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Abstract

The Wigner’s friend thought experiment involves two observers, a “superobserver”
and a “friend”. The friend makes a measurement on a quantum system, and then
the superobserver makes a measurement on the friend’s isolated laboratory, in-
cluding the friend, provided that the superobserver has coherent quantum control
of such a complex system. This can lead to an apparent contradiction where the
superobserver claims the friend is in a superposition state, while the friend says
they see a definite outcome. Recent years have seen an increase of interest in
the Wigner’s friend experiment, as no-go theorems consider, in their derivations,
extended Wigner’s friend scenarios in setups similar to a Bell scenario. These
theorems argue that quantum theory is incompatible with sets of assumptions
different from a local hidden variable model. One such theorem, by C. Brukner,
introduced an extended Wigner’s friend scenario that I, along with other authors,
later used to derive a no-go theorem for “Local Friendliness”, a set of assump-
tions weaker than Local Determinism, as unlike the latter, it does not make the
assumption of Predetermination. In this thesis, I study the implications of Local
Friendliness in two different extended Wigner’s friend scenarios, the one origi-
nally presented by Brukner, and another where the superobserver can interact
with their friend at one of several points in time. I prove that not only is it
possible for quantum mechanics to violate Local Friendliness, but also that it is
always possible to find a scenario such that a violation of Bell inequalities in that

scenario will be a result of a violation of Local Friendliness.
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1

Introduction



I think I can safely say that
nobody understands quantum

mechanics

Richard Feynman

Since its early days at the beginning of the 20th century, quantum mechanics
has been a source of both fascination and frustration to scientists. Fascination,
as the theory not only explained at-the-time unexplained phenomena, but also
predicted new ones that defied our intuition. Frustration, as the manner of these
explanations violently clashed against our previously held conceptions of Nature.
This has lead to a theory such that, although we know how to use and apply in
order to develop many of our current technologies, we do not really understand
what it says about Nature.

Two open questions encapsulate this state of affairs. The first of these, known
as the measurement problem, puts in evidence the conflicting nature of the two
tools quantum mechanics uses to describe the evolution of systems. For closed
systems, quantum theory predicts that the systems will evolve in a deterministic
and reversible fashion. If a system is measured, the theory says the measurement
process will be stochastic and irreversible. However, in the famous experiment of
Schrédinger’s cat, these descriptions would lead to an absurd situation where a
cat is both dead and alive until a human observer attempts to determine its living
status. Another similar thought experiment, which will be very relevant in this
thesis, is the Wigner’s friend experiment [59]. Here, it would be a human observer
who enters into a superposition of experiencing different observations, yet from
their point of view, they would not recall ever being in a superposition.

The second of these problems originates from an argument by Einstein, Podol-
sky and Rosen in favour of quantum theory being incomplete [20]. From his
analysis on the situation proposed by them, Bell managed to formulate a no-go

theorem that, some would say, revolutionized our understanding of quantum me-



chanics [7]. Nevertheless, it did so not by asserting what quantum theory is, but
by establishing what it is not. Namely, it can not be reproduced by any local
hidden variable theory. Bell’s theorem paved the way for future no-go theorems
that operate in a similar way: by finding a set of assumptions quantum mechanics
can not simultaneously satisfy, we grow closer to understanding it.

In recent years, there has been an increased interest within the field of quantum
foundations in the Wigner’s friend experiment. Most relevant to this thesis are the
no-go theorems postulated by Brukner [I 1] and Frauchiger and Renner [23], both
arriving at results similar to Bell’s theorem. These works consider “extended”
Wigner’s friend scenarios with two laboratories, each containing an observer, and
each being observed by a different “superobserver”.

In [10], I, along with other authors, proposed a variation on Brukner’s theorem
with a weaker set of assumptions, using the extended Wigner’s friend scenario he
introduced. Remarkably, our assumptions, which we called Local Friendliness, al-
low models that can not be reproduced with local hidden variables theories (unlike
Brukner’s assumptions) and yet which could also be ruled out by quantum ex-
periments. Moreover, that paper presented a proof-of-principle experiment doing
just this.

The first aim of this thesis is to describe, in detail, the theoretical work behind
[10] and the results obtained. The second aim is to further study Local Friendliness
under a different extended Wigner’s friend scenario, more general than the ones
in [11], 23] or [10].

The structure of the thesis is as follows. In chapter 2, I will describe the neces-
sary framework that encompasses this thesis. This will include the Wigner’s friend
experiment, Bell’s theorem, what some few common interpretations of quantum
mechanics say about both of them. I will also introduce the formalism of be-
haviours, used to describe how the measurements and outcomes of different ob-

servers are correlated in a device-independent fashion. In chapter 3, I will present



in more detail the results in [I 1] and [23]. Chapter 4 will be dedicated to explain-
ing the extended Wigner’s friend scenarios considered in [10], while its results,
both theoretical and experimental, are described in chapter 5. In chapter 6 I will
describe an alternative scenario, which I label the sequential extended Wigner’s
scenario, and the consequences that can be derived from it. Finally, in chapter 7,

I will outline some future directions of research that can be taken from this work.
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Theoretical Framework



2.1 Postulates of Quantum Mechanics

The standard formulation of quantum mechanics makes use of four postulates
that provide the elementary tools needed for describing physical systems and
their dynamics.

The first of these postulates establishes the mathematical background of quan-

tum theory.

Postulate 1. An isolated physical system is associated to a state space, a complex
vector space with inner product (also known as a Hilbert space). The system is fully
described by a ray in its Hilbert space. For convenience, the ray is characterized

by a norm 1 wvector parallel to the ray, called the state vector.

Within Dirac’s notation, a state vector can be represented by a ket |¢), a unit
vector in Hilbert space H. Furthermore, a bra (¢|: H — C is an element of the
dual Hilbert space H*, such that (¢[¢) := (¢|(|¢)) = (|¢),[¥)), with (|¢), |¢))
being the inner product between |¢) and |¢). Of particular interest to us will be
the two-dimensional Hilbert space, whose states we call qubits.

The second postulate makes reference to the manner in which a closed system

will evolve through time:

Postulate 2. A closed quantum system will evolve through time according to a

unitary transformation U acting on H.

If a system is described by the state [¢)(¢y)) at an initial time tp, then at a

later time t > tg the state of the system will be

[¥(8)) = U(t, o) |4 (to))- (2.1)

For example, for a freely evolving system the evolution will be described by
Schridinger’s equation:

. d
in < () = HI (1), 22)

6



where H is the Hamiltonian of the system. For a initial state [1(tg)), a solution

to this equation will be

Ut tl(r0)) = exp (G100 ), 23)
which correspond to the operator in eq. (2.1). However, for the purpose of this
thesis, we will also allow closed systems with external controls, which are described
by a time-dependent Hamiltonian.

The next postulate, on the other hand, describes what happens to a system
when a measurement is performed on it. For simplicity, I will only consider purity-

preserving measurements.

Postulate 3. A quantum measurement with O outcomes is characterized by a set
{Mi}@'ozl; with M; an operator acting on H associated to the outcome i. For a sys-
tem that was on the state |¢) immediately before the measurement, the probability

of observing the outcome i is given by

p(i) = (IMIM; 1), (24)
and the state of system immediately afterwards will be

) = i) (2.5)

Eq. (2.4) is known as Born’s rule. As a requirement for the measurement to

be complete, >, p(i) = 1 should hold. This condition can only be satisfied if

S MM =1, (2.6)
7

where I is the identity operator on H. The operator E; = MiTMi is known as
an effect. If the set of effects {F;} is composed of projectors—i.e., operators II

that satisfy II? = IT—and if those projectors are in turn orthonormal, such that



E;E; = 6;;F;, then we can define an observable C as
é = ZCiEi, (2.7)
i

where the ¢; are real and all distinct from one another and are a physical value
associated with FE;. The observable C can then stand in for the random value
obtained in a measurement in any calculation of any statistical averages.

The final postulate establishes the structure of a composite system, i.e. a

system composed of two or more subsystems, in terms of its constituents:

Postulate 4. The state space of a system composed of n subsystems, with state
spaces Hy, -, Hn, is the tensor product space of its constituents, H = H1 ®--- &
H,. If the subsystems are prepared in the states |yn),- -, |1,), then the composite

system is in the state |¢) = [11) @ -+ @ |1n).

It should be remarked that not all states in H = H{ ® - - ® H,, can be written
as |¢) = [Y1) ® - - ® |¢y). For example, the state

1

27) = NG

(100) +11)), (23)
with [00) := |0)4 ® |0)p and |11) := |1) 4 ® |1) g, does not allow a factorization as
a product of states in H 4 and Hpg. We call states that can be factorized product
states, and those that can not entangled states.

