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Outlook

In Part I: if you are a Dealist, it is just
natural to think of the wave function as
NOT describing matter

Here, in Part Il: what is the wave
function then?

Discuss “wave-functionalism”: a hybrid,
non-epistemic account of the meaning
of the wave function for those who do
not want to think of the wave function
as “material”
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NOT STUFF
(NO MATTER)

A HYBRID, NON-EPISTEMIC
ACCOUNT

OBJECTIVE EXPLANATORY CONSTRAINTS
ON POSSIBILITIES

HOW YOU CAN SEE THE WAVE FUNCTION AS OBJECTIVE / ONTIC,
WITHOUT THINKING OF IT AS REPRESENTING MATTER.




Reminder of what Dealism is

DEALism — “what’s the real
DEAL behind the REALISM: PERMISSIVE DEALISM: SELECTIVE

” If it works, we accept it. It must explain the mechanism.
phenomena?

The Dealist Methodology:

— 1) Anti-mystery principle:
weirdness is a diagnostic of
failure

* Realism: “QM is strange but true”
* Dealism: “If it’s that strange, we
probably haven’t explained it yet”

— 2) Balance simplicity and
explanation: start with the
obvious; escalate only when it
adds explanatory power

— 3) Priority of explanation over
accommodation in order to
understand

* Realism: saving the phenomena is
enough to take a theory seriously

* Dealism: explaining the macroscopic
dynamics in terms of the
microscopic dynamics (from past
empirical success)

NONLOCAL UNINTERPRETED
COLLAPSE FORMALISM

Many ideas
can be true.
We keep our
options open.

Not every idea
is acceptable.
It must reveal
how it works.

| THEORIES

MANY WORLDS JUST SO
(UNTIED DOWN) STORIES

NEW ENTITIES MATHEMATICAL
WITHOUT ROLE BEAUTY ONLY

v Find the real entities
v Understand their interactions
" Derive the macroscopic behavior
' Connect theory to reality

@M DEALISM is committed to understanding.
The criterion: Does it explain the mechanism?

" REALISM OPENS MANY DOORS % DEALISM EXPLAINS WHAT'S BEHIND THE DOOR.

REALISM is open to many possibilities.
The criterion: Does it fit the data?




Quantum Dealism: what is the wave function?

e Natural Realist attitude: the wf is (represents)
some physical object

EALIMS APPLIED TO QUANTUM PHENOMENA
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* So, if someone wants to be a realist about ;
something in the theory, it should be the wave
function (analogy with classical mechanics)
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the wavefunction evolves linearly and

* However, the Dealist would reject this
because:

OPTION 1: With the collapse of the wave

function, the theory is empirically adequate from
the start...

Good, but ...

— Implementation 1.A of the collapse: the vN rule

deterministically until a measurement is
performed; then it randomly and instantaneous

‘collapses’ in one of the terms of the superposition

* itis unclear what a measurement is: mysterious
mechanism/ontology...



Quantum Dealism: what is the wave function?

* Natural Realist attitude: the wf is (represents) some
physical object

* However, the Dealist would reject this because:

OPTION 1: With the collapse of the wave function,
the theory is empirically adequate from the start

— Implementation 1.B of the collapse: spontaneous
localization theory

* Unexplanatory: it is still an unexplained
postulate that the wave function collapses

* Moreover, even if one were to accept that, the
wave function couldn’t be seen a field (like EM
fields) because it does not oscillate in
spacetime, and since there’s nothing else,
there would be no matter

* (of course there are uncountable other ways to
try to fix this. But why should we? First, look at
other, simpler, possibilities)

it's still
mysterious how the
wave function
collapses. Also, the
weave function does
not oscillate in

DEALIMS APPLIED TO QUANTUM PHENOMENA

DEALIMS: Explain the macroscopic behavior in terms of the microscopic description
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Quantum Dealism: what is the wave function?

* Natural Realist attitude: the wf is (represents)
some physical object

DEALIMS APPLIED TO QUANTUM PHENOMENA
DEALIMS: Explain the mac
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roscopic. behavior in terms of the microscopic description

 However, the Dealist would reject this because:

OPTION 2: Without collapse, the theory makes false
predictions (produces unobserved macro
superpositions)

— modification 2.A: “add” an undetectable multiplicity
of ‘worlds’ (Everett)
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The wave function evolves linearly and
deterministically; all superposition terms are

* unreasonable metaphysics/insufficient
explanatory power

real, but no longer interact with one another.

So there are infinitely many effectively classical worlds.

* Moreover, even if one were to accept that, the
wave function couldn’t be seen a field (like EM
fields) because it does not oscillate in spacetime,
and since there’s nothing else, there would be no
matter

* (of course there are uncountable other ways to try
to fix this. But why should we? First, look at other, 6
simpler, possibilities)



* Natural Realist attitude: the wf is (represents) some physical

Quantum Dealism: what is the wave function?

object

* However, the Dealist would reject this because:

OPTION 2: Without collapse, the theory makes false predictions

(produces unobserved macro superpositions)

modification 2.B: “add” a field in space evolving in time (Sm)

e It’s still empirically inadequate because it produces macro

superpositions

— To fix this, you’d need many-worlds again, so no
advantage

modification 2.C: “add” particles in space moving in time

(dBB)

e Better. But even so: unclear what the wave function is
supposed to be!

