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Abstract: We interpret the Holographic Conjecture in terms of quantum bits (qubits). N-
qubit states are associated with surfaces that are punctured in N points by spin networks

edges labelled by the spi n-% representation of SU (2) , which are in a superposed quantum

state of spin "up" and spin "down". The formalism is applied in particular to de Sitter hori-
zons, and leads to a picture of the early inflationary universe in terms of quantum computa-
tion. A discrete micro-causality emerges, where the time parameter is being defined by the
discrete increase of entropy.

Then, the model is analysed in the framework of the theory of presheaves (varying sets on a
causal set) and we get a quantum history. A (bosonic) Fock space of the whole history is
considered.

The Fock space wavefunction, which resembles a Bose-Einstein condensate, undergoes de-
coherence at the end of inflation. This fact seems to be responsible for the rather low en-
tropy of our universe.
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1. Introduction

Today, the main challenge of theoretical physics is to settle a theory of quantum gravity that will
reconcile General Relativity with Quantum Mechanics.

There are three main approaches to quantum gravity: the canonical approach, the histories approach,

and string theory. In what follows, we will focus mainly on the canonical approach; however, we
will consider also quantum histories in the context of topos theory [1-2].

A novel interest in the canonical approach emerged, about ten years ago, when Ashtekar introduced
his formalism [3] which lead to the theory of loop quantum gravity [4].

In loop quantum gravity, non-perturbative techniques have led to a picture of quantum geometry. In
the non-perturbative approach, there is no background metric, but only a bare manifold. It follows that
at the Planck scale geometry is rather of a polymer type, and geometrical observables like area and
volume have discrete spectra.

Spin networks are relevant for quantum geometry. They were invented by Penrose [5] in order to
approach a drastic change in the concept of space-time, going from that of a smooth manifold to that of
a discrete, purely combinatorial structure. Then, spin networks were re-discovered by Rovelli and
Smolin [6] in the context of loop quantum gravity. Basically, spin networks are graphs embedded in 3-
space, with edges labelled by spins j=0, 1/2, 1, 3/2...and vertices labelled by intertwining operators. In
loop quantum gravity, spin networks are eigenstates of the area and volume-operators [7].

However, this theory of quantum geometry, does not reproduce classical General Relativity in the
continuum limit. For this reason, Reisenberg and Rovelli [8] proposed that the dynamics of spin net-
works could be described in terms of spacetime histories, to overcome the difficulties of the canonical
approach. In this context, the spacetime histories are represented by discrete combinatorial structures
that can be visualised as triangulations. The merging of dynamical triangulations with topological
guantum field theory (TQFT) has given rise to models of quantum gravity called "spin foam models’
[9] which seem to have continuum limits.

Anyway, as spin foam models are Euclidean, they are not suitable to recover causality at the Planck
scale. For this purpose, the theory should be intrinsically Lorentzian. However, the very concept of
causality becomes uncertain at the Planck scale, when the metric undergoes quantum fluctuations as
Penrose [10] argued. So, one should consider a discrete alternative to the Lorentzian metric, which is
the causal set (a partially ordered set-or poset- whose elements are events of a discrete space-time).
Such theories of quantum gravity based on the casual set were formulated by Sorkin et al. [11].

Rather recently, a further effort in trying to recover causality at the Planck scale, has been under-
taken by Markopoulou and Smolin [12]. They considered the evolution of spin networks in discrete
time steps, and they claimed that the evolution is causal because the history of evolving spin networks
isacausal set. However, it is not clear yet whether causality can really be achieved at the Planck scale,
at least in the context of causal sets.
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In this paper, we aso consider the issue of causality at the Planck scale in the framework of causal
sets, although our results do not promote this aspect as decisively as in [12]. In our opinion, the very
concept of causality makes sense in the quasi-classical limit, in relation with the fact that an observer is
needed, and this observer cannot "stand" on the event at the Planck scale.

Moreover, our picture is related to some other issues, mainly the holographic conjecture [13-14],
and quantum information theory.

The issue of quantum information started with Neumann [15], who gave a mathematical expression
of quantum entropy in photons and other particles subjected to the laws of quantum mechanics. How-
ever, Neumann' s entropy lacked a clear interpretation in terms of information theory. It was Schu-
macher [16], who showed that Neumann's entropy has indeed a related meaning. Moreover, Holevo
[17], and Levitin [18], found that the value of quantum entropy is the upper limit of the amount of
guantum information that can be recovered from a quantum particle (or from a group of particles).

Quantum information differs from classical information [19], in several aspects.

The elementary unit of classical information isthe bit, which isin one of the two states "true"=1 and
"false"=0, and obeys Boolean logic. A classical bit is contextual-free i.e. it does not depend on what
other information is present. Finally, a classical bit can be perfectly copied.

In quantum information, the elementary unit is the quantum bit (or qubit), a coherent superposition
of the two basis states 0 and 1. The underlying logic is non-Boolean. Different from classical bits, a
qubit is contextual [20], and cannot be copied, or "cloned" [21].

The emerging fields of quantum computation [22], quantum communication and quantum cryptog-
raphy [23], quantum dense coding [24], and quantum teleportation [25], are all based on quantum in-
formation theory. Moreover, quantum information theory is expected to illuminate some conceptual
aspects of the foundations of Quantum Mechanics.

In this paper, we shall illustrate, in particular, the interconnections between quantum information
theory and quantum gravity.

As spin networks are purely mathematical entities, they do not carry any information of their own
because information is physical [26]. However, they do carry information when they puncture a sur-
face transversely. Each puncture contributes to a pixel of area (a pixel is one unit of Planck area) and,
because of the holographic principle, this pixel will encode one unit of classical information (abit).

The starting idea of our paper is that a surface can be punctured by a spin network's edge (Iabelled
by the j=1/2 representation of SU (2)), which is in a superposed quantum state of spin "up" and spin
"down". This induces the pixel to be in the superposed quantum state of "on" and "off", which encodes
one unit of quantum information, or qubit. By the use of the Bekenstein bound [27], we show that the
entropy of an N-punctured surface isin fact the entropy of an N-qubit.

Moreover, because of the Holevo-Levitin theorem [17] [18], our picture provides a time parameter
in terms of a discrete increase of entropy. Thus the time parameter is discrete, and quantized in
Planck's units. This is in agreement with Penrose' s argument [28], that a theory of quantum gravity
should be time-asymmetric. However, our result is not strong enough to claim that causality is actually
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being recovered at the Planck scale. In fact, the thermodynamic arrow of time is related to the psycho-
logical arrow of time, and at the Planck scale, the latter is missing because there are no observers. This
isnot just a matter of philosophy, but it isareal handicap.