There will be situations where we will be interested in describing the state
of a system in a more general manner than that allowed by a state vector. For
example, in the case an entangled state such as eq. (2.8), there is no state vector
in ‘H4 that describes the state of subsystem A. It is useful, then, to represent
states using density matrices. If a quantum system can be in any of the states

|1;), each with a probability p;, then the state of the system can be represented



by a density matrix p € H ® H*, with

p= ZPH%‘M%" (2.9)

We call the set {(p;, |1:))} and ensemble of state vectors. A density matrix can be
written in terms of more than one ensemble, for example, the state p = 1(0)(0| +
L)1) = 34 (4 + 3 =) (1 where [+) = 2-(0) + 1)) and | =) = L (j0) — [1)).
If a density matrix can be written in terms of an ensemble containing a single
state vector with probability 1, i.e. p = |¢)(?)|, then we say that p is a pure state.
Otherwise we call p a mized state.

The evolution of a density matrix is still governed by Postulates 2 and 3 as

well. For closed systems, we have that

t) = ZPiW%(t )= sz (t,to)i(to)) (v (to) U (£, t0)
= U(t,to)p(to)U™ (¢, t0)- (2.10)

On the other hand, when measuring a density matrix, the probability of observing

outcome 7 will be
p(i) = Z il7) pj = Zp] ¢j‘M M; |1/}j> TY(MJMZ'P)’ (2.11)

with p(i]j) being the probability of observing outcome i when measuring the state

|4;). Immediately after the measurement, the state of the system will be

M;pM]

Tr(M;pM]) 21

pi =

As mentioned earlier, density matrices can be used to describe the state of in-

dividual systems from the composite state. Returning to the example of eq. (2.8),



the state of the composite system as a density matrix is
1
pap = @) (| = 5(100)(00] + 100} (11] + [11){00] + [11){11]). (2.13)

The subsystem A is described by a reduced density matriz, given by the partial

trace over system B:

pa = Trn(pan) = 5(0)(0] + [1)(1) (214)

2.2 The Measurement Problem

While the postulates above give a good description on how to use quantum me-
chanics, they are silent on what it can be used on. In particular, they give us two
different methods for describing the evolution of a system: either by Schrédinger’s
equation or by the measurement postulate. But then, what is actually a measure-
ment? Is it an interaction of the system with some larger environment, a task
performed by a conscious agent, or something else entirely, if anything at all? Why
is Schrédinger’s equation not enough to describe a measurement? This issue is
known as the measurement problem. Before giving an example of it, I will present
the differences between the evolutions described in postulates 2 and 3, also re-
ferred to as process II and I, respectively, by von Neumann [56] in his description
of the measurement problem.

Process 11, as shown in Postulate 2, refers to the evolution of a closed system,
and can be described by egs. (2.1), (2.2) and (2.10). This process is characterized

as being linear, deterministic and reversible:

e Linear: Process II preserves linear combinations of states. If at an initial
time ¢y the system is in the state [¢/(to)) = a|w1(to)) + B|va(to)), then at a

later time ¢ the system will be in the state [¢)/(t)) = a1 (t)) + Blwa(t)).
¢ Deterministic: Process II will transform a given initial state to a final

10



state with absolute certainty. If at an initial time tg the system is in the
state |1 (t9)) and under the Hamiltonian H, at any later time ¢ there will be
only one state the system can be in, |¢(t)) = U(t, to)|(to)), with U(t, to)

given by eq. (2.3).

o Reversible: According to process II, if a system evolves from state [1)1)
into [12), there is another valid transformation that goes from |¢2) to [i1).
As mentioned in the statement of Postulate 2, U is a unitary operation,
therefore it always has an inverse, which will be its adjunct U=t = Ut. U1
is, in turn, also unitary, so it is a valid transformation that can represent

the evolution of a system.

On the other hand, process I, which transforms states according to egs. (2.5)

and (2.12), is neither linear, deterministic nor reversible:

e Not linear: For process I, the possible final states are given by the mea-
surement applied, while in general the initial state only influences the prob-
abilities for those outcomes, the exception being when such probability is
zero for a subset of those outcomes. It is clear, then, to see that process
I will not preserve linear combinations of the initial states. For example,
let us consider the measurement {|0)(0[, |1)(1|} performed on the states |+)
and |—). For both of them, the post-measurement states can be either |0)
or |1), each with probability 1/2. However, when the same measurement is

1

performed on the state [0) = —=[+) + %|—>, the result will always be the

state |0), not the corresponding linear combination of the former outcomes.

e Not deterministic: Evidently, process I is not deterministic, as a mea-

surement can have more than one possible outcome.

¢ Not reversible: Again, in general the post-measurement states will depend
on the measurement being performed, not on the initial state. This, added

to the non-deterministic nature of process I, makes it impossible to return

11



the system to its initial state using a transformation that is independent of
both the initial and final state of the system. As mentioned on the previous
example, the measurement {|0)(0],|1)(1|} will produce the same outcomes

if performed on either |0) or |1).

Now, let us consider the following scenario as an example of the measurement
problem [37]. For this argument, let us assume that quantum mechanics is uni-
versally valid. Measurement {|0)(0|g,|1)(1|s} is performed on system S using a
measurement device D. After this measurement, the state of S can be either |0)g
or |[1)s. In turn, the state of the device will also change in order to reflect the
observed outcome. If the system’s initial state was |0) g, then so will its final state,
and the device will be in state |“zero”) p, and the same goes for |1)g and |[“one”)p.
Let us see how the system evolves according to each process when the device is
originally in a state |¢;)p and the system is in state |¢;)s = a|0)s + 3|1)s. Under

process I, the evolution of the composite system S — D would be

[Vi)s|gi)p — [0)s|“zero™)  or  [¥hi)s|éi)p — [1)s|“one”). (2.15)

On the other hand, according to process II, the state would as

Vi) s|diyp — «|0)g|“zero”) p + B]1)s|“one”) p. (2.16)

Apparently, these processes would lead us to different descriptions of the quan-
tum state after the measurement. Multiple solutions have been proposed for this

problem, as will be discussed in section 2.2.3.

2.2.1 The Wigner’s friend thought experiment

In this thesis I am going to make ample use of the Wigner’s friend scenario (WES).
First described by Wigner in [59], the WEFS is a gedankenexrperiment, a thought

experiment, that exemplifies the measurement problem, similarly to our previous

12



example, but this time taking into account a conscious observer performing the
experiment.

Wigner’s argument goes as follows: let us consider a system S that can be in
two possible states, [1)1)g or |¢2)s. Interacting with the system is an observer, the
titular “friend”. When interacting with the system, if the original state was |11)g
then the friend will see a flash of light and the state of the composite system will
be |¢1)F|11)s. If the system is originally in state |¢2)g instead, the friend will
not see a flash and the composite system will be in the state |p2)r|1)2)s. Here,
the states |p1)F and |p2)F describe the state of the friend: when asked if he saw
a flash he will say “Yes” if he is in state |¢1)p, or “No” if he is state |p2)p.

Now, let us suppose the original state of system S is some linear combination
alr)s + Blg)s. After the friend interacts with the system, the composite state
should be a|p1)pli1)s + Ble2)rl2)s. Then, if we ask the friend whether he
has seen a flash or not, he will say “Yes” with probability |a|?> and “No” with
probability |3|%.

After this, Wigner says [59]:

“I ask my friend, “What did you feel about the flash before I asked
you?” he will answer, “I told you already, I did [did not| see a flash”,
as the case may be. In other words, the question whether he did or
did not see the flash was already decided in his mind, before I asked

him.”

Therefore, Wigner argues, according to the friend, we should assign to the com-
posite system after the interaction the state |p1)r|t1)s or |2)F|t2)s, as it cor-
responds to the friend’s answer, and not the linear combination of these sates,
as we had previously concluded. This would suggest that the friend is governed
by a different set of rules than other physical system, such our original example
with the measuring device, apparently due to his status as a conscious being, or

so Wigner claims.

13



He continues' [59]:

“If we substitute for “friend” some simple physical apparatus, such as
an atom which may or may not be excited by the light-flash, this dif-
ference has observable effects and there is no doubt that o|¢1)p|t1)s+
Blp2)Flta)s describes the properties of the joint system correctly, the
assumption that the wave function is either |o1)p|1)s or |p1)r|t1)s
does not. If the atom is replaced by a conscious being, the wave func-
tion a|p1)Fl1)s + Ble2) plt2)s (which also follows from the linearity
of the equations) appears absurd because it implies that my friend was

in a state of suspended animation before he answered my question.”

2.2.2 Deutsch’s version of the Wigner’s friend thought experi-

ment

Also of interest to this work is Deutsch’s formulation of the thought experiment
[17], as he introduces a few details that will be relevant in my work. While the
scenario he presents can be somewhat similar to Wigner’s, his argument, and the
conclusions he arrives to, are quite different.