DEALIMS APPLIED TO QUANTUM PHENOMENA
DEALIMS: Explain the macroscopic behavior in terms of the microscopic. description
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Matter is made of particles, and
then there is the wave function

evolving linearly and deterministically

Next: the status of the wave function withing modification 2.C (dBB)

But at least for my proposal things will generalize to non-linear stochastic wf evolutions



What the wf could be in dBB: multi-field

In dBB we have particles in 3d, the wf could be seen as a physical entity in
space evolving in time:

PROPOSAL 1: THE wave function as a multi-field (Forrest, Hubert and
Romano)

* The wave function single holistic field defined on N-tuples of points
in ordinary 3-space

However: Bill's verdict: "Calling it a {ie/d does not make it a }Iield; the
multi-field keeps the label 'field' while abandoning what makes fields
explanatory”

1. It violates the rationale for introducing fields
Historically, fields were introduced because they provide a local mediator
of interactions
* They live on spacetime; they have values at points; they propagate;
they carry energy and momentum; they mediate interactions
The multi-field does none of this. It does not:

* propagate from place to place; transmit influences locally; carry
energy in the ordinary sense; explain interaction through local
mechanisms

2. It is not really wave-like

Ordinary fields support: oscillations; propagation; interference patterns in
physical space

The multi-field is called a wave because it derives from the wavefunction,
but it is not obviously a wave in the ordinary physical sense

THE MULTI-FIELD PICTURE
OF THE WAVE FUNCTION

Calling it
a field does

not make it

The wave function single holistic field
defined on N-tuples of points in

ordinary 3-space

ORDINARY 3-SPACE CONFIGURATION SPACE
(3N dimensions)

THE WAVE FUNCTION
¥: (R})'>C

A single holistic field on
Ntgbes of porks




What the wf could be in dBB: TOELB

PROPOSAL 2- rewrite the theory as to substitute the wf with some
Oth%rl Io)cal field or sum of fields (Norsen’s Theory of Exclusively Local
Beables

However:

what it
saves in

ontology it
loses in
structure

TOELB

(Theory of Exclusively
Local Beables)

CORE IDEA

The world is fundamentally made of
local beables - entities located in
ordinary 3-space at ordinary times.

1. Ontological proliferation
* The motivation is to get rid of configuration space. But the cost is )

introducinF: conditional wavefunctions, entanglement fields, higher-
order auxiliary fields, potentially an infinite hierarchy

2.Explanatory bookkeeping

* The auxiliary fields are introduced because the theory must recover the effects of
the universal wavefunction. But are these fields independently motivated physical
structures, or bookkeeping devices for information that was already present in {?

[WHAT IT SAVES (ONTOI.OGY)]

@
¢ Locality
* Objects in 3-space

o Causal interacton @—>@

Bill: “The auxiliary fields seem designed to recover the universal
wavefunction rather than explain it”

3. Loss of theoretical elegance
* In “standard” dBB, one has particles and one universal wf. Here we have:
particles, many local fields, an elaborate hierarchy
Bill: “What is saved in ontology may be lost in structure”

4. Local beables, nonlocal dynamics

* The theory advertises itself as a theory of local beables
(spatlotemporallz/ localized entities). Yet the auxiliary fields must encode
entanglement information and reproduce Bell-type nonlocality

Bill: "The local beables are local; the explanation is not”



What the wf could be in general,
if not a physical field?

* TYPE 1 ATTEMPTS:

* Ontic (BUT non-material) views of the wf
* Weak and strong nomological views

* TYPE 2 ATTEMPTS:

e Epistemic views of the wf
* Pragmatic, information-theoretic views

OBJECTIVE AND EPISTEMIC
VIEWS OF THE WAVE FUNCTION

[

The wavefunction encodes our
knowledge or information about
the system.

EPISTEMIC VIEWS ]

It is not a property of the world
itself.

ONTIC VIEWS

The wave function is a 1'Ij

property/law/structure
of the world.




Weak nomological views

e Some varieties:

* Dispositionalism: the wave function is a dispositional
property (Monton, Esfeld, Suarez, Gao...)

* Bill's verdict: "You have replaced the mystery of the
wave function with the mystery of dispositions”

* What exactly is a disposition, and how does it act?
* Spacetime state realism: the wave function (density

matrix) is a property of spacetime containing all the
relevant dynamical information (Wallace and Timpson)

* Bill's verdict: "You have moved the quantum state
closer to spacetime without making it more
explanatory”

. De/namical information attached to spacetime, but properties
of spacetime remain unexplained theoretical posits

e Structuralism: the wave function some sort of structure
(Esfeld, PJ Lewis ...)

* Bill's verdict: "You have kept the relations and lost the
relata”

* Captures what survives theory change, but structure without
objects it is explanatorily incomplete




Strong nomological views

* The wf is a law of nature (Goldstein and Zanghi;
Humean versions: Callender, Miller, Esfeld,
Bhogal and Perry,...)