The "events' of our causal set are not just points of a discrete spacetime, but they are the elements
of a poset whose basic set is the set of qubits and whose order relation follows directly from the quan-
tum entropy of the qubits.

Events that are not "causally" related (qubits with the same entropy) form space-like surfaces (or
antichains).

The use of topos theory (in particular the theory of presheaves [29]), makes it possible to attach an
Hilbert space to each event, and to build up discrete evolution operators [30], among different Hilbert
spaces. In this way, we get a quantum history, which turns out to be a quantum information interpreta-
tion of the theory of inflation.

However, as we already pointed out, we find an internal contradiction, in considering causality in
the framework of causal sets. an observer seems to be required for consistency.

In fact presheaves (or varying sets on a causal set) obey the Heyting algebra which implies the in-
tuitionistic logic [31-32], which in turn is related to the concept of time flow. One can then imagine a
Boolean-minded observer who has to move in time [33], in order to grasp the underlying quantum
logic of the universe. Obviously, this picture has no meaning at the Planck time, when there was no
observer at all. The above picture strictly depends on the fact that in the theory of presheaves we con-
sider Boolean sub-lattices of the quantum lattice. To drop the Boolean observer, one should discard
Boolean sub-lattices and consider the entire guantum lattice as a whole, endowed with a non-Boolean
logic. However, we cannot get the Hilbert space of the entire history, because of the existence of uni-
tary evolution operators among different Hilbert spaces.

Thus, in order to escape the "problem of the observer" we perform the tensor sum of al the Hilbert
spaces attached to the events of the causal set, and we get a (bosonic) Fock space.

Although we find that the logic associated with the Fock space is Boolean, we are able to eliminate
the observer at the Planck scale by depriving him of time evolution. In fact, the Fock space wave func-
tion |Y> , Which is the coherent quantum superposition of all the events (qubits), leads to an a-temporal

picture of the early universe.
The wavefunction |Y > is the coherent quantum state of multiple bosonic qubits, and resembles a

Bose-Einstein condensate [34]. It can maintain coherence as far as thermal noise is absent, that is, as
far asinflation is running: a cosmological erawhen the universe is cool and vacuum-dominated.

We find that the coherent quantum state decoheres at the end of inflation, giving rise to the (rather)
low entropy of our universe. In fact, the present entropy seems to be related to the quantum informa
tion stored in |Y> , Which was lost to the emerging environment when thermal decoherence took place

[35].
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Only after |Y > has decohered, one can in principle retrodict the quantum past [36], "as" it was re-

corded by some ancient observer. It seems to us that only in this sense causality can be "restored” at
the Planck scale.

This paper is organised as follows.

In Sect.2, we review the holographic conjecture by ' t Hooft and Susskind, and we interpret the in-
formation stored on a boundary surface in terms of quantum bits rather than classical bits.

In Sect.3, we illustrate the relation between spin networks that puncture aboundary surface, and the
qubits stored on the surface.

In Sect.4, we put forward the mathematical formalism. We select the subspace of unentangled
symmetric qubits of the full 2" -dimensional Hilbert space of N qubits. We find that the symmetric 1-
gubit acts as a creation operator in this subspace. Then the formalism is applied to de Sitter horizons,
which are interpreted as qubits. This leads to an interpretation of inflation in terms of quantum infor-
mation.

In Sect.5, we show how the vacuum (the classical bit) at the unphysical time t=0, evolved to the 1-
qubit at the Planck time by passing through a quantum logic gate.

In Sect.6, we show that in this model a discrete micro-causality emerges, where the time parameter
isgiven in terms of the discrete increase of entropy.

In Sect.7, we formalise our model within the framework of the theory of presheaves. Qubits are in-
terpreted as events of a causal set, where the order relation is given in terms of the entropy. We get
thus a quantum history which is the ensemble of all the finite-dimensional Hilbert spaces of N-qubits.
We find that the wavefunction of the entire history resembles a Bose-Einstein condensate.

In Sect.8, we consider decoherence of the Bose-Einstein condensate. We find that the rather low
value of the entropy of our present universe can be achieved only if the wavefunction collapsed at the
end of inflation.

In Sect.9, we interpret the N-qubits as N quantum harmonic oscillators. This alows us to find the
discrete energy spectrum, and in particular, the energy at the time when inflation ended. This energy is
interpreted as the reheating temperature.

Sect. 10 is devoted to some concluding remarks.

2. Holography and Quantum Bits

The Holographic Conjecture of ' t Hooft [13], and Susskind [14], is based on the Bekenstein bound
[27]:

S=

A
’ (2.1)

where S is the entropy of aregion of space of volume V, and A is the area, in Planck units, of the sur-
face bounding V.
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The entropy S of a quantum system is equal to the logaritm of the total number N of degrees of
freedom, i.e. the dimension of the Hilbert space

S=InN =IndimH) (2.2)

In a discrete theory of N spins that can take only two values (Boolean variables) the dimension of
the Hilbert spaceis 2" , hence the entropy directly counts the number of Boolean degrees of freedom:

S=NIn2 (2.3)
From egs. (2.1) and (2.3) one gets:

A

= (2.4)

In a region of space-time surrounding a black hole, the number of Boolean degrees of freedom is
proportional to the horizon area A.

"t Hooft proposed that it must be possible to describe all phenomena within the bulk of a region of
space of volume V by a set of degrees of freedom which reside on the boundary, and that this number
should not be larger than one binary degree of freedom per Planck area.

All this can be interpreted as follows: each unit of Planck area (a pixel) is associated with a classical
bit of information. The hit is the elementary quantity of information, which can take on one of two
values, usualy 0 and 1.

Therefore, any physical realization of abit needs a system with two well defined states.

Thus, in the classical picture of holography, a pixel is a two-state system which realizes a classical
bit.