Again, we consider a system in a qubit state, in this case, the spin of a Spin—%
atom. This system will be called subsystem 1. The atom passes through a Stern-
Gerlach apparatus such that afterwards subsystem 1 can be in one of two possible
states: [1)1 or |})1. Next, the atom interacts with subsystems 2 and 3. These
two will correspond to the “sense organs” of the observer, and will be initially
prepared on states |})2 and |])3. When interacting with subsystem 1, if its state
is 1)1, then subsystem 2 “flips” to state [1)2. Likewise, if subsystem 1 is in state
|4)1, then it is subsystem 3 the one that flips to state |1)s. Finally, subsystem 4,
the actual observer, interacts with subsystems 2 and 3 in order to learn about the

state of subsystem 1: if the observer “sees” the state [1)2]])s then their own state

'Mathematical expressions have been adapted to fit with the notation used in this thesis.

14



will become |[“up”)4, and if they observe |])2|1)3 their state will be |“down”)y4.
Then, Deutsch presents the following situation: at an initial time ¢g, the joint
system is prepared in the state

1

|\Ij(t0)> = \/§

(M1 + D) 2l)sl0)4, (2.17)

with |o)4 being the initial state for the observer. At some time ¢ after the atom
passes through the Stern-Gerlach apparatus and there is an interaction with the
sensory organ, but before the observer actually observes any result, the state will

be
¥(0)) = 5Ith[Delalo)s + —thlbel sl (2.15)

And at time to, the observer will know the result, according to process I the state

will be

[¥(t2)) = [D1lM)2l)sl“up™)a  or  [¥(t2)) = [L)1[d)2[1)s[*down™)y,  (2.19)

and according to process II it will be

|W(t2)) = 12|T>1’T>2H>3\“Up”>4 )1ld)2[1)3]“down”)4. (2.20)

1
+ ﬁli
Up to here, this is just the measurement problem as we considered earlier at
the end of section 2.2, albeit this case includes the observer. However, Deutsch
then shows that it is possible to erase the observer’s knowledge on the value of
the outcome, but they will remember that they knew it at some point in the past.
In order to do that, we will need to rewrite eqgs. (2.19) and (2.20), namely the

states in Hos, the Hilbert space for the joint system composed of subsystems 2

and 3 generated by the basis {|1)2|1)3, [)2|4)s, [4)2|1)s, [4)2])3}. For this, let us

15



consider the operators

P =MalL)s(tla(ds + V)2l t)a(L2(1]s, (2.21)

Q = M2l Ds(tl2(Us — W2 sa(tls + 1D2ld)s (L (s + D2l Ds(H2(Ms. (2.22)

P has two degenerate eigenvalues, 0 and 1, which span subspaces generated by

{IM)al)s, [1)2l4)s} and {[1)2[4)s, [1)2[1)s}, respectively. Likewise, Q has eigen-
values +1 and —1, again both degenerate, spanning subspaces generated by
{IM)2ld)s, [1)2ll)s} and {|1)2[1)s, [{)2[1)3}, respectively.

The choice of P and Q is not arbitrary. Indeed, the eigenvalues of P reflect
whether the sensory organs have interacted with the atom, with eigenvalue 1
corresponding to a state where that interaction has taken place, and value 0 to
one where it has not. In the same vein, eigenvalues of Q are associated with
the spin of the atom, more specifically, with its influence on subsystem 3, in
such manner that if the state [1)1(and in consequence, the subspace generated by
{IM)2l4)3, 4)2]d)s}) is associated with eigenvalue +1, and similarly with [}); with
—1.

We can see, then, that the pair of eigenvalues (1,+1) has to be associated with
the state [1)2|)3. The same relations occurs between (0, +1) with |{)2]])s, (1,—1)
with |})2|1)s, and (0, —1) with [1)2|1)3. Then, we can use the “ket” notation with

the eigenstates, such that eq. (2.19) can be rewritten as

[W(t2)) = M1l pl)el up™)a or [¥(t2)) = [11[1)p|=)ql“down”)s,  (2.23)

and eq. (2.20) as

W(t2)) = D pF)olup)s + I pl ol down)s  (2:2)

1
+EH

After the measurement is complete we then have that the state |1)p is always
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present. This is to be expected, as the state is supposed to reflect the interaction of
the sensory organ with the atom. Its relevance comes into play when we consider
what Deutsch proposes next. After the measurement is completed at time to until

some later time t3, the Hamiltonian of the system is set such that it? [17]:

“undoes part of the dynamical evolution that happened during the
completion of the measurement: All the system-4 observables which
had, by the time t2, come to depend on Q but not on ]5, such as
records of the [...] spin, are at t3 restored to the ¢; values. All other
system-4 observables, in particular those recording measurements of
P, are not restored. But in particular, the record that the [...] value of

the spin was known to the observer at time to is preserved.”

After this transformation, then, subsystem 4 will have no information on the
outcome of the measurement, but the state of P will reveal that a measurement
did take place in the past. The specific state of the system after the reversal,
however, will depend on how we described the state at time t2. According to

Deutsch, if we take |¥(¢2)) to be one of those shown in eq. (2.23), then

W(ts)) = [MhlL)pl+)ele’)a or [¥(ts)) =[D1l1)pl-)qlo)s, (2.25)

with |0’)4 the state of the observer after erasing their knowledge of the outcome.
On the other hand, if we describe |¥(t2)) according to eq. (2.24), then

S

’\Il<t3)> = \/i

(D110 P+ + D11 pl=)@) 10')a. (2.26)

As mentioned at the beginning of this section, Deutsch’s gedankenexperiment
introduced some ideas that will become relevant later on. Firstly, he proposed
that there can be a physical record of an experiment being performed in the

past, which can exist independently from the outcome of said experiment. This

2Mathematical expressions have been adapted to fit with the notation used in this thesis.
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idea is fundamental to understand the motivation behind Brukner’s theorem, as I
will show in section 3.1. Secondly, Deutsch considered a Hamiltonian that would
reverse the state of a system to a pre-measurement one, a reversal that would affect
a conscious observer. 1 will consider such transformations in the descriptions of
expanded Wigner’s friend scenarios, particularly on the experimental setup of

chapter 5.

2.2.3 Common approaches to the measurement problem

The measurement problem has motivated scientists for decades to propose multi-
ple explanations for the inner workings of measurements in quantum mechanics.
Is the sudden transformation described in Postulate 3, this collapse of the quan-
tum state — so different from the evolution given by Schrédinger’s equation — an
effective description of some physical process not described by standard quantum
theory (so far)? Or is it merely an illusion, produced by the fact that we, the
observers, become entangled with the systems we observe, with the joint system
behaving according to Postulate 27 Or maybe it is something else entirely, re-
jecting the common assumption made by the two previous questions, that the
quantum state is a physical object to begin with?

In what follows I will present and briefly describe a number of interpretations
given to quantum mechanics that aim to give an resolution for the measurement
problem. This list is by no means an exhaustive one, and by the presence or
absence of a theory in it I do not intent to criticize, or endorse, any of them.
Additionally, I do not include common objections raised to these interpretations.
My aim here is mainly to illustrate the diversity in approaches to questions in
quantum foundations such as the measurement problem, and to introduce some
of these approaches, as I will revisit them later over the course of this thesis.

Collapse theories are those interpretations that propose models that include

both processes I and II, yet they propose a single unified process that reduce to
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processes I and II in particular physical limits. According to them, the result of
a measurement is indicated by the definite configuration of a macroscopic pointer
which is the result of very many microscopic collapse events. The exact nature
and mechanisms for this collapse, however, are what differentiate these theories
from each other. For example, in [59], Wigner puts forward the idea that it is the
consciousness of an observer the responsible for the collapse of a quantum state.
Other theories, like the Girhardi-Rimini-Weber (GRW) model [26] or the Diési-
Penrose model [19, 12], take a materialist approach on this matter. The former
considers collapse to happen randomly, and as the scale of the system grows and we
consider it over a longer period of time, its behaviour will be classical. The Didsi-
Penrose model, on the other hand, explains collapse as a result of gravitational
effects on the system.

On the other hand, there are interpretations of quantum mechanics that say
there is no collapse at all. The two main interpretations that do so are the Many-
Worlds (or Everettian) Interpretation [21] and de Broglie-Bohm theory [8, 9].

In the Many- Worlds Interpretation (MWI), systems are fully described by their
quantum states. As a system interacts with elements of its environment, it will
become entangled with all of them. Eventually, the different components of the
state of the system will be correlated to distinguishable states of the environment,
which erases the effects of interference between those components. This process
is commonly known as decoherence. When the interaction with the environment
includes a measurement, like in eq. (2.16), we can see how the macroscopically
distinguishable states of the measurement device became correlated with the post-
measurement states of the system.

