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Abstract: The CA interpretation presents a view on the origin of quantum mechanica behavior of physical degrees of freedom, suggesting that, at
the Planck scale, bits and bytes are processed, rather than qubits or qubites, so that we are dealing with an ordinary classical cellular automaton. We
demonstrate how this approach naturally leads to Born's expression for probabilities, shows how wave functions collapse at a measurement, and
provides a natural resolution to Schroedinger's cat paradox without the need to involve vague decoherence arguments. We then continue to discuss
the implications of Bell'sinequalities, and other issues.
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Issues we wanted to address:

-) Quantum gravity
-) Black hole information
-) Questions concerning the Standard Model . ..

Instead, we find answers to:

Th@ measurement problem
of wave function

3orn probability

)
) C
) 5( |1 clmwor s cat
) B
-)

and a surprising answer (perhaps) to
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At the most basic level of physics (Planck scale):

No mysticism
No probabilities
No Hilbert space

Only logical laws about the way classical information is processed:

No qubits
No complex numbers
No real numbers

Just information — we do have bits and bytes . ..
and causality — so we do have space and time
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Nature as a collection of cogwheels
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A fundamental ingredient of a generic theory: a finite, periodic
system: the Cogwheel Model:

e
©
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A fundamental ingredient of a generic theory: a finite, periodic
system: the Cogwheel Model:
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A generic, finite, deterministic, time reversible model:
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A generic, finite, deterministic, time reversible model:
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The cellular automaton

1200 O
3 08%@

oo@é@o Q@

U=e M = ee . A=% Ax), B=Y, B(x)
where [A(x), A(X')] =0, [B(x), B(x")]=0; [A(x), B(x")] #0

only if x and x" are neighbors. Baker Campbell Hausdorff :

H=A+B - Li[A B] - L([A [A,B]] + [[A, B, B]) +
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If we could cut off the CBH series at order N, then the
Hamiltonian would obey

H=> H(%) with [H(X),H(Z)]=0 if [¥x—X'|>N.

And: H(X) would be bounded, so that this Hamiltonian has a
ground state (vacuum)

In the continuum limit, this would be a local quantum theory!
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If we could cut off the CBH series at order N, then the
Hamiltonian would obey

H=> H(x) with [H(X),H(X')]=0 if [x-X'|>N.
X (locality)

And: H(xX) would be bounded, so that this Hamiltonian has a

ground state (vacuum) (positivity).

In the continuum limit, this would be a local quantum theory!
but the CBH series does not converge here

Yet, we can search for better treatments of a CA, such that
locality and positivity might hold ... (see later)
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CAl

The Cellular Automaton Interpretation of Quantum Mechanics

If the Hamiltonian of the world happens to be that of an
automaton, we can identify observables called Beables.

beables B;(t) are ordinary quantum operators that happen to obey

Bi(t), B(t')] = 0.

The eigenstates of B;(t) at a given time t form a basis, called the
ontological (ontic) basis.

Pirsa: 15050094 Page 14/60



Pirsa: 15050094

CAl

The Cellular Automaton Interpretation of Quantum Mechanics

If the Hamiltonian of the world happens to be that of an
automaton, we can identify observables called Beables.

beables Bj(t) are ordinary quantum operators that happen to obey
> ) ]

[Bi(t), B;(t')] = 0.

The eigenstates of B;(t) at a given time t form a basis, called the

ontological (ontic) basis.

In a given quantum theory, it's not known how to construct an
ontic basis.
But one can come very close . ..

The CAl assumes that it exists. Its ontic states can be constructed
from the ordinary quantum states.

If the beables can be constructed more or less locally from the
known states, then we have a classical, “hidden variable theory" .

Page 15/60



The use of Templates

Hydrogen atom, plane waves of in- or out-particles, etc.

A

templates

beables
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The states we normally use to do quantum mechanics are called
template states. They form a basis of the kind normally used.
This is a unitary transformation. Templates are quantum
superpositions of ontic states and vice versa.

They all obey Schrodinger's equation!

Pirsa: 15050094 Page 17/60



Pirsa: 15050094

The states we normally use to do quantum mechanics are called
template states. They form a basis of the kind normally used.
This is a unitary transformation. Templates are quantum
superpositions of ontic states and vice versa.

They all obey Schrodinger’s equation!

In a quantum calculation, we may assume the intial state to be an
ontic state, [t{))ont. I his state will be some superposition of
template states |Kk)iemplate’

‘U“)ont = Z “’k|k>tcmplat0 (1)

k

In practice, we use some given template state of our choice. It will
be related to the ontic states by

|k>ten'1platc = Z /\n|n>om y (2)
n

where

[An|? are the probabilities that we actually have ontic state |n)ons.
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Classical states

How are the classical states related to the ontic states?

