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Abstract: Experimental metaphysics is the study of how empirical results can reveal indisputable facts about the fundamental nature of the world,
independent of any theory. It is afield born from Bell&€™s 1964 theorem, and the experiments it inspired, proving the world cannot be both local
and deterministic. However, there is an implicit assumption in Bell&€™s theorem, that the observed result of any& nbsp;measurement is absolute (it
has some value which is not & relative to its observer&€™). This assumption may be called into question when the observer becomes a quantum
system (the &€aaNigneré€™s Frienda€s scenario), which has recently been the subject of renewed interest. Here, building on work by Brukner, we
derive a theorem, in experimental metaphysics, for this scenario [1]. It is similar to Bell&€™s 1964 theorem but dispenses with the assumption of
determinism. The remaining assumptions, which we collectively call "local friendliness’, yield a strictly larger polytope of bipartite correlations than
those in Bell's theorem (local determinism), but quantum mechanics still allows correlations outside the local friendliness polytope.&nbsp; We
illustrate this in an experiment in which the friend system is a single photonic qubit [1]. | argue that a truly convincing experiment could be realised
if that system were a sufficiently advanced artificia intelligence software running on a very large quantum computer, so that it could be regarded
genuinely as a friend. | will briefly discuss the implications of this far-future scenario for various interpretations and modifications of quantum
theory.

[1]& nbsp;Kok-Wei Bong, AnA-bal Utreras-AlarcA3n, Farzad Ghafari, Y eong-Cherng Liang, Nora Tischler, Eric G. Cavalcanti, Geoff J. Pryde and
Howard M. Wiseman,& nbsp;&€aA strong no-go theorem on the Wigneré€™ s friend paradox”,& nbsp;Nature Physics& nbsp;(2020).
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A thoughtful “Local Friendliness” no-go theorem:
A formulation using four metaphysical and two technological

assumptions, each with relevance for quantum interpretations

Howard M. Wiseman, Eric G. Cavalcanti, and
Eleanor G. Rieffel
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o Conclusions
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Introduction Motivation

A novel customer for a quantum computer:

Philosophers wanting to advance experimental metaphysics

metaphysics | mete'frziks |

plural noun [usually treated as singular]
the branch of philosophy that deals with the first principles of things, including
abstract concepts such as being, knowing, identity, time, and space:

xperimental Metaphysics
30 Years On
“” Philosophical - Friday April 28th, 2017
Consequences ' ‘#-’l-h_“m
of Quantum Photonics Centes, B Saint Mary's St. Boston

Theory

|

* Significant-Loophole-Free Test of Local Realism with Entangled Phatons.
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Introduction Bell's Theorem

Bell's 1964 TQeorem

Physics Vol. 1, No. 3, pp. 195=200, 1964 Physics Publishing Co. Printed in the United States

ON THE EINSTEIN PODOLSKY ROSEN PARADOX*

J- 5. BELL?Y
Department of Physics, University of Wisconsin, Madison, Wisconsin

(Received 4 November 1964)

the statistical predictions of quantum me-
chanics are incompatible with separable pre-
determination. [That is, in any] theory in
which parameters ...determine the results
of individual measurements, ...there must
be a mechanism whereby the setting of one
measurement device can influence the read-
ing of another instrument, however remote.
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Introduction Bell's Theorem

Since 2015, Bell experiments rule out the conjunction
of these metaphysical assumptions

@ Absoluteness of observations. An observation is a real single
event, and not ‘relative’ to anything or anyone.

©@ Predetermination of observable events. For any observable
event A, and any event « in the past light cone of A, there is a
space-like hypersurface S containing « such that all events on, or
variables defined on, S, plus free choices subsequent to S, suffice

to determine A. @

@ Local action. Any free choice x, made in a manner appropriate
for a randomized experiment, is, for the purpose of that
experiment, correlated only with events in its future light cone.

(Not the same as Local causality or Locality. Also rules out
Superdeterminism.)
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Introduction Bell's Theorem

Cashing this out in the typical Bell scenario:

Out- Out-
come A come B

| setting Setting [
) | choice x choicey (0

@ Predetermination — P(A|\, x,y) € {0, 1}; P(B|)\, x,y) € {0, 1}.

© Local action —> P(A|)\,x,y) = P(A|\,x) and P(B|\,x,y) = P(B
and P(A|x,y) = P()).