According to the MWI, this is the case even when a conscious observer is part
of the environment, like the state considered by Deutsch in eq. (2.26), where each
state of perception is coupled with their corresponding perceived outcome. The

system will still be in a superposition state, and all of the possible outcomes, and
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the observer’s perceptions of them, will be simultaneously true, with each one
forming their own branch—or world, hence the name of the interpretation. This
description grows in scale as systems inevitably interact with one another until
it encompasses everything in a universal quantum state. Because of decoherence,
there will be no interference between different branches, which would explain how
we are aware of only one world. At least this is the case for worlds containing
human observers. Some proponents of the MWI see proof of the existence of
different worlds in the fact that they can, under some circumstances, be made to
interfere. In particular, this is how Deutsch interprets the Process II analysis of
his version of Wigner’s Friend (subsection 2.2.2). (Deutsch also sees this ability
of many worlds to interfere as the origin of the power of quantum computers [15].
Unlike the MWI, the de Broglie-Bohm theory does not consider that the quan-
tum state fully describes a system. Instead, it includes the positions of all particles
in the system into account, along with its quantum state, in order to describe the
evolution of the system?®. Specifically, the quantum wave function will control the

motions of the N particles, as described by the guiding equation®:
dp(t) _ h I (¥Viv) , (2.27)

dt mg PP
(Tl:'fl(t)v'“ 7qn:ft(t)

where Zj(t) is the position of the k particle at time ¢, my is its mass and ¥ =
U(q, -+ ,qn,t) is the wave function of the system. Let us consider a particle
with position #(t) that interacts with an environment®, whose particles’ positions
are collectively described by X(¢). Then, the de Broglie-Bohm theory defines a

conditional wave function for the particle as

(g, t) o< W(q, X (t),1). (2.28)

3For simplicity, I will only non-relativistic quantum mechanics, not quantum field theory.

4For simplicity, I will not consider particles with spin in this explanation.

5In a realistic scenario, this environment would be the whole universe, sans the particle.
Similarly to the MWI, the de Broglie Bohm theory makes use of a universal wave function.

20



If the aforementioned interaction includes a measurement, then a full description
of the measurement device and its display will be included in X(t). Therefore, at
a time after the measurement, the value of X(¢) will reflect the outcome, and so
will (&, ¢). While the evolution of ¥(q, Q,t) is driven by Schrodinger’s equation
at all times, this is not necessarily the case for ¥)(q, t) at the time of measurement.
This explains what standard quantum mechanics describes as a collapse of the
conditional wave function. The de-Broglie-Bohm theory is also able to explain
the probabilities obtained by Born’s rule [35].

The above interpretations all have in common an ontology that considers the
quantum state, either on their own or in conjunction with other variables, as an
intrinsic element of reality. There are, however, interpretations that posit that the
quantum state is not a property of the system, but instead, it is subjective to an
observer. This posture has been commonly called the Copenhagen interpretation,
but it is actually shared by multiple approaches, which can be fairly dissimilar
among themselves, that here I will call epistemic interpretations. Historically, the
ideas and explanations originally expressed by Bohr, Heisenberg, Born, and others
has been referred to as the Copenhagen interpretation, although there has been
not much consensus on what it actually is. It has, nonetheless, been the basis for
the standard quantum mechanics.

Epistemic interpretations, as mentioned earlier, assign subjective meaning to
the quantum state. The specific meaning varies from interpretation to interpreta-
tion, but it can be summarized as representing the knowledge, information and/or
beliefs of an observer about the system. For example, for relational quantum me-
chanics (RQM) the quantum state exists only relative to an observer, which can
be any other system. Meanwhile, in Qbism the quantum state represents the
individual state of belief of an agent, and it encodes the probabilities for future
outcomes that agent expects to observe.

Because the quantum state is subjective under these interpretations, so will
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be its collapse upon being measured. This is also the reason why, in the previous
examples to the measurement problem from earlier, we could arrive at different

expressions for the state of the same system.

2.3 Bell’s Theorem

2.3.1 The Einstein-Podolsky-Rosen argument

In 1935, Einstein, Podolsky and Rosen (EPR) published ref. [20], whose main
conclusion is that the description of reality given by quantum mechanics is not

complete. A necessary condition for “completeness” is given as [2()]

“every element of physical reality must have a counterpart in the phys-

ical theory”,
while they give a sufficient condition for satisfying “physical reality”:

“If, without in any way disturbing a system, we can predict with
certainty (i.e., with probability equal to unity) the value of a physical
quantity, then there exists an element of physical reality corresponding

to this physical quantity.”

Next, EPR argue from the necessary condition of completeness that either
quantum theory does not give a complete description of reality, or there will be
cases where two physical magnitudes have no simultaneous reality, specifically if
their respective operators do not commute.

A clear example of this occurs when we consider the position and the momen-
tum of a particle. If a particle is in the state |zg), an eigenstate of the position
operator X with eigenvalue zq, then we can predict with certainty that the posi-
tion of the particle is zg, and so the position will be real. Yet, if we were to apply

the momentum operator P on |0), we would get:

Plxg) = P p)dp, (2.29)

vl
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with |p) being the eigenstates of P. Then, we could not say with certainty what
the momentum of the particle is without measuring the momentum itself, but
after a measurement the state of the particle would be an eigenstate of P, so we
would not be able to say what the position of the particle is. It follows from
the criterion for completeness that either the quantum state cannot provide a
complete description of the physical reality, or that if the position is known, then
the momentum has no physical reality, and vice versa.

EPR then argue, from the criterion of reality, and using certain quantum
predictions for what is now known as an entangled state, that in some cases
two non-commuting observables must have simultaneous reality. Let us consider
two systems that we allow to interact with each other until a certain time, after
which no interaction is possible, and the systems will be in the entangled state
S| |2i), with the |¢;) being the eigenstates for some observable A. Later,
we perform a measurement on the first subsystem. If we were to measure the
observable A, after the measurement the first system would be in one of the
eigenstates of fl, say, |tr), and the second system would be on the correlated
position eigenstate, |zy) . Likewise, if we were to measure the observable B , the
second system would be on a momentum eigenstate, say, |p;). Then, the authors

explain [20],:

“We see therefore that, as a consequence of two different measurements
performed upon the first system, the second system may be left in
states with two different wave functions. On the other hand, since at
the time of measurement the two systems no longer interact, no real
change can take place in the second system in consequence of anything
that may be done to the first system. This is, of course, merely a
statement of what is meant by the absence of an interaction between
two systems. Thus, it is possible to assign two different wave functions

[...] to the same reality (the second system after the interaction with
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the first).”

It would be the case, then, that |xx) and |p;) would both describe the same
reality, and as such, both position and momentum would have physical reality.
However, as stated earlier, this is incompatible with the idea that the quantum
state provides a complete description of reality. EPR go on to suggest that there
could be a theory that goes beyond quantum mechanics and actually provides a
complete description of physical reality while preserving the simultaneous reality

of incompatible observables [20]:

“While we have thus shown that the wave function does not provide a
complete description of the physical reality, we left open the question
of whether or not such a description exists. We believe, however, that

such a theory is possible.”

A proposal for such a theory was published in 1953 by Bohm [3, 9], although
his theory does not satisfy the requisite that both systems do not interact at the

time of the measurement. In his own words [J]:

“Now, if we measure the position of the first particle, we introduce
uncontrollable fluctuations in the wave function for the entire sys-
tem, which, through the “quantum-mechanical” forces, bring about
corresponding uncontrollable fluctuations in the momentum for each
particle. Similarly, if we measure the momentum of the first parti-
cle, uncontrollable fluctuations in the wave function for the system
bring about, through the “quantum-mechanical” forces, correspond-
ing uncontrollable changes in the position of each particle. Thus, the
“quantum-mechanical” forces may be said to transmit uncontrollable
disturbances instantaneously from one particle to another through the

medium of the y-field.”
It is natural to wonder, then, if it is possible to find such a model that introduces
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hidden variables in order to make the theory complete, yet at the same time

satisfying the condition for non-disturbance.As it turns out, the answer is “no”.

2.3.2 Bell’s theorem: assumptions

Bell’s theorem [7] is a no-go theorem that proves that the set of assumptions
made, either explicitly or implicitly, in [20] is incompatible with any theory that
can reproduce quantum phenomena. I will call these assumptions Macroreality,
No-superdeterminism, Locality and Predetermination, as presented in [60].% T will
refer to the conjunction of these four assumptions as local determinism.

The following assumptions make use of a few relativistic concepts. An event
is a point in space-time. A space-time variable’ is a physical variable at a certain
event. For example, the outcome of a measurement, at the instant after it has been
produced. Finally, a space-like hypersurface is, in simple terms, a 3-dimensional
surface in space-time such that all events in it are space-like separated from each
other. For example, a surface of constant time, for some inertial frame of reference,

in Minkowski space, is a space-like hypersurface.

Assumption 1 (Macroreality). A space-time variable observed by any observer

takes an absolute singular value, and is not “relative” to anything or anyone.

According to Macroreality, it is then possible to make joint statements about
the outcomes observed by different observers, as they will all be absolute facts of

the world.

Assumption 2 (Predetermination). Any observable space-time variable is de-
termined by a sufficient specification of space-time wvariables on any space-like
hypersurface prior to the observable space-time variable, possibly in conjunction

with freely chosen actions subsequent to the space-like hypersurface.