In fact a pixel can be either "on"° 1 or "off"° 0, where we take the convention that the pixel is

"on" when it is punctured by the edge of a spin network [6], (in the spi n-% representation of SU(2))

in the state

But a pixel can be "on"and "off" at the same time, if it is punctured by a (open) spin nework 's

+%> and that the pixel is "off" when it is punctured by a spin network ' s edge in the

state

edge in the superposed quantum states:
1 &l 1\0
—e=)t|- =)= 2.5
SR &

Let us represent the states +l> and ‘ 1> as the vectors aégand aé)graspectively.
2 2 Eo,-a gl,'a

The superposed quantum statesin eg. (2.5) can be obtained by the action of the unitary operator:
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l%zzé%a+62) (2.6)

N

on the states ‘ %> and

+%> respectively.

- |9

05

In this case, the pixel is associated with a quantum bit of information (or qubit).

A quantum bit differs from the classical bit in so far as it can be in both states |0) and |1) at the

: : : ad
where s , isthe Pauli matrix: s, :g_
[

same time: the single qubit being written then as a quantum superposition:

a/0) +j1) 2.7)
where aand b are the complex amplitudes of the two states, with the condition:
& +|o" =1 2.8)

The relation between the qubit in eq. (2.7) and the superposed quantum state in eg. (2.5) liesin the
fact that the group manifold of SU(2) can be parametrized by a 3-sphere with unit radius,

In fact, the most general form of a 2” 2unitary matrices of unit determinant is:

&xa bo 2 2
= = =1
NS e

where aand b are complex numbers.

Of course, this interpretation of a pixel as a qubit state is in contraddiction with classical Boolean
logic where intermediate states between |0) and |1) are not possible.

U

The question is: What changes in the holographic picture, when one choses to associate a pixel with
a quantum bit of information instead of a classical bit?

The pixel isnot anymore a classical unit of surface area: it isitself a quantum state.

However, the dimension of the Hilbert space does not change: it is still 2" for a quantum system of
N qubits.

What changes is the interpretation: one goes from a classical Boolean logic to a quantum (non-
Boolean) logic.

While Boolean logic is distributive, non-Boolean logic (Quantum logic) is nondistributive:

aU(Uc)t (aUb)U(aUc)
In what follows, qubit states will be associated with boundary surfaces whose areas are given in

units of the Planck area.
Surfaces with area equal to N pixelswill be interpreted as N-qubit states.
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3. Quantum Information Versus Quantum Gravity

When one considers N qubits, the dimensionality of the Hilbert space grows as 2" .

We will call these Hilbert spaces H . The basis states are the 2" strings of lenght N (for example:
|00) |01) [10) [11) for N=2).

Thereisalink between qubits and spin networks in the context of the Holographic principle.

In loop quantum gravity, non-perturbative techniques have led to a quantum theory of geometry in
which operators corresponding to lengths, area and volume have discrete spectra.

Of particular interest are the spin network states associated with graphs embedded in 3-space with
edges labelled by spins

. 1.3
=0=1—,..
: 2L2

and vertices labeled by intertwining operators.
If asingle edge punctures a 2-surface transversely, it contributes an area proportional to:

12j(j +1) (3.1

where | is the Planck length.
The points where the edges end on the surface are called " punctures’.
If the surface is punctured in n points, the areais proportiona to:

17 §a(J, +D) (32)

Hence, gravity at the Planck scale is organized into branching flux tubes of area.

What happens when this picture is applied to a black hole horizon? The flux lines pierce the black
hole horizon and excite curvature degrees of freedom on the surface [37]. These excitations are de-
scribed by Chern-Simons theory and account for the black hole entropy.

The very important feature of Chern-Simons theory is that is possible to "count” the number of
states: for alarge number of punctures, the dimension of the Hilbert space H, for a permissible set P
of punctures P ={j, ,..j, | goesas

dmH, » O (2], +1 (3.3)

ipl P

The entropy of the black hole will be then:

S=Ing dmH, =const (3.4)
)

4%
where A isthe area of the horizon, 1" is the Planck length and g is a parameter of the theory called the
Immirzi parameter [38].
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Then, the best redlization of the holographic hypothesis seems to be a topological quantum field
theory like Chern-Simons. It should be noted that the states which dominate the counting of degrees of

freedom correspond to punctures labelled by | :%. This fact reminds us of Wheeler' s picture "it

from Bit" [39] of the origin of black hole entropy.

In some sense, we could formulate instead "it from Qubit".

In what follows, N-punctured surfaces will be associated with N qubits. Thus, the merging of quan-
tum information theory with quantum geometry and Chern-Simons theory will illuminate the quantum
features of holography.

In particular, we will consider de Sitter-like horizons of area [40]:

A =(n+1)*L” (3.5)
at times:
t =(n+Ht"  with: n=0,1,2,3... (3.6)

where L and t” are the Planck lenght and time, respectively.

In what follows we will denote with n=0,1,2... the label of area eigenvalues of the horizons, and
with N=1,2,3.....the number of pixels and associated qubits.

Let us consider now spin networks with edges labelled by the spin-1/2 representation of SU(2),
which puncture the de Sitter horizonsin the points p,, p,,....p, With:

N = (n+1)? (3.7)

For n=0, (N=1) there will be only one puncture, p, , giving rise to the minimal area, A, = L'*(one
pixel). In this case, the de Sitter horizon coincides with the absolute horizon of an Euclidean Planckian

black hole [40].
For N=1 we get:
dmH, =2 (3.8)
S=In2=9" (39)

where we have taken A=1"?, as a Planckian black hole carries one unit of quantum information (its
horizon is a 1-qubit state).
The basis states of H, are |on)and |off ):

(on||on) = (off | off ) =1 (3.10)

(on||off) =0 (3.11)
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The one-pixel state can be written as a superposition of the basis states. For future convenience, we
will consider the maximally coherent state, i.e, an equal superposition of |on) and |off)

1) = % (Jon) £ off ) (312)

4. The Mathematical Formalism

Letuscall |Q) the most general 1-qubit state:

|Q.) = 2o +bloff) (4.)
with: |a|® +[b* =1

The maximally coherent 1-qubit states (equal superpositions of |on)and |off }) are:

-1

|2)° % (|on) +| off ) (4.2)
)" = %q on) - |off ) (4.3

where A and S stand for "symmetric" and "antisymmetric" respectively.
The most general 2-qubit states are:

o K@nm .
Q)=a a cm/m)’ (4.4)
m,n ]

where:
m=number of "on", n=number of "off" and n+m=2
K(0,2)=K(2,0)=1
K(1,1)=2
The unentangled basis for 2-qubitsis:

|on,on), |off, off ),|on, off ), | off , on) (4.5)

The entangled basis for 2-qubits (Bell states, maximally entangled) is:

IF.) :%(|on,on>i|off,off ) (4.6)
Y.) :%(|on,off>i|off,on> (4.7)

Unentangled 2-qubits (product states of two 1-qubits) are:
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|2> ——(|on on) +|on, off ) +| off ,on) +| off , off )) =| > |1>
|2>j :%(|on,on>- lon,off ) - |off ,on) +|off, off )) =|1) |1>A
|2>f :%(|on,on>- |on, off ) +| off ,on) - | off , off ) :|1>S|1>A

|2>§:%(|on,on>+|on,off>- |off ,on) - |off ,off )) =| > |1>

These 4 states can be written in the Bell basis as:

\)

S

=L iE v+
|2>1,2 _\/E(|F+>_

A

205, = 5 (F)FIY.)