* Good things:

e Same as the weak view but no account of
properties needed

* Bad things:

* Non-unigueness: laws of nature are unique,
the wf is not

* Time-dependence: laws do not evolve in
time, the wf does

* Bill's verdict: "You call it a law, but it acts like a
dynamical variable”




Epistemic approaches

* Some varieties:
* Pragmatist approaches — Healey
» Relational approaches - Rovelli

* Information-theoretic approaches —
Bub an Pitowsky

* QBism - Fuchs

* They all share a pragmatic component:

* The wave function is a tool which
allows the theory to ‘explain’ the
phenomena, and make new predictions

* It has to do with our knowledge of the
system rather than the system itself




Epistemic approaches

 Epistemic pragmatist view of the wave function (Healey):

* The wf prescribes how our epistemic attitudes towards claims about physical
situations should be: the wf gives probabilities, which prescribe what the
experimenter should believe

* Pragmatic view: concerns about explanation are prior to representational ones: the
wf is not some entity to ‘reify’ or materialize, rather it is something that allows the
theory to be explanatory

* Information-theoretic approach (Bub and Pitowsky):

* Quantum mechanics is fundamentally about measurement outcomes, whose
statistics are recovered by the constraints that Hilbert space structure imposes on
the quantum dynamics

* the wf has the role of describing an agent’s preferences (or expectations or degrees
of belief) about measurement outcomes



Epistemic approaches

* Good things:
* They avoid reifying the wave function
* They naturally explain probability assignments

* Bad things:

* 1- Experimental outcomes (e.g. interference)
nonetheless happen, regardless whether anybody
possesses knowledge about them

* Bill's verdict: "You have turned quantum
mechanics into a theory about us rather than a
theory about the world"

e 2-Information is always information about
something

* Bill's verdict: "Knowledge presupposes a world
to be known"




Beyond Epistemicism: The Participatory Turn

* Epistemic approaches may be too weak because
they make 5 a tool of knowledge

* Yet they draw attention to an important fact:
guantum mechanics seems to place observers and
measurement at center stage e

* guantum theory is deeply connected to observation o ot s it
* measurement matters
* knowledge is constrained by experimental contexts

* But what should one conclude from that? What
exactly does quantum mechanics force us to revise?

* Reality? Knowledge? Both? Neither?

POTENTIAL REALITIES
(SUPERPOSITION OF POSSIBILITIES)

4. REALITY EMERGES
A specific outcome
comes into being.

* The idea of the centrality of measurement has (] e
rece.nt-:ly re-emer .ed unaer the Iabel Of AND BECOMES REAL
participatory realism

 Participatory Realism (Wheeler, Qbism, Dieks... )
* Reality is not fully independent of agents
* Observers participate in the production of facts




Participatory Realism and Dealism

* Classical physics assumed:
* Reality 2 Knowledge

* Quantum mechanics suggests:
* (Reality <= Participation) 2 Knowledge

* Participatory Realism is attractive because it
straightforwardly embraces the centrality of
measurement in QM:

e Observers are part of reality's constitution

e But is this the lesson?

 Bill: “What if QM is not telling us that reality
depends on participation? What if it is telling us
that knowledge does?”

i @ - is
O.‘:'—> @ participation
EA ontic or

\‘% epistemic?



Quantum Limits on Knowledge

* Bohmian Example
 Particles have positions, trajectories exist, yet we cannot generally know them
* What happens if you try to ‘measure’ the trajectory?

* Suppose you repeatedly ‘measure’ the position of a Bohmian particle at times t4, t,, t3, ....

* Each ‘measurement’ entangles the particle with the apparatus, changes the effective wave function, alters
the guidance equation

* So, the trajectory after the first ‘measurement’ is generally not the same trajectory that would have
occurred had you not measured

* Thus, the sequence of ‘measured’ positions does not reveal the "unperturbed" Bohmian path because the
observation itself perturbs the motion

* Quantum Mechanics and Epistemic Humility:
* The world may be determinate, but our access to it is not
* Reality exceeds accessibility; what exists and what can be measured (known) are different

* Bill: “There are intrinsic limits to what we can actually know”

t, ' t, i t,




Contextuality and Participation

* Measurement outcomes depend on:
* System, apparatus, interaction

—> knowledge is inherently relational I must

limit knowledge

QUANTUM KANT [P o

Unobservable!

The phenomenon?

 However, reality need not be! it o PV et by o
o o o o mystery. (e & intuitions...
 Participation Reinterpreted , ue B . ow vith a dash
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* Participation enters at the level of inquiry, not il Al
necessarily at the level of ontology St
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 Epistemological Participation e theg B
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* And this is unavoidable A BN . coniement!
* A Quantum Kantian Moment? (Not endorsing Kant!) T CA— 1o
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What About ?
* If knowledge is participatory, how does  fit? @
O

ONTOLOGY AND EPISTEMOLOGY

[ oNTOLOGY | | [ EPISTEMOLOGY )

What exists. What you know
about it.

* A possible question: “what familiar category
does | belong to?”

* Reality itself
e Information
* Law

* Wave-Functionalism (the view | wish to
discuss) instead asks: “what explanatory work
does Y perform?”

 The Dealist Picture

* ONTOLOGY— Matter as a spatiotemporal
entity & Wave function as a nomic functional
structure

* EPISTEMOLOGY — Participation, contextuality,
limits on knowledge

MATTER
@ °9 o
“ ]
Stuff that exists
in the world.