6 Although Bell makes all these assumptions in [7], he does not mention No-superdeterminism
or Macroreality.
"Bell used the name local beables.
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This “sufficient specification of space-time variables” is traditionally referred to
as hidden variables, represented by the letter A. The hidden variables can consist
of either observable or unknowable space-time variables, or both. A theory that
satisfies predetermination would be considered complete under EPR’s criterion of

completeness.

Assumption 3 (No-superdeterminism). Any set of space-time variables on a
space-like hypersurface is uncorrelated with any set of freely chosen actions sub-

sequent to that space-like hypersurface.

No-superdeterminism, closely related to freedom of choice, implies that freely
chosen actions, like the choice of experimental settings, are a priori statistically

independent from any other variables relevant to the experiment.

Assumption 4 (Locality). The probabilities associated to an observable space-
time variable are unchanged by conditioning on a space-like-separated free choice,
even if they are already conditioned on other space-time variables not in the future

light-cone of such free choice.

Locality, sometimes also called parameter independence, ensures that the mea-
surements do not disturb each other, as EPR intended. It must be remarked that

Locality is different from the no-signalling principle:

Definition 1 (No-signalling principle). The probabilities associated to an observ-
able space-time variable are unchanged by conditioning on a space-like-separated

free choice.

Unlike the no-signalling principle, Locality considers conditioning on space-
time variables not in the future light-cone of the free choice, i.e., the hidden
variables. For this reason, Locality is a sufficient condition for no-signalling,
but the opposite is not true. While Locality prevents the measurements from
disturbing each other, as mentioned earlier, it is the no-signalling principle that

forbids superluminal communication between the distant observers.
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2.3.3 Bell’s theorem: argument and inequalities

Bell considered a scenario very similar to the one presented in EPR’s paper: a
two-particle system shared between two distant experimenters, who we call Alice
and Bob. Each performs a measurement on their respective particle, space-like
separated from the other’s. Alice has a choice between two measurements, which
we label by = € {1,2}, with outcome labelled as a € {+1,—1}. Similarly, Bob
also chooses between two measurements, with his input and outcome labelled by
y and b, respectively.

Within this scenario, the local determinism assumptions can be formalized as:

Macroreality: 3 p(ablzy), Va,b, z,y.

Predetermination: 3\ : p(ab|Azy) € {0,1}, Va,b,z,y.

No-superdeterminism: p(zy|\) = p(zy) Yz, y, \.

Locality: p(a|zyA) = p(alzX) and p(blxy\) = p(blyA), Va,b,x,y, .
Then, let us consider

plabley) = [ plabMay)dr = [ plablayp(Aay)dx. (2.30)

Here, we consider A to be a continuous variable, but that does not necessarily have

to be the case. Because of No-superdeterminism, p(A|zy) = p(A). Additionally,

plablzyX) = p(blaxyX)p(alzyA). (2.31)

Because of Locality, p(alxy\) = p(alz). Furthermore, predetermination implies
that conditioning on x and A is sufficient to determine a, so in p(blazy)), condi-

tioning on a is redundant. Therefore, p(blazy)) = p(blxy\) = p(blyA). Replacing
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in Eq. (2.30), we obtain the condition of factorizability

plablay) = [ plalaXp(blyNp(N)dx (232

While in [7] Bell accurately proves his theorem, here I will present the result
derived by Clauser, Horne, Shimony and Holt (CHSH) [15], as it can be experi-
mentally tested. They proved that according to a local deterministic theory, for

the scenario described earlier, the following inequality must hold:
<AlBl> + <AlBQ> + <AgBl> — <A2_BQ> <2, (233)
where (A;Bj) is the expectation value of a measurement, given by

(A;Bj) = Zabp(ab|x =1,y=7). (2.34)
a,b

We can also express this inequality in terms of specific probabilities, without

making use of expectations values [10]:

P4++(A1B1) + pyy (A1 B2) + py4(A2B1) — p14(A2B2) — p4 (A1) — p4(B1) < 0,
(2.35)

where py 4 (A;Bj) =pla = +1,b=+1|z =14,y = j).

2.3.4 Violations of local determinism

Eq. (2.33) gives us a necessary condition for a theory to be local deterministic.
As we can easily verify, quantum theory can allow for a violation of eq. (2.33).
Let us consider a two-photon system prepared in the entangled polarization state
o) = %(\H V)—|VH)). Alice and Bob will perform measurements with effects
described by

E, = {211, — 1,21 — 2114}, (2.36)
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where the first operator corresponds to the outcome +1 and the second to the

outcome —1, and Iy = |¢)(¢| is the projector onto the state

1

11
*T V2

(|H) + e |V)). (2.37)
Under this notation, z = 1 will correspond to Ego, = 2 to Eg7go, y = 1 to Ej350
and Yy = 2 to E450. Then, <AlBl> = <A1B2> — <A231> — g and <AQB2> _ _T\/i’

SO

(A1B1) + (A1By) + (A2B1) — (A2 Ba) = 2v/2. (2.38)

This is a clear violation of eq. (2.33), proving that quantum mechanics cannot be
reproduced by a local deterministic theory.

The CHSH inequality provides us with an observable criterion for violations of
local determinism in Nature. The first such experimental violation of CHSH was
implemented in 1972 [24], followed up by multiple others [3, 4, 2, 25, 52, 27]. All
of these experiments made use of quantum states encoding photon polarization.
Other experiments were based on photon phase and momentum [17] or energy-
time uncertainty [22].Other experiments considered atomic or ionic systems [18,

, 30, 53], entangled electrons [29], or even hybrid systems such as atom-photon

entanglement [30].

2.3.5 Loopholes

The main motivation behind many of these experimental implementations is to
ensure that any violations of Bell inequalities are due to Nature herself not being
local deterministic, and not because of an additional assumption, or a loophole, is
implicitly made during the experimental implementation, allowing a system that
can be described by a local deterministic theory to violate a Bell inequality. Here,
I will present four loopholes [19], which I will refer to as the Locality-relevance

loophole, the No-superdeterminism-relevance loophole, the fair-sampling loophole
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and the independent-trials loophole.

The Locality-relevance loophole can be considered as the possibility a signal
is sent from one experimenter to the other. It arises when the conditions for
the Locality assumption are not satisfied, namely, if the choice of measurement
setting and the detection of the outcome are not space-like separated events. This
loophole was first closed in [2] by quickly changing the measurement setting while
the experiment is in progress.

Similarly, the No-superdeterminism-relevance loophole is caused by overlook-
ing that the No-superdeterminism assumption only applies to freely chosen ac-
tions. This loophole is not as simply closed as the Locality-relevance loophole,
however, as the term “freely chosen action” is not clearly defined. Nevertheless,
the loophole can be dealt with to a satisfying degree by randomly choosing the
measurement setting on each run of the experiment in a manner that is, to the
best of our knowledge, independent of the rest of the experiment [50, 1].

The fair-sampling loophole is a consequence of the inherent imperfections of
detectors in an experimental setup. Such failure to detect an outcome can be
considered as an outcome of its own, and in turn, take into account this additional
outcome when deriving Bell’s inequalities. Then, the experimental setup will only
need to use detectors with efficiencies above a given threshold. For the CHSH
scenario, this generalized inequality was derived in [11].

Finally, the independent-trials loophole consists of assuming that an itera-
tion of the experiment is uncorrelated to any past runs. Closing this loophole
requires using a more sophisticated statistical test of violation of local determin-
ism. Moreover, such tests typically requires more (sometimes a lot more) data
to reach the same level of statistical significance as a violation of a simple Bell
inequality [33, 57].

These first three loopholes were first simultaneously closed in 2015 by [29],

immediately followed by more experiments closing all four of them [52, 27].

30



2.3.6 Common approaches to Bell’s theorem

Thanks to Bell’s theorem we know that quantum mechanics does not satisfy local
determinism. It does not, however, state which of the specific assumptions that
make up local determinism is not satisfied by Nature. Different interpretations of
quantum mechanics, like those presented in section 2.2.3, have different solutions
for this question. Here, I will briefly describe some of these approaches.

Collapse theories are, for the most part, not predeterministic, as they describe
collapse as a randomly occurring process. On the other hand, they may uphold
Macroreality and Locality.

MWTI rejects the assumption of Macroreality by stating that measurements do
not have a single definite outcome, but many. All of these outcomes happen with
certainty in a different “parallel universe”.

In the case of de Broglie-Bohm theory, the model proposed satisfies Macroreal-
ity and predetermination. It is nonlocal, however, as the guiding equation (2.27),
and in turn the conditional wave function in eq. (2.28), will in general depend on
all particles of the system i.e. the universe, no matter how distant they are. This
includes the particles that compose the measurement apparatus of an observer,
and their positions will depend on said apparatus setting.

The Copenhagen interpretation rejects the assumption of Predetermination.
Other epistemic interpretations also make do without the assumption of Macro-
reality. For example, QBism considers that the outcomes of measurements are
subjective, relative to the agents making that measurement.