The unentangled 2-qubits |2> and |2> are given by eq. (4.4) inthe case ¢, =c,.

49

(4.8)

(4.9)

(4.10)

(4.12)

(4.12)

(4.13)

In particular,

for the states |2>S the c,,, are symmetric under permutation of m and n, while, for the states |2>A, they

are antisymmetric.
So, general unentangled 2-qubits can be written as:

4 .
|Q2>UN = é. é. ernn| mn>J Wlth m+n:21 and a” Cj = Ck

mn  j=1

where "UN" stands for "unentangled".
The entangled 2-qubits are of two kinds:

4 ,
|Q2>E(1) =& a4 cl,/m)’ withm+n=2, andnot dl c, =c¢,

mn  j=1

|Q2>E(2) =a “54 Cr‘;1n|mn>j with m+n=2

mn  j=1

where "E" stands for "entangled”.

We shall consider the action of |1) ® (creation operator) on the 2-qubits.

[): On the entangled 2-quits:

8 .
1D°A|Q) w =4 & ch.|mn) °|Q,)"w withm+n=N+1=3and not dl ¢, =c,

mn'  j=1

(4.14)

(4.15)

(4.16)

(4.17)
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D°A|Q,) @ =4 hgjcr‘g-n-lrn'rl'>j °|Q) @ (4.18)
& <
[1) On the unentangled 2-qubits:
D2AIQ)™ =& & chlmn) °|Q)"  withm+n=3andal ¢, =c, (4.19)
o %

In what follows, we will consider only the unentangled 2-qubits |2>1S (and we will call them simply
|2)) for which it holds:

D Al2)=[3) (4.20)

where;

3) :mqon,on,on)+|on,on,off>+|on,off,on)+|on,off,off>+|off,on,on>+|off,on,off>+

+|off ,on, off ) +| off , off ,on) + | off , off , off ))

The entangled N-qubits are:

M =2N

|QN>(E)(1) =a a cr{m|mn>j with m+n=N and not all ¢, =c, (4.21)
mn j=1
(E) o Ms? i
Q) “@=a a Ch/mn)’ withm+n=N (4.22)
mn j=1
and the unentangled N-qubits:
m=2N .
Q)™ =8 & cly/mn)’ withm+n=Nandal c, =c, (4.23)
mn j=1
A subset of the |Q, >(UN) is the set of the symmetric states:
(UN.ymm) _ o MEZN j i
|QN > =a a Cmn| mn> (424)
mn j=1
where m+n=N, dl. ¢, =c, and the ¢, are symmetric under permutation of m and n.
Finally, aparticular subset of the |Q,, )" ™™ isthe set of states:
1 ( mm)AN
N)=—x ™ (4.25)
J2

The action of |1>(S) on the N-qubitsis:
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1D AQu)y =|Qua)y (4.26)
.. (E)
|1>(S) A |QN >§§)) = |QN+1>(2) (4.27)
|1>(S) A |QN >(UN) = |QN+1>(UN) (4.28)
So, in general, the action of |1>(S) on a N-qubit whatever entangled or unentangled
Lo Mg )
Qv)=a a Co/mn) withm+n=N (4.29)
mn j=1
is:
1D A|Qy) =|Qua) (4.30)
where:
o Mg
Qua)=a a ch./mn)’ withm+n'=N'=N+1 (4.31)
mn' j=1

In particular, the action of |1>(S) on the qubits |N> is the action of a creation operator on a N-

particles state is:
1) AIN) =|N +1) (4.32)

We will use the following notations:
a) Thekets | N):

0)=1 (4.33)

Note that N=0 correspondsto n=-1, that is, to t , =0. We will not attach any physical meaning to
thistime t_, aswe are discarding al times preceding the Planck time t, =t".
The state |0) that will be called the vacuum state, is the basis state of an Hilbert space Hof di-
mensionality 1, but it is not a proper qubit state.
So, the quantum pixel states will be labelled by N=1,2,3....
1

) N (Jon) +|off )) (4.34)

(This state, which is the one- pixel state associated with one qubit of information, describes the
quantum state of the first de Sitter horizon (n=0) at the Planck time t, =t’; in fact, it is the horizon of
a Planckian black hole).
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12) :%(|on,on>+|on,off>+|off,on>+|off,off>

3) :i(|on,on,on>+|on,on,off>+|on,off,on>+|on,off,off>+|off,on,on>+

2.2
+| off ,on, off ) +|off, off ,on) +| off , off , off )

and so on.
In general, the N-pixel state is given by:
1
\/EN
They are vectors in a symmetric subspace H > of he 2" -dimensional Hilbert space H,, .
H ®isthe tensor product: H (> = HAN

Notice that, in the full Hilbert space, there would be also entangled states.
The qubits| N> , Which are product of states, are disentangled by definition. Entanglement is due to

IN)=——[1)" (4.35)

the application of operations which act on two qubits simultaneously, i.e, they have to interact in a

nonlinear way, quite unlike the Holographic picture, where everything islinear.
It appears asif the state |1) would act as a creation operator. Indeed, the state |1) makes jumps from

a 2" -dimensional Hilbert space H, to a 2"**-dimensional Hilbert space H.,:
[DIN) =[N +1) (4.36)

where [N)T Hy and [N+DT H,

b) Thebra (N|

Whose products with the kets |M ) are defined by the following relations:

With these conventions:
(N|[M)=|M - N) for N<M (4.37)

=0 for N>M

Thebra (1] acts as aannihilation operator:

Ny =[N-1) (4.38)

(10)=0 (4.39)
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c) The creation and annihilation operators:

Let us define:

a'=[1); a=(1 (4.40)
such that:

a’|N) =[N +1) (4.41)

aN)=|N- 1) (4.42)

a0)=0 (4.43)