DYNAMICS Your knowledge or

W information about the
properties of matter

How matter and its dynamics.

changes over time
(wave function).

~
This is the system itself—

independent of us.

Ontology is about reality. Epistemology is about
our knowledge of that reality.



The Dealist Moral

* Bill: ”Do not infer ontology
from epistemology”

* A limit on knowledge is not
automatically a limit on reality

* Final Thesis

* Quantum mechanics does
not show that reality
depends on observers

e Quantum mechanics shows
that knowledge depends
on participation

WHAT SURVIVES? WHAT BELONGS WHERE?

- PARTICIPATION
L BELONGS

' PRIMARILY TO

A EPISTEMOLOGY.

) P

not what the world is made of.

Our measurements, choices, and
interactions are features of our
knowledge and information.

Reality exists independently.
Matter and its dynamics do not [ \,
depend on what we know. @
I REAL SYSTEM (ONTOLOGY)
Our explanations and models Yi(x,t)
EXPLANATION ) | also survive. =
SURVIVES. . _ o
Science builds models that
: 2 . ik oy _ ﬁ
remain valid even if they are i T Y
imperfect. A successful explanatory model
.h“:—.
The wave function is a mathematical
THE WAVE description, not a physical thing. WAVESEUNCTION MATTER
FUNCTION IS Ip ®
NOT MATTER. It does not occupy space. # °
o @
It does not have mass, energy, \/\/\/\/ [+
or location. Mathematical Physical reality
It is not made of stuff. description
\
=
Participation is about what we do— ONTOLOGY EPISTEMOLOGY
(WHAT EXISTS) (WHAT WE KNOW)

That belongs to epistemology,
not to matter itself.

Matter & dynamics
exist independently

information, participation

Reality survives.

The world is
independent.

Explanation
survives.

Good models
endure.

The wave function is '@0
not matter. o R S

It's a description,
not a thing.

Participation belongs
primarily to
epistemology.

It is about what

we know and do.

(¢}




Towards a better account what the wf is

* Suppose we want to be dealist
about the wf :

Different accounts of the

» the wf is objective (ontic) but Vo s wave fuction each give
it’s not representing a material R tous;ﬁ:lrpfl:rc?c Efg tme,
entity | 3t  tog picture!

. Y= o | alive
* What are our options? | S

* Ontic [non-material=2 nomic]
accounts have problems

* Epistemic approaches are also
problematic (and not objective)

* However: maybe we can use B oo B NN Y
something in these approaches A DEEPER.
that might help construct a better 3 PN

. & : - EALITY
account of the wf if we do not | R <
want to consider the wf as SR %;Z%Z v

material BUT we want to be e [ VR
dealist about it....



Pragmatism to the rescue?

* The nomological views and the | PRAGMATIST BILL
pragmatic view might be seen as e !
agreeing on: @. il
* The lack of emphasis in a = %
representational role of the wf (the wf Ty

does not represent something material) NEEEE L(

S8 ANOTHER VIEW

* The explanatory role of the wf N

* The dispensability of the wf to the
(material) ontology of quantum
mechanics




Functionalism to the rescue?

* Functionalism: certain entities can be
defined in terms of their functional role
* Functionalism in philosophy of physics
* Knox: space-time can be functionalized in
classical theories of gravity - an entity is

spatiotemporal as determined by its functional
role

* Lam and Wuthrich: space-time can be
functionalized in quantum gravity - space-time

can emerge if one recovers those features which{\ss

are functionally relevant in producing
observations

* Albert: 3-d objects can be functionalized in
guantum mechanics - 3-d objects are
determined by their causal roles, and then the
wf dynamically gives rise to the empirical
evidence

I FUNCTIONALIST BILL

Tell me what it does,
not what it’s made of.

Electron, field,
information state...
I don’t care.

What role does

© IN THE THEORY, WHAT MATTERS IS ROLE.
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Empirical Incoherence

Wait...
if space-time
isn't fundamental,
what makes our
observations
possible?

ultimately comes

ge n e ra I e m e rge nt i St l from observations. =

(What we observe in space and time)

a pproaCheS from a non- Our observations seem
to require spatiotemporal ﬁ i
observers and measurement —

spatiotemporal background) e
are all threatened by the cut o eoreocim ] S

that space-time is e is not

* Functional approaches (and in = .
PP ( | € Al conf af

not fundamental. fundamental.

problem of empirical z -

Then where do observers, \ | what e If the theory
| | observe, can't explain

i ts, and : ;
incoherence: e S =y e
A" 1

why tryst ita I

¢ A t h eo ry iS em pi ri Ca I Iy LT L OBERVATIONS " THEORY

the existence of observations, (evidence) (space-time
then the evidence for the not fundamental)
®o .

i n CO h e re nt if its t r u t h theory becomes undermined.
undermines our empirical oD SHCETIE e
justification for believing it \auaNTun GRAVTY [ i ™ il
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Wave-functionalism: general idea