Together imply constraints on P(A, B|x, y) which experiments violate.
3

AY),
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Introduction Wigner's musings
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Introduction Wigner's musings

Wigner's 1961 musings on the QMP

Remarks on the Mind-Body Question

» «ltis natural to ask about the situation if one does
not make [an] observation oneself but lets
' someone else carry it out. What is the wave
function if my friend looked [at the quantum
object]? The answer is that ... one could [only]
attribute a wave function to the joint system [of]
friend plus object, a(vy x x1) + B(¢2 x x2) [which]
follows from the linearity of [Schrédinger’s]
equation. [This] appears absurd because it
implies that my friend was in a state of suspended
animation before he answered my question [about
what he saw].

It follows that [Schrddinger’s equation] cannot be
linear if [it] is accepted ...that “my friend” has the
same types of impressions and sensations as |.»
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A New Theorem, A New Experiment Brukner's Scenario: Bell+Wigner
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@ Brukner’s Scenario: Bell+Wigner
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A New Theorem, A New Experiment Brukner's Scenario: Bell+Wigner
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A No-Go Theorem for Observer-Independent Facts

Caslav Brukner 2

! Vienna Center for Quantum Science and Technology (VCQ), Faculty of Physics, University of Vienna,

Boltzmanngasse 5, A-1090 Vienna, Austria; caslav.brukner@univie.ac.at
2 Institute of Quantum Optics and Quantum Information (IQOQI), Austrian Academy of Sciences,
H-nllzmanngasse 3, A-1090 Vienna, Ausiria

check for

Received: 5 April 2018; Accepted: 2 May 2018; Published: 8 May 2018 updates

@ Incorporate "Wigner’s friends" into a Bell experiment.

@ The idea: get rid of predetgrmination by making the friends’
observations play the role of the hidden variables .

@ One of the assumptions is (contrary to Wigner) that the friends
can be in superpositions, and do not collapse the wavefunction.
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A New Theorem, A New Experiment Brukner's Scenario: Bell+Wigner
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Received: 5 April 2018; Accepted: 2 May 2018; Published: 8 May 2018 updates

@ Incorporate "Wigner’s friends" into a Bell experiment.

@ The idea: get rid of predetermination by making the friends’
observations play the role of the hidden variables .

@ One of the assumptions is (contrary to Wigner) that the friends
can be in superpositions, and do not collapse the wavefunction.

@ Brukner’s formalization of his metaphysical assumptions made
them as strong as Bell's assumption of local predetermination.

© But we found a new theorem, using a much weaker formalization
(much weaker assumptions than Bell).
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A New Theorem, A New Experiment The Griffith Theorem

OQutline

© A New Theorem, A New Experiment

@ The Griffith Theorem

H. M. Wiseman (CQD, Griffith University) Can a Qubit be your Friend? PI Seminar, April 2021 14/31

Pirsa: 21040019 Page 18/49



A New Theorem, A New Experiment The Griffith Theorem

nature

| physics

ARTICLES

https://doi.org/10.1038/541567-020-0990-x

W) Check for updates

A strong no-go theorem on the Wigner's friend
paradox

Kok-Wei Bong'?, Anibal Utreras-Alarcon'?, Farzad Ghafari®’, Yeong-Cherng Liang?,
|[Nora Tischler @', Eric G. Cavalcanti® 3™, Geoff J. Pryde™' and Howard M. Wiseman®'

Theorem: The conjunction of these assumptions is a contradigtion:
@ Absoluteness of observations. An observation is a real single
event, and not ‘relative’ to anything or anyone.
@ 4Superpowerss4. A superobserver (Wigner) can perform arbitrary
quantum operations on an observer (friend) and its environment.

© Local action. Any free choice x, ..., is correlated only with events
in its future light-cone.

4Superpowers4 is not a metaphysical assumption. Its truth can be
decided experimentally, for a given Wigner and a given friend.
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A New Theorem, A New Experiment The Griffith Theorem

How does it work?

2 boxes (both alike in dignity)

Charlie Debbie
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A New Theorem, A New Experiment The Griffith Theorem

How does it work?

2 boxes (both alike in dignity)

Charlie Debbie

TN, @ o >
@
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A New Theorem, A New Experiment The Griffith Theorem

How does it work?

Either (x = 1)

LY
oS @i Charlie
‘
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A New Theorem, A New Experiment The Griffith Theorem

How does it work?
Either (x = 1)

< e
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T
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Charlie
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A New Theorem, A New Experiment The Griffith Theorem

How does it work?