Finally, it would be remiss not to mention some interpretations that reject
No-superdeterminism. There are actually two different manners in which No-
superdeterminism can be violated: by introducing retrocausality [15, 58], or by

outright denying free choices [54, 31, 51].
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2.4 Behaviours

It is natural to ask, if Nature does not satisfy local determinism, is there a weaker
set of assumptions that Nature does satisfy? It is also natural to ask whether
there is a weaker set of assumptions that Nature rejects. As shown earlier, from
Bell’s assumptions on reality we can derive observable statistical conditions, which
can be violated. It is of interest, then, to characterize other sets of assumptions
by the constraints they impose on the outcomes’ probabilities. The formalism of
“behaviours” [55] presented here will be used in many of the following chapters.
The terminology and notation I use is adapted from [13, G1].

For simplicity, let us consider two distant experimenters, Alice and Bob, who
share a physical system and perform a measurement on their respective subsys-
tems. Alice makes a choice between M, measurement settings, denoted by z,
with N4 possible outcomes, labelled by a. Likewise, Bob’s input and output are
represented by y and b from Mp and Np possible values, respectively. Let X be
the set of all possible inputs x, and ) the set of all possible y. We define A, as
the set of all outputs for the measurement x € X, and A = {4, : € X'} as the
set of all A,, with x € X. Similarly we define B, and B. Then we can define a
public scenario® as S = A x B.

Given the public scenario S, we can define the probabilities p(ab|zy) for all
inputs and outputs. We define the behaviour, or correlations, of the system in
this scenario as p = (p(ablzy)), a point in RMaMeNANE with each coordinate
corresponding to a probability for a particular pairing between joint inputs and
outputs [55, 13]. Naturally, we expect behaviours to satisfy normalization and

positivity constraints:

Zp(ab\:cy) =1 Vax,y, (2.39)
a,b
p(ablzy) >0 Va,b,z,y. (2.40)

8While traditionally, public scenarios are simply called scenarios, here I will use the label of
“scenario” in a broader and less formal manner, requiring a different name for these objects.
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2.4.1 Local deterministic polytope

For a public scenario S, we denote the set of all behaviours that satisfy the
conditions for local determinism as LID(S). For all public scenarios S, the set
LID(S) will be a convex polytope, that is, a bounded convex set with flat sides.
These sides, or facets, are characterized by the public scenario’s corresponding
Bell’s inequalities. For example, in the case M4 = Mp = N4 = Np = 2, these

facets are described by the CHSH inequalities.

2.4.2 No-signalling polytope

Another set of interest is the no-signalling polytope, NS(S). The idea behind it
was first proposed by Popescu and Rohrlich in [11]. No-signalling behaviours only
make use of the Macroreality assumption and the no-signalling principle.
Alternatively to facets, a polytope can be characterized in terms of its extreme
points. For example, for the public scenario where M4 = Mg = Ng = N = 2,

the extreme points for the no-signalling polytope are behaviours of the form

_ 1
prr = (p(ablzy) = §5acy,aeab)a (2.41)

with a, b, x and y taking values 0 or 1, and ® being the sum module 2. These
behaviours are known as PR bozes.

In general, LD(S) C NS(S). In the case of a single party public scenario,
behaviours will be reduced to marginal probabilities, and LID(A) = NS(A).

2.4.3 Partially-deterministic polytopes

A third class of behaviours we are interested in are the ones belonging to partially

deterministic sets, as they are called in [61]7. A partially deterministic set of

T and my theory collaborators in [10] characterized various properties and examples of such
behaviours in the context of an extended Wigner scenario (see chapter 4). After one of my
supervisors (HMW) presented those results at a conference in September 2018, we were made
aware that this general class had been earlier characterised, in a completely different context, in
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behaviours PDz, 7,(S), with 14 C A and Ip C B, is the convex hull generated
by points corresponding to correlations that are deterministic for inputs in Zx
and Zp, but behave as the extreme points of NS(S) otherwise. We say that a
correlation is deterministic for an input A; in Z4 if p(alz = i,y) € {0,1} for all y,
and similarly for inputs in Zp.

As a consequence of this definition, LD(S) C PDz, 7,(S) € NS(S). Clearly,
we have that PD 4 5(S) = LID(S) and PDy 4(S) = NS(S), with () being the empty
set. This is not an exclusive condition for equality, however; there are Zg xZp # S
that satisfy PDz, 7,(S) = LID(S). For example, as shown in [61], if in a bipartite
public scenario all of Alice’s inputs except * = k are deterministic, then the
respective partial deterministic polytope would be the same as the one as for

local deterministic behaviours, that is to say:

PDA/Ale (A X B) = L]D)(.A X B), (242)

for any set Zp.

the 2014 PhD thesis of Erik Woodhead [(1], not otherwise published.
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3

Extended Wigner’s friend scenarios and previ-

ous no-go theorems
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During recent years, the Wigner’s friend experiment has gained newfound
attention [12, 11, 6, 28, 23, 16, 5, 10, 40, 14]. Of particular interest are [11, 23, 10],
no-go theorems that consider a Bell-like scenario with two distant laboratories,
but each laboratory is a Wigner’s friend setup. The assumptions that come into

, 10]

aiming to make weaker assumptions in order to achieve a stronger result, while

play in the no-go theorems are also different from those in Bell’s, with [

[23] having completely different assumptions altogether.
In this chapter I will present in detail the results of [11, 23], along with ex-
plaining some of the commentaries and discussions they have generated. Chapters

4 and 5 will deal with the results of my own work in [10].

3.1 Brukner’s theorem

Let us first consider the specifics of a single Wigner’s friend setup, as described
by Brukner in [I1]. Wigner’s friend is inside a closed laboratory and performs a
measurement on a system .S, for example, the spin along the z axis on a spin-1/2
particle. Such particle is initially in the state |z+)g = %(\z+>5 +|2—)s).

On the other hand, Wigner is outside this laboratory and can perform quan-
tum operations on the overall system composed of S and all the other elements
inside the lab (the measurement apparatus, the friend’s memory and sensory or-
gans, etc.), which we denote by L. The state of L after the friend observes that
the particle has spin +1/2 or —1/2 will be represented by |L.4)r, or |L,_)r, re-
spectively. Therefore, the state of the composite system after the measurement

will be
. 1

Furthermore, Brukner considers that it could be possible for the friend to

2T ) s (lzH)slLat)r +[2=)s|La-) L) (3.1)

communicate with Wigner in such a manner that all other degrees of freedom

are left untouched, based on the ideas originally proposed by Deutsch [17] and
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presented in section 2.2.2. For this end, he introduces a subsystem M, separate
from L and S, which allows the friend to send a message to Wigner. If the friend
has seen a definite outcome, then the state of M will be |“yes”) s, otherwise it
will be |“no”)s. Then, the state after the measurement would be

S
V2

10 ) srm = —=(lzH)s|Lay )L + [2=) s L)1) “yes™) . (3.2)

As such, Wigner would appear to have physical evidence that the friend has seen
a definite outcome, even if he has no information on which outcome in particular
this is.

In this scenario, Wigner performs a measurement of the SL system in the

basis {|®T)(®F|sr, | TEN(UF |} g, where
:t 1
@5 ) s = 72(|Z+>S|Lz+>L £ [z—)s|Lz—)L), (3.3)

and

[0F) sz = \}5(|3+>S\Lz—>L * z2=)slLet)L)- (3-4)

Such a measurement would not disturb the subsystem M, so the record that the
friend observed a definitive outcome will be unchanged.
According to Brukner, the above suggests that it is possible for the observa-

tions made by the friend and by Wigner to coexist. As he details:

“...one could assign jointly truth values to both the observational state-
ment Ai: “The pointer of Wigner’s friend’s apparatus points to result

2+7 and As: “The pointer of Wigner’s apparatus points to result &+

Brukner further formalizes the idea of these statements being assigned truth values
independently of the choices made by Wigner or his friend in the assumption of

observer-independent facts:
Assumption 5 (Observer-independent facts). The truth values of the proposi-
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tions A; of all observers form a Boolean algebra A. Moreover, the algebra is
equipped with a (countably additive) positive measure p(A) > 0 for all statements

A € A, which is the probability for the statement to be true

As I will discuss later, this is actually equivalent to the assumption of no-
contextuality [32], that is, that it is possible to assign values to all possible out-
comes regardless of the performed measurement.

Brukner also makes the assumption of universal validity of quantum theory:

Assumption 6 (Universal validity of quantum theory). Quantum predictions
hold at any scale, even if the measured system contains objects as large as an

observer (including her laboratory, memory, etc.).

While this assumption makes it possible for the Wigner’s friend experiment
to be realizable, it is not strictly necessary; it is enough for Wigner to be able to
perform quantum operations on the friend’s laboratory, even if quantum theory
does not apply universally.

