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[entative conclusion:

Juantum mechanics applies to only small subsystems of the
iniverse. A new formalism is needed for the whole universe.

[his would not have:
suniversal state and observer independent, algebra of observables
*a separation of dynamics and kKinematics,
*a separation of laws from initial conditions
*a dependence on observers outside the system
*a dependence on clocks outside the system
*a linear state space or linear evolution.

t would:
*use only observables accessible to observers inside the system
erefer to time only in terms of changes seeable from inside the system
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[entative conclusion:

Juantum mechanics applies to only small subsystems of the
iniverse. A new formalism is needed for the whole universe.

[his would not have:
euniversal state and observer independent, algebra of observables
*a separation of dynamics and kinematics,
*a separation of laws from initial conditions
*a dependence on observers outside the system
*a dependence on clocks outside the system
*a linear state space or lmear evolution.

t would:
euse only observables accessible to observers inside the system
srefer to time only in terms of changes seeable from inside the system
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There are alternative formulations of quantum physics,
which take the quantum state as an incomplete description
to be completed.

*de Brogle-Bohm theory
edynamical, non-linear theories of quantum state reduction

eNelson’s stochastic quantum mechanics

eMatrix elements as hidden variables: Adler. Starodubtsev

*QM from disordered locality: Markopoulou, Is

Common theme: quantum mechanics 1s the equilibrium
statezical mechanics of some underlying non-local dynamics,



f this is the case: why waste energy trying to
nterpret an approximate theory as if it were an
exact theory?

nstead of trying to interpret QM as is we
ihould be trying to invent the theory it is an
\pproximation to.

Che reach of quantum theory is still incomplete, there are
wbstacles to incorporating gravity as well as cosmology.

sn'’t it likely that these are part of the problem of making
ense of the foundations of quantum mechanics?

f vorthey can’t be ignored.
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There are alternative formulations of quantum physics,
which take the quantum state as an incomplete description
to be completed.

*de Brogle-Bohm theory
edynamical, non-linear theories of quantum state reduction

eNelson’s stochastic quantum mechanics

eMatrix elements as hidden variables: Adler. Starodubtsev

QM from disordered locality: Markopoulou, Is

Common theme: quantum mechanics is the equilibrium
statezical mechanics of some underlying non-local dynamics,



Jur best current cosmological theory 1s
reneral relativity.

o extending quantum physics to the cosmological
-ase 1s part of the problem of merging quantum
heory and general relativity,

¢ the problem of quantum gravity.

What clues can we get for how quantum theory
thould be completed from the problem of
juantum gravity?
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What clues can we get for how quantum theory should be
completed from the problem of quantum gravity?

1) the geometry of space and time is dynamical
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It 1s useful to divide the properties of the world into necessary
and contingent.

It used to be thought that the geometry of space 1s necessary,
1e Kant’s argument why it had to be Euclidian geometry.

Since Einstein we know 1t i1s contingent. It satisfies the Newtonian
schema: there 1s a configuration space of geometries.
general relativity picks out trajectories

e
—

later spatial geometry

[nitial spatial geometry
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It 1s useful to divide the properties of the world into necessary
and contingent.

It used to be thought that the geometry of space 1s necessary,
ie Kant’s argument why it had to be Euclidian geometry.
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What clues can we get to how quantum theory should be
completed from the problem of quantum gravity?

1) the geometry of space and time is dynamical

2) The geometry of space and time is relational
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There is a convincing argument that a fundamental theory
of space and time must be relational
(or, in the modern parlance, background independent.)

[ eibniz, Mach, Einstein, Barbour. Stachel. Rovelli. . ..
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What do physicists mean by relationalism?

*The world is made of a large number of entities or events
How do they get their properties?
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What do physicists mean by relationalism?

*The world is made of a large number of entities or events
How do they get their properties?

*In an absolute scenario, there is an external and static
entity, such as Newton’s absolute space, and properties of
elementary particles are defined individually in terms of their
relations to the absolute entity.

*Hence, a particle in Newton’'s absolute space has the same
properties whether it is one of many or the only thing in the
universe.

*The absolute entities make up the background.
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What do physicists mean by relationalism?

*The world is made of a large number of entities or events
How do they get their properties?

*In an absolute scenario, there is an external and static
entity, such as Newton's absolute space, and properties of
elementary particles are defined individually in terms of their
relations to the absolute entity.

*Hence, a particle in Newton’'s absolute space has the same
properties whether it is one of many or the only thing in the
universe.

*The absolute entities make up the background.

The most basic statement of relationalism is:

R1 There is no background
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How then do we understand the properties of elementary particles?
The relational view posits that
R2 The fundamental properties of the elementary entities

consist entirely in relationships between those elementary
entities.
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How then do we understand the properties of elementary particles?
The relational view posits that

R2 The fundamental properties of the elementary entities

consist entirely in relationships between those elementary
entities.

Examples of purel tional systems:

Graph
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How then do we understand the properties of elementary particles?
The relational view posits that

R2 The fundamental properties of the elementary entities

consist entirely in relationships between those elementary
entities.

Examples of purel tional systems:

Graph Partially ordered set

Example of a partly relational system: knots and links T
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What is time in a relational theory?

R3 The relationships are not fixed, but evolve according to law.

Time is nothing but changes in the relationships, and consists of
nothing but their ordering.

Relationalism is also a research strategy:

Relational strategy:

Seek to make progress by identifying the background
structures in our theories and removing them, replacing
them with relations between physical entifies

which evolve subject to dynamical law. e

irsa: 07080057



Summary: relationalism according to physicists:

RI There is no background.

R2 The fundamental properties of the elementary entities
consist enfirely in relationships between those entities.