Having normalized the scalar product to unity: (1|1) =1

we get:

aa’ =1 (4.44)

Let us define the hermitian operator:

P =a'a® |1><1| (4.45)
as, by the use of eg. (4.43) it holds:

a'aa’a=a‘a (4.46)

P, satisfies the relation:

P?=P (4.47)

Thus, P, isaprojection operator by definition.
Also, P, isanumber operator with only two eigenvalues (0 and 1):

RJ0)=0; R|N)=|N) (for N=1,23... (4.48)
d) The de Sitter horizon states | Y (t,)):

A N-qubit state |N) can be attached to each de Sitter horizon of area A, =(n+1)*L?at time
t =(n+Yt":

1Y (L)) =[1) (4.49)

V() =|4) =)’ (4.50)
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Y () =|9) =[1)° (451)

Y (1)) =[16) =|1)" (4.52)

and so on. In generd:

(n+1)?

Y (t,)) =|(n+D?) =[1) (4.53)
where the state of the system at time t =t isgiven by:
Y () =[D"?]Y 1)) (4.54)

where | Y (t,)) © |1) istheinitial state at the Planck time t, =t".

5. The Vacuum State and the Quantum Logic Gate

The vacuum state |0) =1 is the basis state of an Hilbert space H,of dimension 1. As we already

mentioned, this state is not a quantum bit, but just a classical hit, i.e, the elementary classical quantity
of information which can take on one of two values, usually "0" and "1" (in our case "on"and "off").
This means that the vacuum state is either "on" or "off", so the vacuum obeys a Boolean logic, not a
Quantum logic (in which case it could be "on" or "off", i.e, it would be a qubit).
The vacuum is then a pixel which is either "on" (punctured by a spin network 's edge in the state

1
1),

How can the vacuum state (the classical bit) at the "unphysical time": t , =0 "evolve" to the state

+ %> ) or "off" (punctured by a spin network 's edge in the state

D) = iz (Jon) +|off )) (the quantum bit) at the Planck time t, =t" ?

72

A possible answer is that the vacuum state "passes’ through a quantum logic gate.
Logic gates may be constructed for quantum bits. We shall consider only one-bit unitary operations.
Let us consider a single quantum bit.

If we represent the basis |on) and |off ) as the vectors E%S and Eﬁ’? respectively, then the most
g g

general unitary transformation correspondstoa 2 2 matrix of the form

gee' @ cogd /2) e'“*Vdn/2)0

. ' | . 51
J g_ e.(d.s +) Sn(J /2) el(d-s-t) COS(J /2)5 ( )

wherewe usually take: d =s =t =0.
One-bit transformations are represented as a quantum circuit:

|A) U, U, |A) (5.2)
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An important one-bit gate is U, which maps a spin-down particle to an equal superposition of
2
down and up (of course, the quantum gate U , coincides with the unitary operator U, _in eq. (2.6)).
2

The vacuum state can be either |on) © Eigor |off ) © Ei)g
2

Let us suppose, for example, that the vacuum was |on> .The action of the logic gate U  on the vac-
2

uum will be:
1 el 16680 1 2840 a®00
\/_g 1 1$0ﬂ \/_ggora glﬂg

If instead the vacuum was |off> ;

U |o (5.3

1 el 100 _ 1 2dd a0
Sl SO S o

Then, the vacuum state |0) , after having "passed" through the quantum circuit:

0) u, U, |0 (55)

it comes out in the symmetric 1-qubit state:

:%(|on>+|off Ne s (5.6)

or in the antisymmetric 1-qubit state:

=5 o)~ [ot)  [)° 7

Now the convenience of choosing the state |1> to be an equal superposition of the basis states be-

U, |0)
2

U, [0)
2

comes transparent.

The passage of the vacuum state through the quantum logic gate reminds us of the "quantum tun-
nelling" of the vacuum within the context of "Nothingness' as put forward by vilenkin [41].

However, the picture is digthly different now: the initial geometry is not a complete "nothingness’.
In fact there is a pixel of area, associated with a classical bit. What is missing is time, which is un-
physical. Anyway, from the quantum point of view, the initial 3-geometry may be empty (in the sense

of "nothingness"), because the pixel of the boundary surface is associated with a classical bit, not with
aqubit. In fact, the de Sitter horizon at the unphysical time t =t_, isthe vacuum state:

1Y (t.,))=10) (5.8)



Entropy 2000, 2 56

6. The" Beginning" Of Physical Time

Passing through the quantum logic gate means at the same time: passing from a Boolean logic to a
quantum logic, which is non-Boolean. This fact is responsible for the beginning of "physical” time. In
fact, let us consider a Boolean-minded observer on the first horizon, associated with one-qubit state.
He will be able to make measurements of commuting observables only in some sub-lattice of the
guantum lattice. To make measurements on a different sub-lattice, he will need to move in time.

The first de Sitter horizon, associated with one-qubit, is an absolute horizon as, at t, =t", the de

Sitter horizon coincides with the horizon of a Planckian Euclidean black hole. The observer on the first
horizon, cannot receive any information, because there are no preceeding horizons (for t , =0 thereis

guantum nothingness) and succeeding horizons do not yet exist. Nevertheless, let us suppose that the
observer wants to measure the area of the first horizon. He will find the area of one pixel, A, =L?.
When he has completed the measurement, he pretends he is still on the first horizon; instead, he is in-
deed on alarger horizon.

If he will be clever enough, he could have performed the measurement in the smallest "time" avail-
able: Dt =t"-and now he will be on the second horizon, at time t, = 2t", which is associated with a 4-

qubit (the area of the second horizon is of 4 pixels). So, he has got the result of one pixel when heison
a horizon whose area is of 4 pixels; 3 quantum bits of information are missing:

(Y )Y ()= {14 =[3) (6.1)
If the observer, when he was on the first horizon, had performed the measurement in a time

Dt =2t at the end of the measurement, he would be on the third horizon, at time t, =3t which is as-
sociated with 9 qubits. In this case, 8 qubits of information will be missing, for the observer:

(Y)Y () =(19)=(8) (6.2)

Let us suppose that the observer has made the measurement when he was on the second horizon,
and that has taken atime Dt =t". At the end of the measurement, the observer will be on the third ho-
rizon, and 5 qubits of information will be missing:

(Y WY (.)) =(4/9) =|5) (6.3)
In general:
(Y)Y ()= <(n+1)2|(m+1)2> =[(m- n)(m+n+2)) (6.4)

The number (m-n)(m+n+2) is the number of missing qubits at the end of a measurement which has
takena"time" Dt =t_-t =(m- n)t" to be performed.