Either (x = 1)

Alice =
. ]@ : Charlie
@
T )

—

Or(x#1)...

el Charlie
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A New Theorem, A New Experiment The Griffith Theorem

How does it work?
Either (x = 1)

Alice @sc -
s & Charlie

iy
\\C/

- Alice
\'\‘ ,f\ r I l
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. &
H. M. Wiseman (CQD, Griffith University) Can a Qubit be your Friend? PI Seminar, April 2021

16/31

Pirsa: 21040019

Page 25/49



A New Theorem, A New Experiment The Griffith Theorem

How does it work?
Either (x = 1)

Alice 2
. ]@ < Charlie
Gy e
I] \-.._C[z"

Or(x#1)...

e i Alice
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\ o~ r= 2.3
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A New Theorem, A New Experiment The Griffith Theorem

How does it work?

Out-
come A

Setting Setting
choice x choicey

@ Absoluteness — P(AB|xy) =3, P(ABCD|xy); A1 = C; By = D.
@ Local action — P(A|C,D.x,y) = P(A|C,D,x); P(B|C,D,x,y) = P(B|C,D,y);
and P(C, D|x,y) = P(C, D).
We coin the phrase Local Friendliness for the conjunction of these

two metaphysical assumptions.
H. M. Wiseman (CQD, Gritfith University) Can a Qubit be your Friend? PI Seminar, April 2021 16/31
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A New Theorem, A New Experiment The Griffith Theorem

How does it work?

Local Friendliness imply constraints on P(AB|xy) that can be violated
if the appropriate 4Superpowers4 exist — even if only imperfectly, in
the sense that %

Pundo c&D measurements (A, B‘-""-."') ~ Pno caD measuremems(A- B‘-‘"-)')-

That is, we have a new theorem of experimental metaphysics.
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A New Theorem, A New Experiment

The Griffith Experiment

Technical and Experimental Details

Moreover, LF correlations # LHV correlations

@ If we considered more than
two settings for Alice or Bab,
then the Local Friendliness
restrictions on P(AB|xy) are
strictly weaker than Local
Predetermination (AKA
Local Hidden Variables).

@ j.e. The LF polytope for
P(AB|xy) strictly contains the
LHV polytope.

@ j.e. Quantum correlations may
violate a LHV inequality but
not any LF inequalities.

This motivates performing a ‘friendly’ experiment with > 2 settings.

Far example, with 3 settings a side

Category [ Inequality
—{A)) — (By) — (A3) — (B2)
1st new LF facet (not LHV facet) (A LBy — 2{A1B2) — 2{A1B,)
}2{A2B) — (AsBs) — (AsBy) — (A:By) < 6

—(AL) — (B1) — (A2) — (A3)
2nd new LF facet (not LHV facet) ={A1B1) = {MaB1} — (AaBi) — 2{ABa)
+{A282) + (AsBr} — (AzB3) + (A3Bs) <5

() — (B1) — (Az) — {B2) — (A1 By}
1st LF facet that = 32 (LHV) —{A 1) — (A8} — {AxBh) — (AsBy)
(A282) + (AaBs) + {A3B)) < 4

—{Aa) — {As) — (Ba) — {B:)
{A1B2) + (A1Bs) — (A2B)) + (AsBy)
—{AzB2) — (ABs} — {AsBp) + (AsB5) < 4

2nd LF tacet that = Fiaa: (LHV)

Brukner LF facet, =CHSH (LHV) (A1By) + (A1B2) + (A2B) — (AaB2) <2

semi-Br. LF facat, —CHSH (LHV) |  (AsBy) + (AzB) + (AsH)) — (Asha) < 2
not a LF facet, =CHSH (LHV) (A2Ba) + (A3Bs} + (A38;) — (A3B3) <2

PusA=2) =+ (A=F1)(B=2l) = (B=F1)ia=2) = x=3);(=2) = (y=1).

Settings, State & New Inequality

i e
) ™ ==X /
Y N "3 / >\
L \  (IHV) - |VH))(BV| - (VH]) | )
= A 3

\ | 5 \
\ / 2 /
\ S (HV)(RV| + |VEY(VH]) e P

. - ~

The new LF inequality that is violated is
- ‘ff’qﬁ;:l — 2('\.4[52) — 2{.423|::
£ 2{A2B2} — (A2B3) — (A3Bz) — (A3B3)
+ (A1) + (A2} + (B1) + (B2) —6<0

Experimental results

-  ~odl
E o ¥ ]
-
-~
N
4
@ The experiment shows a violation of ype of inequality
(“Genuine LF") which applies when both friends are involved.