Then, Brukner’s theorem goes as follows:
Theorem 1 (Brukner’s theorem). The following statements are incompatible:

Universal validity of quantum theory. Quantum predictions hold at any

scale, even if the measured system contains objects as large as an observer

(including her laboratory, memory, etc.).

e Locality. The choice of the measurement settings of one observer has no

influence on the outcomes of the other distant observer(s).

e Freedom of choice. The choice of measurement settings is statistically

independent from the rest of the experiment.

e Observer-independent facts. One can jointly assign truth values to the

propositions about observed outcomes (“facts”) of different observers.
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Notice that the definition given here for “locality” is different from the one
from assumption 4; this will be addressed in section 3.3.

For the proof, let us consider four experimenters, divided in two parties: Alice
and Charlie in one region of space, while Bob and Debbie are in another, as
displayed in fig. 3.1. Alice and Charlie are in a “Wigner’s friend” relationship,
with Alice playing the role of Wigner with Charlie as her friend. Likewise, Bob
and Debbie are in the same relationship, with Bob as Wigner and Debbie as the
friend. Charlie and Debbie share an entangled system, composed of two spin-1/2

particles, in a state of the form
0, 0
‘0(9»5152 = —sm§|<1> >5152 +COS§|\I] >5132a (3'5)

where S7 and Sy are the systems associated with the spin degrees of freedom of

the particles held by Charlie and Debbie, respectively, and

P55, = é<|z+>sl|z+>52 +le=)s L) sy), (3.6)
|\I’_>5152 = ;§(|Z+>S1’Z>S2 - |Z*>51|Z+>52)' (37)

Meanwhile, an external observer can describe the initial states of Charlie’s and
Debbie’s laboratories as [0)z, and |0)r,, respectively. When Charlie and Debbie
measure their respective particle’s spins along the z axis, an external observer
can describe their measurements as a unitary evolution. As such, Charlie’s lab-
oratory’s state will transform to |C+)r, if he observes spin +1/2, and |C—),
if he observes spin —1/2; similarly for Debbie’s and states |D+)r, and |D—)p,.
Defining |Aup)s,z, = [24) 5, |CH+)Lys [Adown)sizy = [2=)s|C=) s |Bup)s,, =
|z2+)s,| D+) 1, and |Bdown)SsL, = |2—)s,|D—)1,, the post-measurement state of

Charlie’s and Debbie’s laboratories along with their particles can be expressed as

.0 0 __
|E(9)>S1L152L2 = —sin §|(I)+>51L152L2 + COS§|\I’ >51L152L27 (3'8)
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Figure 3.1: Conceptual representation of Brukner’s extended Wigner’s
friend scenario. Charlie and Debbie share an entangled two-particle system, and
perform space-like separated measurements with outcomes ¢ and d, respectively.
Alice will then make a measurement labelled by x on the composite system of Sy
(Charlie’s particle) and Ly (Charlie’s laboratory, him included). The outcome of
such measurement will be labelled a. Similarly, Bob makes a measurement y with
outcome b on Debbie’s laboratory and particle. Source: adapted from original
made by K.W. Bong for [10]

where

1
’(I)+>51L152L2 = ﬁ(‘Aup>51L1|Bup>52L2 + |AdOWH>S1L1|BdOWH>S2L2)7 (39)

_ 1
|\IJ >51L152L2 = ﬁ(|AUP>S1L1|BdOWH>52L2 - |Ad0wn>S1L1|Bup>52L2)' (310)

According to Brukner (see also section 3.3), the conjunction of locality, free-
dom of choice and observer-independent facts (under the definition given in as-
sumption 5) leads to a local deterministic model. This means that the possible
correlations are constrained by Bell’s inequalities, presented in section 2.3.3. This
is the case with the setup above, with a maximal violation of the CHSH in-
equality for & = 45° and observables A; = | Aup) (Auplsiz, — |Adown) (Adown|Si L1 5

A

Ay = |Aup)(Adown|s1 2, + |Adown) (Aupls, 1, and By and By defined similarly for
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Bob’s side. The contradiction shown by this inequality proves Brukner’s theorem.

3.2 The Frauchiger-Renner theorem

The second prior result I will present in this chapter is the Frauchiger-Renner
(FR) theorem [23]. While it has a few similarities with Brukner’s theorem, both
the assumptions made and the scenario under consideration are quite different.
For starters, let us consider the no-go theorem’s assumptions. Unlike the
assumptions for Bell’s theorem or Brukner’s theorem, which are applicable to any
model meant to explain the observed correlations in an experiment, some of the
assumptions of the FR theorem are only relevant for quantum theory'. Indeed,

the first of these assumptions is that

“any agent A “uses quantum theory”. By this we mean that A may
predict the outcome of a measurement on any system S around him

via the quantum-mechanical Born rule.”
This is formalized as assumption (Q):

Assumption 7 (Assumption (Q)). Suppose that agent A has established that

u

“system S is in state |1)s at the time to.” Suppose furthermore that agent A
knows that “the value = is obtained by a measurement on S with respect to the
family {rto},cx of Heisenberg operators relative to time to, which is completed at

time t.” If (¢|7720|77Z)>g =1 for some & € X then agent A can conclude that “I am

certain that x = & at time t.”

The second assumption ensures “consistent reasoning”, that agents may derive

conclusions from the observations of other agents:

ITo clarify: the first assumption of Brukner’s refers to the universality of quantum theory, but
it is not strictly necessary. If the CHSH inequality is violated in Brukner’s scenario, that already
implies that one of the other three assumptions must be false, regardless of whether or not the
first assumption is true in general. This is analogous to the situation with Bell’s theorem: Bell
showed a contradiction between local determinism and certain predictions of quantum theory.
But the observed violations of Bell inequalities imply the failure of local determinism, regardless
of whether quantum theory is correct in general.
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Assumption 8 (Assumption (C)). Suppose that agent A has established that “I
am certain that agent A’, upon reasoning with the same theory as the one I am
using, is certain that x = £ at time t.” Then agent A can conclude that “I am

certain that x = £ at time t.”

Finally, the last assumption prevents variables from taking multiple values,
similarly to Macroreality, although this new assumption does not exclude the

possibility of relative observed events.

Assumption 9 (Assumption (S)). Suppose that agent A has established that “I
am certain that x = £ at time t.” Then agent A must necessarily deny that “I am

certain that x # & at time t.”

With regards to the scenario considered, once again we consider four exper-
imenters, with Alice being Charlie’s superobserver, and similarly with Bob and
Debbie. This is where similitudes with the scenario of Brukner’s theorem end,
however. Here, Debbie prepares a particle in one of two possible states, cho-
sen by measuring a quantum coin in the state \/g |“heads”) + \/g |“tails”) in the
{|“heads”) (“heads”|, |“tails”)(“tails”|} basis. If she observes the outcome “heads”,
she sets the spin of her particle along the z axis in the state |})g, and if the out-
come is “tails”, she prepares the state |[+)s = %(|T>S +|J)s). Regardless of the
state she prepares, afterwards she sends the particle to Charlie. Then, Charlie
measures the particle with the measurement {|1)(1|s, [{){(J|s}-

Now is the turn for the superobservers’ measurements. From their point of
view, Debbie’s laboratory’s state will reflect how she prepared S. If she pre-
pared the state |])g, her laboratory will be represented by |h)r,, and if she
prepared |+)g, it will be in state |t)r,. With this in consideration, Bob per-
forms the measurement {|“ok”)(“ok”|r,,I — |“ok”)(“ok”|r,} on Debbie’s labora-
tory, where |“ok”)r, = %ﬂh} L, — |t)1,). Bob will then announce his outcome
to Alice. Lastly, Alice will measure Charlie’s laboratory using the measurement

{|“true”) (“true”|r,, I — [“true”)(“true”|r, }, where |[“true”)r, = %(\“down”ﬁl —
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|“up”)r,), and |[“up”)r, and |“down”)r, reflect that Charlie has observed the
outcome corresponding to [1)g or ||)g, respectively.

The superobservers can describe the initial state of Debbie’s laboratory cou-

pled with the particle as

st = =slhlzs + 3t (3.11

After Charlie makes his measurement, L; also becomes coupled to the other two
systems. Specifically, the state of the two coupled laboratories, dropping the

particle, is

1
V1) 111, = —=([“down”) 1, |h) 1, + [“up”) , [t) 1, + [“down™)p, [t)1,).  (3.12)

V3

From here, the probability that Alice observes outcome “true” and Bob observes

outcome “ok” is given by

1

|{“ok”|{“true”|[th1) 1, 1| = o (3.13)

We can see that, if Bob observes “ok”, then Charlie must have seen the outcome

“up”, as |(“ok”|(“down”||¥1) 1, 1,|*> = 0. This is only possible if the particle was

prepared in the state |+)g, so the state of Debbie’s laboratory must be |t)r,.
However, |(t|(“true”||[¢1)r,1,|? = 0, so it is impossible for Alice to observe “true”
if Bob observes “ok”. This is in contradiction with eq. (3.13), which serves a a

proof for the theorem.