This is a case of information loss, but it is just observer-dependent. Anyway, the amount of infor-
mation loss can be taken, by the observer, as a (discrete) time parameter.

Let us define the information loss from glice n to slice m (with m>n) as:
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DI =(m- n)(m+n+2) (6.5
Theentropy S, of aquantum system of N qubitsis:
S,=NIn2

and the increase of entropy passing from a system of N qubits to one of M qubitsis:
DS,y =(M - N)In23 0 for M 3 N (6.6)
If wetake: N = (n+1)* we have:
DI =DS,, /In2 (6.7)

which is consistent with the Holevo-Levitin theorem [17-18] which states that the value of quantum
entropy is the upper limit of the amount of quantum information one can recover from a quantum sys-

tem.
In particular, for n=-1, wehave: S, =0, i.e. the vacuum has zero entropy.

Moreover, for n=0, we get: S, =In2which isthe entropy of a Planckian black hole.
The amount of information loss experienced by the observer, is proportional to the increase of en-
tropy from the n™ de Sitter horizon to the m™ one (with n<m).
The discrete jJumps in time Dt =t_ - t_experienced by the observer, are related to the increase of
entropy by:
DS t°

:(m+n+2)ln2 (68)

and reflect the jumps from a Hilbert space H, to a Hilbert space H,, (with: N =(n+1)?,
M =(m+1)?, and m>n) performed by the discrete operator:

)™ (with:M - N =(m- n)(m+n+2)) (6.9)

Hence, in thismodel of quantum space-time, the thermodynamic arrow of time emerges genericaly,
and leads to a quantum cosmological theory which is time-asymmetric.

7. Quantum Information and Presheaves

At this point, we wish to encode our model in a precise mathematical framework: the theory of
categories. In particular, we shall use the theory of presheaves [29]. Presheaves are varying sets on a
causal set. A causal set isaparticular poset whose elements are events of a discrete spacetime.

A poset (or a partially ordered set) P is a set together with a partial order on it. Thus, a poset is for-
mally defined as an ordered pair: P = (S,£)where Sis called the ground set of P and £ is the partial
order of P. A partial order £ onaset S has:

1. Reflexivity:a £ a forall al S
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2. Antisymmetry: a£b and b £ a impliesa=b

3. Trangitivity: a£b and b £ cimplies a£ ¢

A causal set C is aposet whose elements are interpreted as the events of a history.

So, for acausal set, the three properties of posets hold as well. In particular, antisymmetry is needed
to avoid closed timelike loops.

A quantum causal history is a history whose events are the finite-dimensional Hilbert spaces at-
tached to the events of the causal set.

There are discrete evolution operators acting among the Hilbert spaces associated with different
causally-related events. This idea has a generic interpretation in the language of topos theory: the
presheaf of Hilbert spaces over the causal set [42].

A presheaf F on aposet Pisafunction F:a® F, that assignestoeach al P aset F, andto
eachpair afb amap F, :F_® F suchthat F_:F, ® F, isthe identity map, and for a£b £ c,
the compositemap is: F,, = F, o F, .

A presheaf E on a causal set C will assign a Hilbert space H_to each event al C. In this case the
map E, : H, ® H, (assigned to each pair a £ b) isthe (discrete) evolution operator.

Remember that events that are not causally related (qubits with the same entropy) form space-like
surfaces (or antichains). It should be noted that even if time is multi-fingered as in Genera Relativity,
it happens that the dlicing of spacetime can only be performed by using a lapse of time that is an inte-
ger multiple of the Planck time. A lapse of time which is not an integer multiple of the Planck time, is
forbidden due to the fact that at the Planck time the corresponding qubit (which has the minimal
guantum entropy) represents the quantum state of the surface horizon of a Planckian black hole. The
presence of a Planckian black hole makes it impossible for the lapse of time D t™®* to "flow" in a
continuos way.

The Alexandrov neighbourhood A (n, m) of two events n and mis the set of all x such that n<x<m.

In the case of two "events' n and m=n+1, separated by atime step Dt =t | it happens that A (n,
m) is empty. This means that, once causality is considered at the Planck scale, the notion of a Lor-
entzian metric becomes meaningless.

Although multi-fingered time is possible, it is not convenient. In fact, we can certainly choose to
use atime lapse like Dt = (m- n)t™™* (with m>n+1), but this is a coarse-grain picture, and it leads to
a larger amount of information loss than the finest-grain picture (with m=n+1) relative to the time
lapse Dt =t™@*  Then, it seems that in the framework of quantum information theory, there is a"pre-
ferred" dicing of spacetime, where the time lapse equals the Planck time, which leads to the minimal
amount of information loss.

It appears as if one can build a discrete analogue of spacetime diffeomorphism invariance, but at the
cost of alarge amount of information loss.

The use of topos theory (in particular the theory of presheaves [29]) makes it possible to attach an
Hilbert space to each N-qubit, and build up discrete unitary evolution operators [30], among different
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Hilbert spaces. In this way, we get a quantum history, which is an inflationary quantum cosmological

theory.
In our model, the de Sitter horizon states |Y,),|Y),|Y,).....]Y,)....are the events of a causal set.

Perhaps we should recall that the de Sitter horizon states are N-quantum bits of information, with
N =(n+1)?. The causal structure is enbodied in the quantum entropy S=(n+1)?In2. The time in-

terval Dt =t, - t, is proportional to the increase of entropy DS =(m- n)(m+n+2)In2 from |Y ) to
|Y,,) sothat Dt3 Ofor n£m.

This gives the causal relation:

YO E|Y,) fort £t.. (7.1)

The |Y ) satisfy reflexivity, antisymmetry, and transitivity. In particular, transitivity implies that
the causal relation is equivalent to afinite sequence of covering relations:

YO)® Y . )®|Y o) ® |[Y ) ® Y ) (7.2)

Each "event" |Y ) isavector of aHilbert space H, = H,*™ of dimension 2" where

N=(n+1)? (n=0,1,2,3..)

Events which are causally unrelated (in our case qubits with the same entropy) form discrete space-

like surfaces (antichaines).Then, unitary evolution operators E, _are needed between two Hilbert
spaces H, and H  associated with two causally related events|Y ) and |Y ).