@ |t also proves (in fact using only one friend via our

) that Local Friendliness is distinct from Bell locality.
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A New Theorem, A New Experiment The Griffith Experiment

Experimental set-up

Alice G G Bob
—1 1 —T 1
// |
a [ ] [ ] = |
G ; —
I~ I
Alice’s Bob’s
friend fr|end
(Charlie) (Debbie)
1  I— —
[—| E=r—]
U,
W W
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A New Theorem, A New Experiment The Griffith Experiment

The Griffith Experiment and Beyond

@ The experiment violated a LF inequality by >17 SDs.

@ However, each ‘friend’ was a single qubit (photon path), making
four qubits in total (so that we did not require real 4superpowerss).

@ Can a qubit be a friend? Obviously not a real friend, which is why
we called it a “microscopic proof-of-principle version”.
@ What about real experiment? What makes a ‘friend’ a real friend?

e A sufficiently large/complex quantum system? Interesting direction.
But there are numerous different criteria and no agreed thresholds.

e «An irreversible act of amplification»[Bohr=Wheeler]? Yeeees, but
that won’t work here because for the experiment the observation
must be reversible (at least according to standard QM).

e A sentient being with «the same types of impressions and
sensations as |»[Wigner]? The best feasible option.

e But how could the evolution of a sentient observer be unitarily
reversed? It would have to be an Al realized on an enormous
fault-tolerant quantum computer.

H. M. Wiseman (CQD, Griffith University) Can a Qubit be your Friend? Pl Seminar, April 2021 20/31

Pirsa: 21040019 Page 31/49



A New Theorem, A New Experiment

Alice

The Griffith Experiment

Experimental set-up

AR

( .

Alice’s
friend
(Charlie)
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A New Theorem, A New Experiment The Griffith Experiment

The Griffith Experiment and Beyond

@ The experiment violated a LF inequality by >17 SDs.

@ However, each ‘friend’ was a single qubit (photon path), making
four qubits in total (so that we did not require real 4superpowerss).

@ Can a qubit be a friend? Obviously not a real friend, which is why
we called it a “microscopic proof-of-principle version”.
@ What about real experiment? What makes a ‘friend’ a real friend?

e A sufficiently large/complex quantum system? Interesting direction.
But there are numerous different criteria and no agreed thresholds.

e «An irreversible act of amplification»[Bohr=Wheeler]? Yeeees, but
that won’t work here because for the experiment the observation
must be reversible (at least according to standard QM).

e A sentient being with «the same types of impressions and
sensations as |»[Wigner]? The best feasible option.

e But how could the evolution of a sentient observer be unitarily
reversed? It would have to be an Al realized on an enormous
fault-tolerant quantum computer.

H. M. Wiseman (CQD, Griffith University) Can a Qubit be your Friend? PI Seminar, April 2021 20/31

Pirsa: 21040019 Page 33/49



In Hilbert Space, No One Can Hear You Dream Beyond the Toy Experiments

Outline

e In Hilbert Space, No One Can Hear You Dream
@ Beyond the Toy Experiments o,
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In Hilbert Space, No One Can Hear You Dream Beyond the Toy Experiments

How would it work?

Alice  harlie Bob
S S8 y
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In Hilbert Space, No One Can Hear You Dream Beyond the Toy Experiments

How would it work?

Charlie
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In Hilbert Space, No One Can Hear You Dream Beyond the Toy Experiments

How would it work?

Either (x = 1)

Alice It's C Charlie
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In Hilbert Space, No One Can Hear You Dream Beyond the Toy Experiments

How would it work?
Elther (x=1)

Allce Charlie

[ 2 o= oo o o ]
‘ [ B o = 3 2 ]
-t
N [ n B B B B
i L Bu B S o o
[ o B S o o ]

Or (x =2)

L =2 Alice
O
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In Hilbert Space, No One Can Hear You Dream Beyond the Toy Experiments

How would it work?
Elther (x=11)

=

sssssse g
seveee
ssessee O
[ F R NN N ]

ooJo.-
seseee ()
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In Hilbert Space, No One Can Hear You Dream Beyond the Toy Experiments

Practicalities of such an experiment

@ We could consider simulating a whole biological organism, and its
environment. Probably > 10** logical qubits.

@ The simpler option (probably > 10'? logical qubits): simulating just
a mind. i.e., running a human-level artificial intelligence algorithm.

@ For us to become friends with Charlie, a two-way communication
channel to the external world would be needed.