* “Cherry-pick” ingredients from the auarun vecwcs (Y
. R useful pieces. Blend them

various approaches, so as to capture the i oA ot or o car il ) Q7

intuitions that the wf has: st

* a nomological component: it is part of the
laws of nature as a ‘guiding’ entity

* a pragmatic component: it is explanatory

UNTIL

EINSTEIN

rather than representational, and
. . ASPECT P UNDERSTANDING
 a functionalist component: the wf can be BFERNEITS | OF REALITY

DEALISM

ON :mff i
dispensed with by reducing it to its g
functional role in the theory

In taking from all these approaches in part but not in their totality, one can

(perhaps!) avoid the objections to each and every one of the single views taken
separately



Nomological Aspect

* The wf is not a law of nature, strictly
speaking

e Rather it is part of the law:

* it is one of the ingredients that allows the
dynamics of matter to be written

* Being merely an ingredient in the law:

* the wf does not have to be unique, like
potentials are not unique

* It can be dispensed with:

e other entities, such as the density matrix, can
play its role

* It does not have to be time-independent

THE NOMOLOGICAL COMPONENT
OF THE WAVE FUNCTION

The wave function is part of the laws of nature, it% part of
not the whole story the recipe of

= N the laws of
The wave function nature!
is not the entire law. THE LAW (THEORY)
It is part of the law—
like one ingredient

/ . N
niarecipe ih ﬁ lﬂ(r, t) =H l‘l(r, t)
- Il 1

— X
Structure  Wave function Hamiltonian
of change  (part of the law) (energy operator)

Quantum dynamics law (e.g., Schrodinger equation)

Other ingredients: initial conditions, boundary
conditions, constants, symmetries, etc.

A

A CATEGORY MISTAKE: THE WAVE FUNCTION IS NOT THE LAW ITSELF
€ CATEGORY MISTAKE @ THE CORRECT VIEW
Thinking the wave function IS the law The wave function is an ingredient in the
is like thinking “flour IS the recipe.” law—essential, but not the whole law.
Wave function Hamiltonian Initial
(w) (]fi) conditions
Constants,
symmetries,
« etc.

Only when all the
ingredients work
together according

Flour is an ingredient.
The recipe is the set of instructions
that tells ingredients what to do.
Confusing the two is a category mistake.

to the recipe do
we get the right
cake (predictions).

WHY THIS MATTERS (NOMOLOGICAL POINT)
v/ The wave function appears in the dynamical law. [~ NOT THIS:
It helps govern how systems evolve. 3 The wave function is not a hidden object
behind the law.

X The wave function is not identical
to the law.

The wave function is
a “guiding” entity
within the law—part of
the nomological fabric

+/ It is constrained by and interacts with
other elements of the law.

i i of nature.
v Ramo:e I (0; cl‘l\ange |ts'ro|z), and d r 2 The law is more than just the
you change the law, not just the world. :G: wave function.
¥,

BACK TO OUR CAKE

NOMOLOGICAL MORAL
Ingredients Recipe (the law) The cake
 The wave function is part of the laws of nature
as a "quiding” entity. b i part of
| v Confusing a part of the law with the whole law what makes
| is a category mistake. the law work!

lvu ing the roles of the parts

.\

Each plays a different role in making the right result possible.

The recipe is not the flour. The law is ot the wave function. ]

* THE WAVE FUNCTION IS PART OF THE LAW, NOT THE WHOLE LAW. g9
IT’S AN INGREDIENT IN NATURE’S RECIPE.




Pragmatic Utility

* The wf is a useful object to adequately recover the
empirical predictions (the Born rule)

* The wf does not represent matter but it is
explanatory:
* Pragmatically, one uses the wf to generate the

probability outcomes given by the Born rule, but
one could have chosen another object, evolving

according to another evolution equation

* The fact that quantum mechanics is formulated
in terms of the wf is contingent to other super-
empirical considerations (e.g. simplicity and
explanatory power)

e Contra epistemic approaches, here the wf has not to
do with our incomplete knowledge of the system

THE PRAGMATIC COMPONENT
me  OF THE WAVE FUNCTION

=

I caxe recipe

I (rooL FoR SUCCESS)

V/ Predictthe testure |
/ Predict the taste

) _ &g v Predict the appearance |
(WG  Guide the preparation |
T ok the cake!

WHAT MATTERS PRAGMATICALLY
st

lue th

‘ We value the wave function for
what it does for us in practice.

The recipe is not a mental image The recipe explains and predicts
or a copy of the cake. even though it is not the cake.

THE PRAGMATIC POINT
What matters is not the intrinsic nature of each ingredient,
but the role it plays in making the cake turn out right.

The recipe is valuable because it works! ]

D

We don't eat recipes.
But without good recipes,
we wouldn't bake such

PRAGMATIC MORAL

We are pragmatists about the wave function.

+/ We do not require the wave function to
o

V If a better tool comes along that does the
job even more powerfully, we should be

open to using that instead.

In short: the wave function is an
explanatory tool, and that is enough.

not pictyres \f
| of the world, ||




Functional Multiple Realizability

A function is not identical to any particular realization

Different physical structures can realize the same
function -- the wf is like that
Es: functions of the wf:

* Generate Born-rule probabilities

e Contribute to the dynamics

e Connect theory and evidence

They can be realized in different ways: wf, density

matrix, etc....