In this way, we get a quantum history, which is an inflationary quantum cosmological theory.

The quantum history is the collection of Hilbert spaces H,,H,,...H ,.....

Theevents |Y ) of the causal set are the de Sitter horizon states. Thus the causal set is the early in-

flationary universe. The quantum history is the associated cosmological theory: inflation.
The discrete evolution operators between two Hilbert spaces H and H , are:

Ew ® D" H, ® H, (7.3)

They satisfy:

Reflexivity: E, =1

Antisymmetry: E E,,, =1

Trangitivity: E E,, = E,,

We find an internal contradiction, in considering causality in the framework of causal sets: an ob-
server seemsto be required for consistency.

In fact, presheaves obey the Heyting algebra that implies an intuitionistic logic [31-32], which is
related to the concept of time flow. One can then visualise a Boolean-minded observer who has to
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move in time [33], in order to grasp the underlying quantum logic of the universe. Obvioudly, this
picture has no meaning at the Planck time, when there was no observer at all.

The above picture depends on the fact that in the theory of presheaves we consider Boolean sub-
lattices of the quantum lattice. To drop the Boolean observer, one should discard Boolean sub-lattices
and consider the entire quantum lattice as a whole. Roughly speaking, one should get an Hilbert space

for the entire universe.
However, we cannot perform the tensor product of al the Hilbert spaces H . in the history, because

of the presence of the unitary evolution operators E_ = between two Hilbert spaces (although tensor

product of Hilbert spaces can be performed in the consistent histories approach [43]).

In this way, we do not have a Hilbert space for the entire history (universe) as was pointed out also
by Markopoulou [30].

However, we can build a (bosonic) Fock space. In fact, the evolution operators E,  were built up

by the creation operator a* © |1), which makes the number of qubits unfixed.

Then we follow the quantum dtatistical approach and consider the bosonic Fock space
¥
F(H)=AHY (7.4)

where H (S = H(9AMD j5 3 symmetric subspace of the Hilbert space H,, .

The logic associated with this Fock space is the direct sum of the lattice P of projectors in the vari-
ous summands in the Fock space decomposition:

PA(PAP)A(PAPAP)A ...
where P denotes the lattice of projectors associated to the single-particle Hilbert space.
So, thislogic is Boolean.
Nevertheless, we can get rid of the observer because the Fock space wave function leads to a atem-

poral description of the early universe.
In fact, the Fock space wavefunction is a linerar superposition of states |Y,)=|N) =|(n+1)?)

inH®:

Y)=aa Y, (7.5)

with the "superselection” rules:
(Yo|Ym)© (N|M)=|M - N) for N<M (7.6)
=0 for N>M
|Y> is the coherent quantum state of multiple bosonic qubits and it resembles a Bose-Einstein con-
densate [34].
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It should be noted that fermions (antisymmetric qubits) have not been taken into account as they do
not contribute to the coherent quantum state.

Then, |Y> can be interpreted as the coherent quantum state of the early inflationary universe. As a
Bose-Einstein condensate, |Y') will maintain coherence untill thermal noise is absent. But, at the end
of inflation, when the universe starts to be radiation- dominated, |Y) will undergo decoherence by

getting entangled with the environment.
8. The End of Inflation (or the Collapse of |Y'))

If after decoherence the environnement is discarded, the surviving states behave as they had col-
lapsed into Boolean states, and the collapseisirreversible.

This picture describes what actually occoursin a XOR gate, which is atwo-qubit logic gate.

The XOR gate (or controlled-NOT gate) is the standard 2-qubits gate, and illustrates the interactions
between two quantum systems.

Any quantum computation can be performed by using the XOR gate, and the set of one-qubit gates.

The XOR gate flips the "target” imput if its "control” imput is|1) (in our case|on)) and does noth-

ingif itis|0) (in our case |off )):

) s e 1 CEY
XOR i.e 110)® [12)

0 s s 3

0) e e ) ©2)
XOR i.e |00) unchanged

0 s 9

Hence, a XOR gate can clone Boolean imputs. But if one tries to clone a superposed state, one gets
an entangled state:

N (|0) +|1)) ----mmmeee- (8.3)

] % (00)+[11))  (entangled state)
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Then, the XOR gate cannot be used to copy superposed states (impossibility of cloning an unknown
guantum state). If one of the entangled output qubits is lost in the environnement, the other qubit be-
haves as a classical bit, either |0) or |1).

The Fock space wave function|Y ) is the coherent superposition of al the events (qubits). In this

way, the atemporal picture of the early universe emerges as a coarse-graining of the theory of pre-
sheaves.
Only after |Y> has undergone decoherence, one can in principle retrodict the quantum past [36]

"as' it was recorded by some ancient observer.

We have given a picture of the most ancient past, but ".. the past is itself a projection of a non-
Boolean structure onto our Boolean mind" [33].

The conjecture was that the beginning of inflation, (in our case we consider chaotic inflation which
takes place at the Planck time t, =10 *s) was due to the passage of the vacuum through a particular
one-qubit logic gate.

During inflation, the universe was vacuum dominated and the coherent quantum state in eg. (7.5)
was protected against environmental noise. Thus, in the above scheme, during inflation, a collapse of
the wave function could not occour.

Incidentally: One could think that during inflation, the universe behaved as a quantum computer,
but it is not yet known if a subset of orthogonal unentangled states of a quantum system can perform
guantum computation [44], although it has been shown that also unentangled states exibit nonlocality
[45].

L et us suppose now that the coherent state |Y > collapsed at the present cosmological time:

T :i»lOHS
H

where H is the Hubble constant. In Planck units, we have: T » 10%t”.
n =10 would correspond to a number of qubits: N » 10%
The entropy would be at present: S » 102 In2
That is about the maximal value of entropy we could have [46].
However, the actua entropy of the universeis much smaller: S, » 10° .

That means that the collapse of |Y ) must have taken place much earlier.

Therate:

% =10°1n2 (8.4)
suggests that the collapse must have happened for

N, »10* (8.5)

corresponding to:
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ne » 10° (8.6)

This value of n corresponds to the time:
te =(ng +Yt* » 10 ¥s (8.7)

Thisisjust the time when inflation is supposed to end.
In fact, things changed dramatically at the end of inflation, at time t, » 10°*s, when the universe

started to be radiation dominated, and quantum superpositions underwent thermal decoherence.