Imagine a planet. The interior is very different from the local
vacuum state.  Vacuum state has vacuum fluctuations.

Take 1 mm? of matter inside the planet. Using statistics, looking
at the ontic states, we may establish, with some probability,
P(0V) =& > 0, that the fluctuations are different from vacuum.

Combining the statistics of billions of small regions inside the
planet, we can establish with certainty that there is a planet, by

looking at the ontic state: 1 — P(V) = (1 —)V/0V = ¢=¢V/oV
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Classical states

How are the classical states related to the ontic states?

Imagine a planet. The interior is very different from the local
vacuum state.  Vacuum state has vacuum fluctuations.

Take 1 mm? of matter inside the planet. Using statistics, looking
at the ontic states, we may establish, with some probability,
P(0V) =& > 0, that the fluctuations are different from vacuum.

Combining the statistics of billions of small regions inside the
planet, we can establish with certainty that there is a planet, by

looking at the ontic state: 1 — P(V) = (1 —)V/0V = ¢=&V/oV

But what holds for a planet should then be true for all classical
configurations, hence:

All classical states are ontological states!

Classical states do not superimpose.
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Measurements

Paraphrase a simple “experiment”:
First, make the initial state. We take a template for that
(such as plane in-going waves). Remember:

|k>tcm])lat0 — Z )\n|n>om )

n : .
Here, P, = |\,|?. A, are conserved in time.

(2)
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Measurements

Paraphrase a simple “experiment”:
First, make the initial state. We take a template for that
(such as plane in-going waves). Remember:

|k>tcmplat0 = Z )\n|n>ont ) (2)

Here, P, = |\,|?. A, are conserved in time.

Compute the final state, using Schrodinger equ. or Scattering
matrix. The final state template is associated to some definite
classical state. Compute

(3)

E(lzzrllblglcailc (” k)temp]atc — Z /\n plassices <(‘ n)ont
k :
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Measurements

Paraphrase a simple “experiment”:
First, make the initial state. We take a template for that
(such as plane in-going waves). Remember:

|k>tcmplato _ Z /\n|n>ont ) (2)

Here, P, = |\,|°. A, are conserved in time.

Compute the final state, using Schrodinger equ. or Scattering
matrix. The final state template is associated to some definite
classical state. Compute

tempiate ({|K)template = > An @S (¢ n)on,  (3)
k

Ontic States evolve into Ontic States, and the classical states are

ontological — ({|n)ont = dkn. Therefore:

2 A, |% are the Born probabilities.
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The Born probabilities coincide with the probabilistic distributions

reflecting the unknown details of the initial states.

And that's exactly how probabilities arise in an “ordinary” classical
deterministic theory.

Ontological states form an orthonormal set: superpositions of
ontologi al states are nevel ontologi al states themselves.

['he universe is in an ontological state.
Classically, the probabilities of the different outcomes of an
experiment reflect the uncerteinties in the initial state

Quantum mechanically, we get the same prbabilities, but now they
are the Born probabilities!

Page 25/60



Collapse of the Wave function

When we use a template, we find the final state to be
Atlki) + Aolko) + - -
According to “Copenhagen”, Py = |A\1|?, Po = [X2f?, -+~

Why is the final state only one of these states? Why are P;
probabilities?

The CAl gives the answer: |k;) is a possible ontic final state,

and so is k2), but A1 |ki) + A2|ko) is not an ontic state.
That's why it never occurs in the real world.
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Schrodinger's cat is ontic when it is dead, also when it is alive,
but not when it is in a superposition.

. X . . (2) If geiger counteris (1) Radioactive material has
S(‘lll'ﬂ(llllg(‘l' s Cat triggered, hammer falls  a 50:50 chance of triggering
geiger counter

(5) Cat lives, if Geiger
counter does not
trigger hammer and
releases the poison

(4) Cat dies
poisen bottle breaks
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“About your cat, Mr. Schrodinger—1 have
good news and bad news.”
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Why it is all wrong: Bell's theorem

In the Bell experiment, at t = tp, one must demand that those

degrees of freedom that later force Alice and Bob to make their

decisions, and the source that emits two entangled particles,
need to have 3 - body correlations of the form

(the Mousedropping Function)
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But Alice and Bob have free will. How can their actions be
correlated with what the decaying atom did, at time t = t, < t37

Answer: they don't have free will: superdeterminism.

The Mouse-dropping argument:
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But Alice and Bob have free will. How can their actions be
correlated with what the decaying atom did, at time t = t, < t37

Answer: they don't have free will: superdeterminism.
The Mouse-dropping argument:

“Your theory is absurd. Suppose Alice and Bob both
carry with them a cage, with in it a mouse.

“ At t = t1, an atom emits two entangled photons.