The wave function is one possible realization of the
functions needed to recover the empirical predictions

What matters is not the physical nature of the realize, s 2
but the role it plays in the theory

* Bill's slogan: “The wave function is as the wave

function does”

WAVE-FUNCTION FUNCTIONALISM

[ The wave function is like the role structure of a recipe. J

What matters
is not what the wave
function is made of,
but what role it M
plays in the theory. / (&

It doesn’t matter
which specific
ingredients you use,
as long as each plays
its role correctly,
the cake turns out
Jjust right!

Different
ingredients.

BUTTER

P
Role: agglomerate Role: add moisture, | | Role: make it tasty, | | Role: add richness, Role: provide
ingredients, give make the batter help with softness, flavor. structure, give
structure. smooth. browning. body to the cake.
/. ~ ARG /

EGG

FLAXEGG || |  SOYMILK HONEY
(or applesauce, | ‘ | (or almond milk, (or maple syrup, 1
or mashed banana) ‘ or oat milk) r agay |
I

| MARGARINE | || ALMOND FLOUR

(or coconut oil, | (or oat flour,
or olive oil | or rice flour)
=)
Miktane ¢/ ‘ il

FLOUR

~

L _ Different physical ingredients can realize the same roles and produce the same kind of cake. |

FUNCTIONALIST MORAL

* Eqggs can differ physically. * Fields
* Milk can differ physically. + Information structures
* Sugar can differ physically. % * Laws

= Butter can differ physically. * Mathematical objects
* Flour can differ physically. * ... and more

Yet the same cake function can be realized.

[ Same role in the theory. Same function. That's what matters. ]

Different
realizations can
play the same
wave-function
role in the

[ W Functionalism is about roles in the theory, not the underlying physical makeup. ]




ADVANTAGES OF

WAVE-FUNCTIONALISM

THREE ROLES, WITHOUT THE PROBLEMS

Not too much,
not too little—
just the right role
in the recipe
of nature!

Summary so far

Wave-functionalism
gives the wave function
Jjust the right kind of
status in the theory!

The wave function is part of the laws of (f

riatire as & "uiding " entity: EXAMPLE: DYNAMICAL LAW V' It has a nomological role,

(Schrudmger equation) without being a law.

* The wf has three important,
distinctive but connected roles:

* Itis part of the law of nature and as
such contributes in determining the _

EXPLANATORY, NON-REPRESENTATIONAL ROLE, R

behaviot of matter WITHOUT BEING EPISTEMIC cxans o e

The wave function explains and unifies WHY THIS IS AN ADVANTAGE || being a picture of the
phenomena. It is not a picture of reality, ingredients, and not

and it is not about our knowledge. | b ham explanatory, R

* As such, it has an explanatory role in s e R

ﬁgﬂoﬂbﬂt‘— WAVE | — (@

accounting of the experimental /u

p It helps govern how systems evolve,

A R A + Therefore, it does not matter

whether it is time-evolving

[ WHY THIS IS AN ADVANTAGE ‘
or unique.

Like an ingredient

in the dynamical Time-evolving Timeless / unique 3

law—essential,
but not the law
itself!

(g tity,
part of the law)

Both can play the same

nomological role.

Vv ...without being epistemic.

V' This avoids being “too weak”:

- _ 7 i gt
organizes our knowledge.
results, but it is not (necessarily) § ; 7
. FUNCTIONALIZED ROLE, e
re p resentationa I @ WITHOUT BEING FUNDAMENTAL estrations WHY THIS IS AN ADVANTAGE |
Bnm an It can be functionalized: its [

The wave function’s role in the theory is
. non-fundamental: it is to govern the motion WAVE F’ld‘ role is non-fundamental
* Because of this, the wf can be - G| | g
’ We can, in principle, replace it by another lﬂfﬂrmatmn Zitowe matier
. . . . 5“"9"15 N structures v/ Therefore, we can bypass
described in terms of its functional

framework that does the same job.
e the problem of empirical

- A R incoherence: different (e
A\ What matters is the job MATTER ions can play the
it does—governing motion— same role and yield the y

Different tools,
same job,
same cake!

not the specific thing same predictions.
that does it!

THE BOTTOM LINE

v Nomological role without being a law.

wave-functionalism:

Jjust the right
recipe for

science!

+ Explanatory, non-representational role without being epistemic. |~
V Functionalized, non-fundamental role that governs matter.

Just the right role for the wave function! @9




A useful distinction

EXPLANATIONISM

> (KITCHER, PSILLOS) <

Explanationism tells us what kinds of theoretical posits
are responsible for a theory’s success.

Not everything in a
theory does the same job!
Some do the heavy lifting,
others just help make the

Think of a recipe for
a cake: some things do
the real explanatory

recipe possible.

S A THEORY CONTAINS [N
TWO KINDS OF POSITS

THEORY
v Equations
v Concepts
v Models

v Principles g
V.. b

f \
I |
| |
I |
! 1
| |
! |
| 1
I I
1 1
| I
! |
! 1
b I

work, others just help
make it possible!