9. Unentangled Symmetric Qubits as Quantum Harmonic Oscillators

In Sect. 4, we have defined the creation and annihilation operators as:
[Hea ; {goa
with:
aa" =(1|1) =1
and we have defined the projector P, as:
P °a‘a=|1)]]
In analogy with the quantum harmonic oscillator we consider the Hamiltonian:

H= % (aa™ +a"a)aw (9.2)

In our case there will be n such Hamiltonians, one for each dicen:

1
H = 2 (R, +Daw, (9.2

The action of the operator %(F’1 +1) on the N-qubitsis:

%(p1 +D)N) =|N) (9.3)
so that:

1

SR Y=Y, (9.4)

wherewerecall that | Y ) =|N), with N = (n+1)?.
This gives:
HiwYn) = Ed|Ys) (9.5
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Zy

where E, =aw,, ; w, = T and T. =2p (n+1)t" isthe period of the n™ quantum oscillation:

n

Then, we identify the n™ de Sitter horizon state with the n™ quantum harmonic oscillator.
The discrete energy spectrum can also be found by the use of the time-energy uncertainty principle,
that, for a discrete dynamical system, issimply:

(Em - En)(tm - tn) »h (96)
that gives:
Em - En » m- n (97)

where E” » 10”° GeV isthe Planck energy.
Let usrecall that [0)° |Y ) and R[0)=0.

From eg. (9.4) we have:
1
H,-1|0) = E.-.|0) (9.8)

If we make the assumption that at the "unphysical” time t_, =0 the "vacuum" energy is zero:
E._ , =0, weget, fromeg. (9.8):

Ho4|Y1)=0 (9.9)
and from eq.(9.7):
E
E n=0,1,2,3... 9.10
" ( ) (9.10)

In particular, for n=0 we have E, » E" that means that the first de Sitter horizon, (the 1-qubit state)
has the maximum energy, the Planck energy, as it coincides with the horizon of a Planckian black hole.
We have seen that decoherence must have occourred at time t, » 10"*s=10°t" which is the time

when inflation ends. At this time, the energy of the related N qubit state is:
E_,»10"GeV (T =10%°K) (9.11)

n=10°

which is the reheating temperature in this model.

The N-qubits system is completely isolated during inflation, so the superposed state can maintain
coherence, but then, when inflation ends, the universe reheates by getting energy from the vacuum; at
this point the qubits start to get entangled with the environment.

At the end of inflation, when |Y) decoheres, the quantum information stored in the history

Ho,H,..H__, islostto the environment.
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10. Conclusions

We have associated a pixel (one unit of Planck area) to a quantum bit of information (instead of a
classical bit as in the usual picture of holography). In this way, the main features of the holographic
conjecture are unchanged but a new, quantum feature arises. n-punctured surfaces are N-qubit states
with N = (n+1)2.

A close relation between qubits and spin networks emerges in this picture. In fact, the surfaces

which are punctured by spin network’ edges in the spi n-% representation of SU(2), in a superposed

guantum state of spin "up" and spin "down", are quantum bit states. Some issues of this picture are re-
lated to the Chern-Simons theory applied to the counting of black holes' states.

We apply this picture to the surface horizons of a de Sitter space describing a inflationary early uni-
verse. The vacuum state is a surface of one unit of Planck area associated with a classical bit of infor-
mation. The vacuum undergoes a kind of quantum tunnelling by passing through a quantum logic gate,
and it comes out as a one-quantum bit state. The passage of the logic gate changes the underlying logic
from Boolean to non-Boolean. In this way, physical time emerges for a Boolean-minded observer. The
discrete time parameter is given in terms of the discrete increase of entropy.

The one-qubit is the first de Sitter horizon at the Planck time: it coincides with the horizon of a
Planckian black hole, and acts as a "creation operator” by making jumps from a Hilbert space to an-
other one, and originating larger de Sitter horizons (inflation).

We interprete the de Sitter horizon states as events of a causal set. A presheaf of Hilbert spaces on
the causal set allows us to define discrete evolution operators between two Hilbert spaces attached to
two causally related events (de Sitter horizons with different area/quantum entropy).

In this way, we get a quantum history, which is the ensemble of all the Hilbert spaces.

We cannot get, however, the Hilbert space of the entire quantum history, because of the presence of
the evolution operators do not alow us to make the tensor product of all the Hilbert spaces in the his-
tory. Instead, we perform the tensor sum of all the Hilbert spaces, and get a bosonic Fock space. The
Fock space wavefunction resembles a Bose-Einstein condensate and leads to an atemporal description
of the early universe.

We show that the de Sitter horizon states can be interpreted as quantum harmonic oscillators, and
we give the discrete energy spectrum.

The coherent quantum state of qubits is completely isolated, during inflation, as the universe is vac-
uum-dominated, and very cool. But at the end of inflation, the universe reheates by taking energy from
the vacuum, and becomes radiation-dominated. At this stage, the quantum state undergoes thermal de-
coherence. Once decoherence has taken place, the quantum information stored in the quantum history
Islost to the environment. This fact seems to be responsible for the rather low entropy of our universe.

At this point, we wish to make some philosophical remarks.
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In this model, the early inflationary universe is a superposition of quantum states (see eg. 7.5) and
reminds us of the Many Worlds interpretation of quantum mechanics [47], (although this feature is lost
at the end of inflation). Hence, in this context, the early universe is just a collection of "possibilities’,
but itisa"non being” in itself.

In the above picture, space is just the storage of the quantum information which will turn out to be
necessary to build up the "real world" at the end of inflation. And time is the discrete parameter de-
scribing the increase of quantum entropy.

Thus, the "time capsules” of Barbour [48], can be visualized as the jumps of quantum entropy.

It should be noted that the whole picture is somehow related to the Spinoza s concept of "sub-
stance'. A nice review on the relation between Spinoza s "substance " and quantum gravity can be
found in [49].

We wish to conclude by pointing out that two different interpretations are available for this model:
the atemporal one, and the causal set interpretation. While the former is related to the concept of "sub-
stance", the second one is related to the "modal perspectives of humans' (observers). Thus, it appears
as if the concept of the functor Past [30], should be revisited to take into account both interpretations
[50]. It should be noted, however, that holography and inflation deal only with unentangled qubits. In a
more general model of space-time at the fundamental level, entangled qubits are also allowed, which is
the case of a quantum computing space-time, where the very concept of causality becomes meaning-
less [51].
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