“At t = tp > t; both Alice and Bob count how many droppings
their mouse has produced.

" At t = t3, immediately after t,, they set their polarisation filters

according to whether the number of droppings is even or odd.

“ And now you tell me that the decaying atom already knew,
in andvance, how the bowels of these mice work?
" This is ridiculous! '
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The mouse droppings function:

W(a, b,c) = 5%;]5in(4c—2a—2b)\.

"a A A A

YRV RYaY

¢ = joint polarisations entangled particles
a = filter polarisation chosen by Alice
b = filter polarisation chosen by Bob
x = 2c—a—-b

0
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What happened according to the CAIl 7

“Conspiracy” is ridiculous, unless there is an exact, physical,
conservation law.

We have the ontology conservation law :
Ontic states evolve into ontic states.

gl?ﬁ;lcz&lc ((}‘ k)template = Z An classical ((}‘ n>0nt
k

If Alice makes an infinitesimal modification of her settings, the
classical state will change — all ontic states will change:

classical / v, _ classical / i
tcmplatc“ + of |k>t0mplato - E Am <{ + (5(‘m>0nt
k

All Alice's ontological states |m)ont are now different from all
Nont that she had before.
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The mouse droppings function:

W(a, b,c) = 2—i;]5in(4c—2a—2b)\.

"a A A A

YRV RYY

¢ = joint polarisations entangled particles
a = filter polarisation chosen by Alice
b = filter polarisation chosen by Bob
x = 2c—a-b

0
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All Alice’s ontological states |m)ont are now different from all
n)ont that she had before.

So, both her past light-cone and her future light-cone are now
entirely different. These light-cones do overlap with Bob's.
Does this affect Bob's world, and that of the decaying atom 57

If all ontological states had equal probabilities, the answer would
be no. But one can easily imagine that some ontic states are more
probable than others.

In that case, the counterfactual experiment ¢ — ¢ + 6¢ would lead
to drastically different probabilities. This is the way to generate
non-vanishing correlation functions that disobey Bell.

Ransom: all ontic states in the universe are associated with strong
spacelike correlations. These correlations obey the ontology
conservation law.

The photons ¢ then automatically align in such a way that, after
detection by Alice and Bob, they are still in an ontic state.
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Same argument also applies to single photons:
According to the CAI, they will be ontological regardless the
orientation of the filter that measures their polirization.

Conspiracy

Is this conspiracy ?
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Same argument also applies to single photons:
According to the CAI, they will be ontological regardless the
orientation of the filter that measures their polirization.

Conspiracy

Is this conspiracy 7 Not if the ontological nature of a physical state is
conserved in time. If, at late times, a photon is observed to be in a given
polarization state, it has been in exactly the same state from the very
moment it was emitted by the source (omniscient photons).

These are future-past correlations. The conspiracy argument now

demands that the “ontological basis” be unobservable!
Non-observable hidden variables?

“Shut up and calculate!”
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Time reversibility

The cellular automaton was constructed such that it is time
reversible. The evolution operator U(t) is then a pure permutator,
and its representation in Hilbert space is unitary =

The Hamiltonian is hermitean.

Black hole physics: non time-reversibility? Let's investigate.

00101

@"@“’@d@ (1 0 0 O 0\
Usty= |0 1 0 0 0

@ e 00 00O

0 0 1

\o 0)
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Time reversibility

The cellular automaton was constructed such that it is time
reversible. The evolution operator U(t) is then a pure permutator,
and its representation in Hilbert space is unitary =

The Hamiltonian is hermitean.

Black hole physics: non time-reversibility? Let's investigate.

N 0010 1
@"@*Q @ (1 0 0 0 0\
uGt) = o 1 0 0 0

© o 0000 0

\0 0 0 1 0

Introduce: info-equivalence classes: (5) ~ (3) , (4) ~ (2)
. 0 0 1
Q7 (10
(39 0 1 0
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The generic, finite, deterministic, time nonreversible model:

E E E
SE42m | oome
—|N-1) — L .
— 1) —— = __ —
OFE | weem |0) —_— T — ‘ —
0 - 0 b""l . | 04—
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The generic, finite, deterministic, time nonreversible model:

I
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OF | w— | 0 )
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—

0 4+——— 0
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The info-equivalence classes act as local gauge equivalence classes
Maybe they are local gauge equivalence classes!

By construction, these equivalence classes are time-reversible.

So, in spite of info-loss, the quantum theory will be time-reversible:

PCT ivariance in QFT.
The classical, ontological states are not time reversible!

Therefore, the classical states carry an explicit arrow of time!
The quantum theory does not!
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The info-equivalence classes act as local gauge equivalence classes
Maybe they are local gauge equivalence classes!
By construction, these equivalence classes are time-reversible.