4 ® 74l . ; - 3
e 7
1. WORKING POSITS . 2. PRESUPPOSITIONAL POSITS WAVE-FUNCTIONALISM
I
Responsible for the theory’s explanatory success. : Useful theoretical ingredients: they help the theory The wave function is best understood as a
They survive theory change. : work, but may disappear without loss of PRESUPPOSITIONAL POSIT.
S i explanatory power. : R——
THEY DO THE ; ; |
Explain why the cake rises and | THEY MAKE THE RECIPE POSSIBLE! WORKING POSITS WAVE FUNCTION ({P) EXPLANATORY
HEAVY LIFTING! /) Q holds shape (flour, eggs) i [ - J (explanatory core) (presuppositional) SUCCESS
& y —— » The mixing bowl i o Essential for formulating ’ icti
£ Explain why it tastes sweet i 1\ & Thewhisk * Hamiltonian =t o thi --3 e Accurate predictions
= W (suger) | ; * Symmetries + Novel phenomena
gl & The measuring cups : « Helps compute and ) A
e 2T he:recipefarmat s Interaction laws 4 s s Unified understanding
o Explain why it bakes i « Conservation laws Sz prliction « Technological power
0 the right heat, a7 The tanguage we'dse o Not part of the ontology
e right way (heat) “mix’, “bake”, “soft") .
: o ! L o) of matter J L
If you remove these, the cake (the explanations) fails. We could replace these with et " - -
These are the posits we want to keep because formats and still make the same cake. They are {p is indispensable in the recipe of quantum theory,
they do the explanatory work. helpful, but not responsible for success. but it’s not one of the ingredients in the cake itself (matter).
k._ A = — == — —
THE BIG PICTURE
L .
Sc; thet:u:ces: o "t BILL'S SLOGAN: Explanationism: keep what earns its keep.
uantum theory doesn
que 1 4o b:y ook “THE SUCCESS OF QUANTUM THEORY Presuppositional posits are indispensable
fout w, " Just the for theory construction, but not part of
about !
DOES NOT FORCE REALISM ABOUT . V. right rele, the ontology.
not the wrong Wave-functionalism respects the success
. metaphysics! of quantum theory without committing to
3 realism about (. o




Matter vs Interaction

WAVE-FUNCTIONALISM AND MATTER

What’s real? What does the wave function do?

Let’s be clear The wave function

about what the wave
function is—and what
it is not!

BIG IDEA:

The ontology of matter and the structure
governing matter should not be conflated.

is about how matter
behaves together,
not what matter is
made of!

@ WHAT THE WAVE FUNCTION DOES
In our view, matter is made of local beables— The wave function does not represent matter. Other views treat the wave function as if it were
things that exist in space and time. Instead, it characterizes the interaction of matter. a thing in the world—on the same ontological level
—————————————————————————————————— e e as matter. We don’t.
i EXAMPLES OF MATTER (ONTOLOGY) i i HOW TO THINK ABOUT IT ; e =
| } ! | i The wave function tells us how the bits of matter | : EXAMPLE: WAVE FUNCTION REALISM E
: = M ! | influence each other and jointly evolve. ! ! The wave function is a real physical object 1
- e | | | 1
! =2 2 T i : | ! (or field) that exists in space-time. :
| r I I | 1
| | | ] v i
i Particles Flashes  Mass-density Other local i i 3 ! i
! (point-like (eventsin (distributed beables , ! l | i
| entities)  space-time) matter) (e.g. fields, : i } | i
! primitive } i ; . .
| | 8 1
| E - I ﬁtglcgﬂ i E It encodes patterns of correlations, constraints, ; : ‘T B
! These are the things that are real— | | and dynamics among the beables. } | 78 Iieas Las part onithe untol?gy' :
! tha stuff of tha warld! ; i ' : 3 Conflates the structure governing matter i
e ————————————— s ; (—b Wave function = rule of interaction, not stuff. ) l (with ¥) with matter itself. J

So the wave function
is essential—but not
what the world is

“The ontology of matter and the structure
governing matter should not be conflated.”

—

BILL'S SLOGAN:

4

v Matter = what there is.

Different
jobs, different

@

+/ Wave function = how it all works together.

+/ Don't mistake the recipe for the ingredients!




Different Explanatory Strategies

PRAGMATIC APPROACHES

® Explain expectations

® Explain probabilities

e Explain constraints on phenomena

=) Principle-style explanation:
principles constrain what is
possible and what is expected.

” We appeal to general princi

Principle theories do not answer “why” questions.
They answer: “Why should this be expected?”

the patterns, reqularities and probabilities we observe.

Bill builds a cat to show the difference!

Let’s build
a cat with LEGO

TWO KINDS OF EXPLANATION

We can explain how the LEGO cat exists
in two different ways.

PRINCIPLE vs. CONSTRUCTIVE EXPLANATIO

different kind of

Same cat,

explanation!
g

o PRINCIPLE-STYLE EXPLANATION ‘ @ CONSTRUCTIVE-STYLE EXPLANATION
(Why it should be expected) (Why it is the way it is)

Focus: principles, expectations, constraints |

Focus: mechanisms, composition, dynamics

They explain: “Why is this the way it is?”

———=
WAVE-FUNCTIONALISM N 5 =
These specific
fsteps and pieces
) are why this
l cat is the way

® Explains trajectories of
S dtis.