@ But during the experiment Charlie would have to be completely
isolated for a second or so of experiential time, and his evolution
would then have to be reversed so that he had no memory of that
experience having ever happened.

@ Would Charlie would willingly participate in such an experiment?
@ Would the experiment get ethical approval, even if Charlie agreed?
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In Hilbert Space, No One Can Hear You Dream Beyond the Toy Experiments

How would it work?
Either (x = 1)

=
[\]
=

Al|ce

seveee O
secsee
seevee
seseee O
ssevee
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In Hilbert Space, No One Can Hear You Dream Beyond the Toy Experiments

Practicalities of such an experiment

@ We could consider simulating a whole biological organism, and its
environment. Probably > 10** logical qubits.

@ The simpler option (probably > 10'? logical qubits): simulating just
a mind. i.e., running a human-level artificial intelligence algorithm.

@ For us to become friends with Charlie, a two-way communication
channel to the external world would be needed.

@ But during the experiment Charlie would have to be completely
isolated for a second or so of experiential time, and his evolution
would then have to be reversed so that he had no memory of that
experience having ever happened.

@ Would Charlie would willingly participate in such an experiment?
@ Would the experiment get ethical approval, even if Charlie agreed?
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In Hilbert Space, No One Can Hear You Dream Beyond the Toy Experiments

Constructing a theorem without 4Superpowers?

The conjunction of these assumptions’ is a contradiction:

@ Physicalism. Any thought supervenes upon a physical process in
the brain (or other information-processing unit as appropriate).

@ Ego Absolutism. Such of my thoughts that | believe | could, if
asked, communicate to another party are absolutely real.

@ Friendliness. If, by open-ended communication, an independent
party displays cognitive ability on par with my own, then Ego
Absolutism is as true for them, mutatis mutandis, as it is for me.

© Human-Level Artificial Intelligence is possible (i.e. digitally).

@ Universal quantum computimg can be done at extremely large
scale, and very fast.

@ Local action. Any (human-level) free choice x, ..., is correlated
only with events in its future light-cone.

'(The ones in brick are not metaphysical; they are empirical but open.)
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In Hilbert Space, No One Can Hear You Dream Implications for Interpretations

How do some interesting interpretations stack up?

Interpretation Local | Physic | Ego | Friend
/ Modification Action | -alism | Abs. | -liness | HL-Al | UQC
Consc.~Collapse
e.g. Wigner h 4 Y i Y y N
H.L.l.=Collapse
e.g. Penrose 9 b ¥ Y N y
‘P.O. Spont. Collapse
e.g. GRWf,GRWm Y Y Y N y y
Relativism
e.g. QBism, Everett Y? Y N Y y y
Single-Minded MWI
e.g. Albert & Loewer Y N Y Y y y
Hidden Variables
e.g. Bohm N N b i 7 y y
‘No Interpretation’
e.g. most physicists 4 i Y y y X
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Conclusions
Take-home messages
O,

@ Non-testable metaphysical assumptions can have falsifiable
empirical consequences in conjunction.

@ In the case of Bell, falsified empirical consequences.

@ Continued advances in Artificial Intelligence, Q-computing (and
Q-comms) will open a new frontier in experimental metaphysics.

@ Specifically, we could rule out the conjunction of:

@ Physicalism. Any thought supervenes upon a physical process ...
@ Ego Absolutism. ... [M]y thoughts ... are absolutely real.

© Friendliness If ... [a] party displays cognitive ability on par with my
own, then Ego Absolutism is as true for them ... as it is for me.

© Local action. Any (human-level) free choice can be assumed to be
uncorrelated with events outside its future light-cone.

@ We have performed a proof-of-concept experiment in this area.

H. M. Wiseman (CQD, Griffith University) Can a Qubit be your Friend? Pl Seminar, April 2021 27/31

Pirsa: 21040019 Page 48/49



Introduction Bell's Theorem

Since 2015, Bell experiments rule out the conjunction
of these metaphysical assumptions

@ Absoluteness of observations. An observation is a real single
event, and not ‘relative’ to anything or anyone.

© Predetermination of observable events. For any observable
event A, and any event « in the past light cone of A, there is a
space-like hypersurface S containing o such that all events on, or
variables defined on, S, plus free choices subsequent to S, suffice
to determine A. @

@ Local action. Any free choice x, made in a manner appropriate
for a randomized experiment, is, for the purpose of that
experiment, correlated only with events in its future light cone.

(Not the same as Local causality or Locality. Also rules out
Superdeterminism.)
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