So, in spite of info-loss, the quantum theory will be time-reversible:

PCT ivariance in QFT.

The classical, ontological states are not time reversible!

Therefore, the classical states carry an explicit arrow of time!
The quantum theory does not!
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The info-equivalence classes act as local gauge equivalence classes
Maybe they are local gauge equivalence classes!

By construction, these equivalence classes are time-reversible.

So, in spite of info-loss, the quantum theory will be time-reversible:

PCT ivariance in QFT.
The classical, ontological states are not time reversible!

Therefore, the classical states carry an explicit arrow of time!
The quantum theory does not!

Page 44/60



The generic, finite, deterministic, time nonreversible model:

E E E
SE42m | —ome
— |N-1) — . —
— 1) —— = __ =
OFE | wem | 0) —_— T — ‘ —
0 - 0 b""'l . | 04—
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The generic, finite, deterministic, time nonreversible model:

— | N-1) — o _

=D _—— = —
OF | wem | 0) _:]—: ‘ —
0- 0 55![ - 1 o
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Massless, chiral, non interacting neutrinos are deterministic:

Second-quantised theory: H = —iT 0;0;
First quantised theory: H = op
i:O(t) = i[O(t), H]

Beables {O°"} {p, s, r}:
p=+p/lpl, s=p-7, r=ip-%+%-p)
pl =1 s ==+1, 00 < r <o
da | 1 _
ab=0, =0, GHr=

These beables form a complete set
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Massless, chiral, non interacting neutrinos are deterministic:

Second-quantised theory: H = —i Ui a0,

First quantised theory: H = o;p;
it O(t) = i[O(t), H]

p=+p/lpl, s=p-d, r=i(
pl=1, s==+1, 00 < r< oo
d o _ d __ d  __
&p—O. &—01 mr—s

These beables form a complete set
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Sl

The neutrino sheet.
Beables: {p, s, r}

The eigenstates of
these operators span
the  entire  Hilbert
space.

Introducing  operators
in this basis, one can
reconstruct the usual
operators X, p, O
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Massless, chiral, non interacting neutrinos are deterministic:

Second-quantised theory: H = —iT 0;0;
First quantised theory: H = o;p;
40(t) = o(t), H]

B{@ables {OP] {p, s, r}:
p=4p/lpl, s=p-d, r=L(p-2+%p)
pl =1 s ==+1, 00 < r <o
da 1 d __

Ep =0 ﬁ =0 " mr =S5

These beables form a complete set
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Interesting mathematical physics:

. i .
xi = Bi(r — =) +eu By L™ /pr + (1)
r

A

1 p3
2—( —@is1 +0is2 + ——=i 53)
Pr \/1— P2

0; and ; are beables, functions of g.
Lo are generators of rotations of the sheet,

53 =S5, s; and s, are spin flip operators.

Pirsa: 15050094 Page 51/60



Pirsa: 15050094

15" quantization

2n
.\l

H
T
n

\u
0

0 ) 2n

Hamiltonian with cut-off

H "’z‘;"-‘ ,‘) = h ij ‘ (‘J,)
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2" quantization

n \
H ) Iil‘\ . . .
f | Hamiltonian with cut-off
N | H = ; hij;
~T 0 —“m =n
\ Converges much better!
l\ And bounded from below!
-7
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This we can do with non-interacting neutrinos, not yet with other

fields.

Future strategy: in principle, it may be possible to construct such a
theory by replacing other 15 quantized particle systems with 2
quantized ones.

Add interactions as small corrections: perturbative QFT.

Strategy for obtaining a CA that may lead to a perturbative QFT;

Note, that perturbative QF T are not mathematically perfect, but
they can serve as satisfactory descriptions of a SM for elementary
particles . ..
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This we can do with non-interacting neutrinos, not yet with other

fields.

Future strategy: in principle, it may be possible to construct such a
theory by replacing other 15 quantized particle systems with 2
quantized ones.

Add interactions as small corrections: perturbative QFT.

Strategy for obtaining a CA that may lead to a perturbative QFT;

Note, that perturbative QF T are not mathematically perfect, but
they can serve as satisfactory descriptions of a SM for elementary
particles . ..
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But conceivable, one first has to add the gravitational force . ..

Changes everything !

Gravitation as a local gauge theory for diffeomorphisms.

Could diffeomorphism classes be info equiv classes?
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Changes everything !

Gravitation as a local gauge theory for diffeomorphisms.

Could diffeomorphism classes be info equiv classes?
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But conceivable, one first has to add the gravitational force . ..

Changes everything !

Gravitation as a local gauge theory for diffeomorphisms.

Could diffeomorphism classes be info equiv classes?

“The ontological theory has a flat coordinate frame"
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(wait for new version)
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