General principles
tell us why the cat
should be stable,
hold together,
and behave the
way it does.

spatiotemporal entities

® Explains observed outcomes
(Lego-style)

e Explains statistics through
matter dynamics

EXPLAINED BY: |

Particular steps
3 and operations
=p Constructive-style 5
: Parts and their
explanation: macro stuff arvangements
is composed of micro stuff; 3
& Interactions
macro laws are derived e

from micro dynamics.
iples and laws to explaln 4

W The whole cat!

mp We explain the cat by showing the actual construction h:story—

EXAMFLES ————— —————— ‘ the parts, steps, and interactions that make it what it is. _!
Stability comes G ::—' Physical laws | [ EXAMPLES
@ from balance transmit a’i‘ constrain bkely limit what Build Add Attach Add the ears, Finish
and support. forces. outcomes. can haw!" the body. the legs. @ the head, nose, whiskers. the taill |

“The onto!ogy of matter and the structure governing matter
should not be conflated.” @@

‘ 1 Constructive theories answer “why” questions. \

KEY DIFFERENCE

They answer different questions.

PRINCIPLE-STYLE EXPLANATION

Answers: Why should this be expected?
(Not: Why is this the way it is?)

g

CONSTRUCTIVE-STYLE EXPLANATION

Answers: Why is this the way it is?
(Not: How does this happen?}

Focus: General principles,
constraints, laws

Outcome: Explains and limits
possible phenomena

~

Focus: Mechanisms, composition,
dynamics

QOutcome: Builds up the phenomenon
from the bottom up

Different explanations,

different questions—
22,

same cat! 3
‘A




Let’s see two
different ways to
explain why patterns
show up in the world!

They explain why a given regularity (ontological or dynamical)
appears at a given scale.

Same cat,
different kind of
explanation!

Both explanations can tell us that

the LEGO cat exists and behaves
in certain regular ways.

But they do it differently!

They ALSO explain why that regularity appears
in terms of what happens at the microscopic level.

9 CONSTRUCTIVE (COMPOSITIONAL) EXPLANATION

| HOW IT WORKS

o lIdentifies general principles, symmetries,
constraints or laws that govern a level.

2,

e Shows that the regularity follows from

those principles. Water is
polar
- )
| KEY FEATURES
» Works at the level of the system or scale considered. Micro
» Does not look inside to lower-level mechanisms. @

o Answers: Why should this regularity be expected here?

= \ ~
E.G.: CHEMISTRY, BIOLOGY, ZOOLOGY HOW IT WORKS [ | E.G.: CHEMISTRY, BIOLOGY, ZOOLOGY |
s Starts from the micro-level parts w % C%
x and their interactions. ‘ @, Eg- il
e Shows how, step by step, they give ‘g § g g % %ﬁz
DNA Birds rise to the higher-level regularity. ’
replicates migrate e Explains why the principle holds e T e
. | by deriving it from what really Pt SR —>
happens below. e "~ ghe ..-/
Macro | | - — == — —
7 (our scale) KEY FEATURES ] Micro Macro
_______ il b » Goes down to the microscopic level. (our scale)
o Builds the higher-level regularity from p o s e »
microscopic entities and dynamics. a

o Answers: Why does this regularity appear

mp It tells us the rule of the game at this scale,
but not why the rules work.

t

in terms of what happens at the micro-level?

mp It builds the bridge from micro to macro and explains

| why the higher-level pattern emerges.

So which one
has more
explanatory

Co
because t

BILL’S VERDICT:

nstructive theories have greater explanatory power
hey can account for why principles hold at different scales.

W

explanations tell us

Principles tell us
what to expect.
Constructive

why it happens!
.g‘




Why prefer wave-functionalism?

If you are a Dealist,

Wave-functionalism is ll/ IS NOT
the natural option: WHAT MATTER IS:
* Objective | ’

* Non-material
* Non-representational

e Constructively
explanatory

Y/ IS WHAT ALLOWS

*~% MATTER TO BEHAVE
lSUANTUM MECHANW




Main problem

Reifies P

I View
adida Multi-field
TOELB

Ontological proliferation

Weak nomological

Mysterious properties/structures

Strong nomological

Y not unique; Y evolves

y

)
2

Epistemic

Knowledge of what?

Pragmatism

Not sufficiently realist

/

\ L
~ Wave-functionalism =

N\

Y is not what matter is; /
Y is what allows matter

to behave quantum mechanically

ey

| 3 — = "
! L,!l ,!




Conclusion FUNCTNAL s

| The wave function i

| not what matter |s.
[t characterizes the
interaction of matter.

* Wave-functionalism:
* aview in which the wf is best seen
as non-representational but as an
explanatory entity that can be
functionalized in virtue of its
nomological role

* Perhaps Bill will like it:

* |t fares a little better than the main
alternative view in this camp (= the
nomological view; weak or strong)

 And that it is the natural choice for
the Dealist

———

WAVE- N
FUNCTIONALISM? \
YES, THAT'S THE

RIGHT WAY
_ FORWARD.




ion!
Thank you for your attention!

BELL THEOREM

ASPECT EXPERIMENTS ’
INNY UNIFICATION ’




