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Abstract: We consider the hypothesis that quantum mechanics is an approximation to another, cosmological theory, accurate only for the description
of subsystems of the universe. Quantum theory is then to be derived from the cosmological theory by averaging over variables which are not internal
to the subsystem, which may be considered non-local hidden variables. | will explain the motivation for this view, give some examples of theories
of thiskind and investigate general conditions for such an approach to succeed.
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The foundational problems of quantum theory
remain unresolved.

*The measurement problem is still unsolved after 80 years.
* |t gets worse when the observer is inside the system

Attempts to make sense of quantum cosmology are not
convincing, at least to me.

There are some attempts in progress:

Fotini’'s quantum causal histories, connection with
intuitionalistic logic.

Lucien’s generalized quantum theory incorporating
dynamical causal structure

=m0 |Sham’s topos theoretical reformulation of quantums:

thAamrys



What if none of these work?

What if quantum theory is in the end not the fundamental
theory?

QIT theory suggests that QM is a theory of the information
we have of quantum systems.

But then where are the limits to the validity of
quantum theory?

One suggestion, given that the issues get qualitatively

harder when we apply QM to a closed system, is that
the limits are cosmological, l.e. the accuracy of QM

Is to order

= Nsubsystem/ Nuniverse page 4183
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What do we know about a theory that would replace QM?

It must be manifestly non-local
(only a tiny loophole left in Bell issue)

At the level of the additional degrees of freedom
(hidden variables) it must violate relativistic causality

*The vast web of entanglement in the quantum wavefunction
must be explicitly represented.

It must also account for Fermi and Bose statistics
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It must be manifestly non-local
(only a tiny loophole left in Bell issue)

At the level of the additional degrees of freedom
(hidden variables) it must violate relativistic causality

*The vast web of entanglement in the quantum wavefunction
must be explicitly represented.

It must also account for Fermi and Bose statistics

Hypothesis: The hidden variables are relational.
This means that they represent a more detailed description,
not of a particle or a subsystem, but of the relations

~{frat tie a subsystem to the rest of the universe.













What does spacetime theory have to say about the
possibility of a non-local, relational, hidden variables theory?

1. There is a convincing argument that a fundamental theory
of space and time must be relational

(or, in the modern parlance, background independent.)

Leibniz, Mach, Einstein, Barbour, Stachel, Rovelli.. ..

2. There is an expectation that a background independent
quantum theory of gravity is not formulated in space. Itis
rather formulated purely in terms of algebra and combinatorics
Space must be shown to emerge from this.

LQG, spin foams, matrnix models for M theory,
causal sets, causal dynamical trianqgulations.. ..
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1. There is a convincing argument that a fundamental theory
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(or, in the modern parlance, background independent.)

Leibniz, Mach, Einstein, Barbour, Stachel, Rovelli.. ..
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3. There are chronic difficulties with that emergence problem,

....which suggests that there may be macroscopic disorderings
of locality (Fotini’s mismatch of micro and macro localitv).


















If locality is an emergent property of graphs, it is unstable:

I: a graph with N nodes that has only links local in an

embedding (or whose dual is a good manifold triangulation)
iIn d dimensions.

Lets add one more link randomly.

Does it conflict with the locality of the embedding?

'd N ways that don't.

:NZ ways that do.

‘Thus, if the low energy definition of locality
‘comes from a coarse graining of a combinatorial
‘graph, it will be easily violated in fluctuations.
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Hypothesis: the low eneregy limit of QG 1s characterized by a
small worlds network ;
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Dislocations in locality are scale invariant up to the Hubble scale

QUERY: How much of such non-locality can we tolerate
before contradicing experiment?
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Initial: local red
nonlocal magenta

R=

SN e ol Hinck
nonlocal green
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Evdlved to
2200 nodes

R=100

Red, black local

Green, magenta,
Non-local
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The basic idea:

*The fundamental theory is combinatorial and
deterministic or stochastic. It is based on an evolving
graph like a spin network.

*The low energy theory recovers spacetime as an
averaged description, with the graph embedded in it.

*Because the coarse grained notion of locality
iIncompletely represents the fundamental notion, there
are stray edges, connecting nodes that are far away in
the coarse grained notion of locality.

Statistical mechanics for the whole system, plus
reasonable conditions, implies quantum mechanics for
subsystems.

*The stray non-local links are the missing
Hidden variables.
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Principles:

P1 Averaging over the hidden variables induces a random noise
in the evolution of the subsystem vaniables. This allows the
subsystem to be described in terms of stochastic differential
equations.

P2 There is a notion of averaged energy in the subsystem.
which 1s conserved in time.

P3 The averaging over the effects of the hidden variables does
not impose a direction of time. After the hidden variables are
averaged over the stochastic dynamics of the subsystem 1s
invariant under time reversal.

P4 We can approximate the averaged dynamics by keeping
terms only of lowest order in spacial and time derivatives. In
particular, the probability current for the subsystem variables is
assumed to be irrotational.

irsa: 06100010 Page 50/88












;‘d.\ :
4/ M%\
p ¥
!
{









































































Now we take the average:

m r(t +dt)(x.y) —x\°
/:h; /rf rp(r, ull— 11111 |:( 2 )\
it —() dt v
[T —x(l - dt)(zx, y) ')'I
| dt ,

To get effective local equations we have to integrate out the
hidden variables, y. This will make the evolution of the x's
stochastic. Hence, non-differentiable.

Hence, we exchange the order of the limit and averaging

le we assume there is some micro time scale T such that

dy im ~ lim [ dy.
' dt—=0) dt—T _
Page 78/88

The result must be expressed in the langquage of stoch. diff eq’s
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CONCLUSION:

Quantum mechanics can be a consequence of the more
fundamental theory envisioned in these derivations only if
the effect of the hidden variables on the observables does

not disturb time reversal invariance.

In many circumstances in which a system is put into interaction

with a reservoir, the effect of the reservoir is to make the system

tend to equilibrium, which gives a preferred direction of time to

the thermodynamics of the system. If hidden variables

are responsible for quantum dynamics, their effect must

be to disorder the dynamics of the observable quantities

in a way that preserves both the conservation of an

average conserved energy and the time reversal invariance
i the evolution of the ensemble representing the

cvetfom
























