum state |Ψ∞(t−m)〉 in order to see if its col-
lapse is possible. There exists 1 < K < +∞ such that for all i ∈ N

∗ = N \ {0}

∣

∣Ψi(t
−
m)
〉

=

K
∑

k=1

αik

∣

∣Ψk(t
+
m)
〉

(17)

where αik ∈ C and
∑K

k=1 |αik|
2 = 1. We have

∣

∣Ψ∞(t−m)
〉

=

∞
⊗

i=1

∣

∣Ψi(t
−
m)
〉

(18)

= lim
N→+∞

(

N
⊗

i=1

K
∑

k=1

αik

∣

∣Ψk(t
+
m)
〉

)

(19)

We develop the previous expression in square brackets and we obtain

∣

∣Ψ∞(t−m)
〉

= lim
N→+∞





∑

fN∈TN

N
⊗

i=1

αifN (i)

∣

∣ΨfN (i)(t
+
m)
〉



 (20)

where TN is the set of all the functions between {1, · · · , N} and {1, · · · ,K} and
card(TN ) = KN . Then, we gather the coefficients α by using the properties of
the tensor product and it leads to

∣

∣Ψ∞(t−m)
〉

= lim
N→+∞





∑

fN∈TN

p
fN
N

N
⊗

i=1

∣

∣ΨfN (i)(t
+
m)
〉



 (21)
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with

p
fN
N =

N
∏

j=1

αjfN (j). (22)

The term
∣

∣

∣p
fN
N

∣

∣

∣

2

=

∣

∣

∣

∣

∣

∣

N
∏

j=1

αjfN (j)

∣

∣

∣

∣

∣

∣

2

=

N
∏

j=1

∣

∣αjfN (j)

∣

∣

2
(23)

is the probability of having the quantum state
⊗N

i=1

∣

∣ΨfN (i)(t
+
m)
〉

for the first
N observable universes. Let T be the set of all the functions between N∗ and
{1, · · · ,K} and

pf = lim
N→+∞

p
fN
N =

∞
∏

j=1

αjf(j) (24)

with f = limN→+∞ fN ∈ T then we have

∣

∣Ψ∞(t−m)
〉

=
∑

f∈T

pf
∞
⊗

i=1

∣

∣Ψf(i)(t
+
m)
〉

. (25)

In [2], we have proved that
|αik| = |αjk| (26)

for all i, j ∈ N∗ by using the Finkelstein-Hartle theorem [14, 15]. As

|αik|
2
< 1 (27)

for all i ∈ N∗, k ∈ {1, · · · ,K}, we have

lim
N→+∞

∣

∣

∣p
fN
N

∣

∣

∣

2

=

∞
∏

j=1

∣

∣αjf(j)

∣

∣

2
= 0 (28)

for all f ∈ T . Indeed, a necessary condition for the product
∏∞

j=1

∣

∣αjf(j)

∣

∣

2
to

be equal to a finite non zero positive real number is that

lim
j→+∞

∣

∣αjf(j)

∣

∣

2
= 1. (29)

The reader may refer to [30, Chapter 2] for more details on infinite products. It
is obvious that Condition (29) cannot be satisfied if we have (26) and (27).

The result given by (28) implies that the probability of having the following
quantum state

⊗∞

i=1

∣

∣Ψf(i)(t
+
m)
〉

is zero for all f ∈ T . It shows that the collapse
of the quantum state |Ψ∞(t−m)〉 is not possible.

Finally, the wave function collapse is avoided for the quantum state |Ψ∞(t)〉.
However, we have defined a common notion of time in Section 2 for observers in
similar observable universes and we may wonder why the quantum state |Ψ∞(t)〉
does not collapse. This is due to the fact that the wave function collapse is
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associated with the notion of observer. In an infinite universe, this notion of
observer falls down and then also the notion of wave function collapse. An
observer i can only see the wave function collapse of his quantum state |Ψi(t)〉
and he also knows that all the other observers in similar observable universes
can see the wave function collapse of their quantum state at the same time tm
elapsed since the post-inflationary epoch. However, the global picture is not the
wave function collapse of the quantum state |Ψ∞(t)〉 at time tm.

4 Conclusion

In this article we have defined a notion of time, namely the time elapsed since the
post-inflationary epoch, for the quantum states of observers in similar observable
universes used in the cosmological interpretation of quantum mechanics. The
unitary evolution of these time-dependant quantum states is preserved in the
multiverse. This interpretation is now a full interpretation of quantum mechan-
ics requiring the holographic principle and compatible with eternal inflation.
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vide, Birkhäuser, 2011.

9