R3 The relationships are not fixed, but evolve according to law.
Time is nothing but changes in the relationships, and
consists of nothing but their ordering.

Relational strategy:

Seek to make progress by identifying the background
structures in our theories and removing them, replacing
them with relations which evolve subject to dynamical law.

absolute vrs relational ‘ background dependent vrs
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General relativity is a partly relational theory:

Layers of structure: Dimension
Topology }M
Differential structure
Metric and fields LI §

In GR: M s fixed.
g, and f describe relational information.

KEY POINT: A physical spacetime 1s NOT modeled by a manifold,
metric, and fields, but by an equivalence class of manifolds and
metrics, which are equivalent under any diffeomorphism !!

M to itself that takes differential functions-

A diffeomorphism is a smooth map from
to differential functions.
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What information i1s coded inside an
equivalence class?

*Not fields at points. because physical points are
only identified by what happens there.

*The causal structure. i.c. which events are causally related to which?
eThe measure. 1.¢c. what is the volume of each set defined by the
causal structure?

It can be shown that the information in a spacetime

iM,g., .t} i1s completely characterized by the causal structure and the
measure.

Hence, once the dimension, topology and diff structure are fixed,
the physical content of GR is about the causal relations among
physical events.
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3. Relational space and time in quantum gravity

Conventional quantum mechanics and quantum field theory
(QFT) are background dependent theories.

Background structures: background geometry, inner product,
external clocks and observers

Hence there are two options:

Background dependent: give up relationalism. and quantize

gravitational waves on fixed backgrounds, using conventional
QFT methods.

perturbative quantum GR, string theory ...

Background independent: Find a way to define a quantum
theory which is relational and applies to relational theories.
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A purely relational approach to quantum spacetime: causal sets

Def: A causal set is a finite partial order
a --> b means a causally precedes b.

Postulates:

causal set. |
*The dynamics is given by a rule that assigns a quantum
amplitude Al[h], a complex number, to each history.
* The amplitude to go from initial to final state is given by the
sum over amplitudes for each history that does so.

*A quantum spacetime history, h, is nothing but a \ ,‘
{
f
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The motivation for the causal set approach:

*The physical information in GR (apart from M) is coded in
the causal relations amongst events.

*But quantum spacetimes should be discrete.

*A classical spacetime can be approximated by a causal set.

Def: A causal set C approximates a spacetime {M,g_,} when
there is an embedding C --> {M.g_,} that preserves the
causal structure, with one event in the image per Planck
volume.

=

But there is a problem:
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The inverse problem:

Every classical spacetime

{M.g,,} can be
approximated by a

causal set, and in many ways.

-8
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The inverse problem:

But for almost no causal
set C is there a spacetime
{M.g_,} of low dimension,
hat it approximates.

Every classical spacetime

{M.g_,} can be
approximated by a

causal set, and in many ways.

'I
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This is an example of a more general inverse problem
facing any discrete approach to quantum gravity:

lts easy to approximate smooth fields with discrete structures.
~

N
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>
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s easy to approximate smooth fields with combinatoric structures.

® :> %

i

" N
But generic graphs do not embed in manifolds of low dimension,
preserving even approximate distances.

RM’“

Those that do satisfy constraints unnatugal in
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Loop quantum gravity: provides a robust method for the
quantization of diffeomorphism invariant theories.

Consider a classical gravitational theory, T, whose histories are
described as diffeomorphism equivalence class of metrics and fields,

{(M ’ gab,rﬂ » } .
Assume that:

*The topology and dimension of spacelike surfaces, X, are fixed.

*The metric and fields have dynamics given by the Einstein
equations or some natural extension.
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Basic results of loop quantum gravity:

1) The quantum states area given by labeled graphs
embedded 1n a topological manitold of some fixed dimension
12 >

‘ 1/2
L

2) The quantum spacetime 1s discrete in that each node of the graph
corresponds to a finite quanta of spatial volume.
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3) Any history of the quantum theory is defined by a series of
local moves on graphs that take the mmitial state to the final
state. The set of local moves 1n each history define a causal set.

-q.

X7 ¥ ;
’ T

‘;7-—*.

4) The amplitudes for local moves that follow \
from the quantization of the Einstein equations —r

are known in closed form. The sums over those b T <

amplitudes are known to be ultraviolet finite.
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What clues can we get to how quantum theory should be
completed from the problem of quantum gravity?

1) the geometry of space and time is dynamical
2) The geometry of space and time is relational

3) Space looks to be emergent from some prior
gquantum system of relations.
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What clues can we get to how quantum theory should be
completed from the problem of quantum gravity?

1) the geometry of space and time is dynamical
2) The geometry of space and time is relational

3) Space looks to be emergent from some prior
quantum system of relations.
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Space looks to be emergent from some prior
quantum system of relations.

This means that the distinction between local and
non-local is not fundamental, it is just a feature
of a low energy, equilibrium description.

Perhaps the fundamental theory is non-local, and

quantum mechanics arises from averaging over the
effect of non-local degrees of freedom on subsystems?

irsa: 07080057 Page 44/53



What clues can we get to how quantum theory should be
completed from the problem of quantum gravity?

1) the geometry of space and time is dynamical
2) The geometry of space and time is relational

3) Space looks to be emergent from some prior
quantum system of relations.

4) Locality could be emergent and disordered.
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Jisordered locality: local physics emerges at low energy,
yut with defects.

his leads to an approach
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What clues can we get to how quantum theory should be
completed from the problem of quantum gravity?

1) the geometry of space and time is dynamical
2) The geometry of space and time is relational

3) Space looks to be emergent from some prior
quantum system of relations.

4) Locality could be emergent and disordered.
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