Theorem 2 (Frauchiger-Renner theorem). Any theory that satisfies assumptions
(Q), (C), and (S) yields contradictory statements when applied to the Gedanken-

experiment described in this section.
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3.3 Discussion

3.3.1 Comparison between the Frauchiger-Renner and Brukner’s

theorems

How do these two theorems compare to each other? Firstly, as mentioned earlier,
it is evident that the FR theorem is exclusively concerned with quantum theory.
This is made apparent with assumption (Q) and with the arguments for the the-
orem’s proof, with several steps—Debbie preparing a quantum state, Alice, Bob
and Charlie performing specific quantum measurements—being quantum in na-
ture. On the other hand, while Brukner’s theorem makes reference to quantum
mechanics (namely, the statement of universal validity of quantum theory), the
bulk of his argument is theory independent. It would be straightforward to refor-
mulate the theorem in terms of any other physical theory, and its veracity could
be verified if such theory violates a Bell inequality.

Another difference between the theorems lies in their use of locality assump-
tions. More precisely, that the FR theorem has no need for such, and indeed, in
the gedankenexperiment considered Debbie has to send a particle to Charlie, and
Bob has to communicate with Alice, so it is actually necessary for Alice/Charlie’s
events to not be space-like separated from Bob/Debbie’s. This is clearly different
from the situation considered by Brukner, and he does assume locality (although,

as I will mention shortly, this is not actually necessary).

3.3.2 Comments on Brukner’s theorem’s assumptions

In this thesis I will mainly take a theory and device-independent approach, similar
to the one taken in Brukner’s theorem. This demands a closer look into its
assumptions, as the way they are stated raises concerns on the actual significance
of the theorem.

Regarding Brukner’s given definition for locality, it is a different one from the
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one one I presented in section 2.3.2. In his words, locality is

“The choice of the measurement settings of one observer has no influ-

ence on the outcomes of the other distant observer(s).”

While the spirit of such definition is the same as the one given in assumption 4,
it is not quite as specific, with the criterion of “no influences on the outcomes
of other distant observers” lacking a formal definition. For this reason on the
following chapters I will use assumption 4 instead.

A similar situation occurs with the assumption of freedom of choice, defined

in [11] as

“The choice of measurement settings is statistically independent from

the rest of the experiment.”

This has the same aim as assumption 3, but it would require that the choice of
measuring setting is independent of everything, including its own outcomes, so I
will stick to assumption 3.

But most importantly, it is Brukner’s assumption of observed-independent

facts that requires the most attention. As stated in [11], this assumption requires

“..an assignment of truth values to statements A; and A, indepen-

dently of which measurement Wigner performs.”

However, as noted in [28, 10], this is essentially equivalent to the concept of
Kochen-Specker non-contextuality [32]. And, as it happens, the Kochen-Specker
theorem [32] shows that quantum theory does not admit a non-contextual model.
In light of that, Brukner’s theorem does not provide a novel result. Furthermore,
it makes the assumption of locality redundant, as it is not needed to prove the
Kochen-Specker theorem.

It is clear, then, that the assumptions made in Brukner’s theorem, specially

observer-independent facts, are unsatisfactory in providing novel results. This will

45



be addressed in the following chapters, where I will analyse different scenarios with

a strictly weaker set of assumptions.
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A strong no-go theorem on the Wigner’s friend

paradox: scenario and behaviours
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During the rest of this thesis, I will present new results arising from the explo-
ration of variations to the scenario presented in [11]. The most important question
is what assumptions will rule the behaviours under consideration. We have seen
that Brukner’s “observer-independent facts” is too strong an assumption in that
it will not lead us to results that are stronger than Bell’s theorem. Can we replace
it by a weaker assumption, one that only makes statements about the ontology of

observed outcomes? After all, as Peres stated [13],
“unperformed experiments have no results.”

Assumption 1, Macroreality, fulfils this requirement. In the following, I will study
correlations that satisfy Macroreality, Locality and No-superdeterminism. The
conjunction of these three assumptions will be referred to as Local Friendliness.
Most of the results in this chapter were published in [10]. While in that article
we refer to the assumption of absoluteness of observed events, here I will continue
calling it Macroreality, as they have the same definition, and Macroreality is much

shorter.

4.1 Description

Let us focus on a slight modification to the scenario presented by Brukner in
[11]. The initial setup of the scenario is the same as shown in fig. 3.1, with
Charlie and Debbie being inside their closed laboratories while sharing a two-
particle system, and Alice and Bob are their superobservers, respectively. Charlie
and Debbie make a measurement on their respective particle, and we label their
corresponding outcomes as ¢ and d.

Alice and Bob’s measurements, however, will be different from those in [11].
Here, each superobserver can choose between M possible measurement settings,
with M > 2, whereas in [I1] they only had 2 choices. This generalisation to

M > 2 allows the demonstration of interesting new phenomena, as will be shown
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in chapter 5. As before, we will denote the setting for Alice and Bob with x and v,
respectively. For x = 1, Alice will open Charlie’s laboratory and ask him directly
for his outcome ¢, assigning its value to her own outcome a. For other values of
x, on the other hand, she will perform some other, arbitrary measurements. For
our particular implementation of this protocol, detailed in chapter 5, Alice will
reverse the evolution of the laboratory to a state before Charlie’s measurement,
then proceed to perform her own measurement directly on the particle, with such
measurement depending on the specific value of x. These steps are shown in
fig. 4.1. Correspondingly, Bob follows a similar procedure with regard to Debbie’s
laboratory for his measurement y. A space-time illustrating the events in this
protocol is shown in fig. 4.2.

This entire scenario has been formulated in a theory and device-independent
fashion. Now, let us see how the above can be implemented in quantum mechanics
under ideal conditions. Let us consider, then, that Charlie’s and Debbie’s shared
system is composed by two spin-1/2 particles, prepared in an entangled state. We
denote these particles’ systems as S7 and S, respectively. Charlie measures the
spin along the z axis of his particle, with the possible states after measurement
being |1)s, or [{)s,. Similarly, Debbie measures her own particle’s spin along the
z axis, with possible post-measurement states |1)g, or |})s,-

Alice, on the other hand, can describe the above process via a unitary oper-
ator U; acting on the composition between S; and L, the system of all other
objects inside the laboratory, including Charlie. Denoting the initial state of L

as |“ready”)r,, Uy will transform the composite system as

Ul‘T>51|“ready”>L1 = ‘T>Sl|“UP”>L1, (4'1)

U H/>51 |“ready”>L1 = |¢>51 |“dOWH”>L1 : (4.2)

For z = 1, Alice’s measurement, where she asks Charlie for his outcome, can
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Figure 4.1: Measurement protocol for the extended Wigner’s friend
scenario. Inside a closed laboratory, Charlie measures his particle and observed
the outcome c¢. Then, if x = 1, Alice will open Charlie’s laboratory and ask
him directly for his outcome, assigning its value to her own outcome a. For
any other value of x, Alice will reverse the evolution corresponding to Charlie’s
measurement, and perform a measurement directly on the particle. The specific
measurement performed in this case will depend on the particular value of x.
Source: adapted from original made by K.W. Bong for [10]
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Figure 4.2: Space-time diagram for the extended Wigner’s friend sce-
nario. Coloured lines represent the edges of the light-cone for each free choice.
The black curve represents a space-like hypersurface.

be described as {Is, ® |“up”)(“up”|r,,ls, ® |“down”)(“down”|r,}. Otherwise,
for x > 2, she will perform a measurement of the form {Ul(Egllw @ I, Uy e,
where the Eg‘lx are the effects corresponding to Alice’s measurement on the par-
ticle. Likewise, Bob describes Debbie’s measurement in a similar fashion with
the unitary operator U,. His measurements can be described, for y = 1, as
{Is, ® |“up”)(“up”|L,, s, ® |“down”)(“down”|r,}, and for y > 2, as {Ug(Eglg ®
I1,)Us '}y, where the Eg|2y are the effects corresponding to Bob’s measurement on
Debbie’s particle.

The step where Alice and Bob reverse the evolution of their respective friends
is reminiscent of the process presented by Deutsch in [17], described in section
2.2.2. There is one key difference, however. Deutsch introduced the subsystem
P, with the state |1)p “recording” that the observer had detected an outcome,
and this was also included in Brukner’s scenario [11] as the state |“yes”)ns. By
contrast, the scenario in this chapter does not consider anything of the sort. To
implement a record such as the one described in [17], one would need to ensure

that it is uncorrelated with the actual outcome of the friend’s measurement, and

that the superobserver reads it without disturbing the rest of the laboratory.
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Furthermore, besides suggesting the objective existence of the friend’s outcome,
it does not serve much purpose. It is for this reason that this is not included in

this scenario.

4.2 Analysis

Firstly, let us examine what each of the assumptions we are considering: Macro-
reality, Locality and No-superdeterminism, formally imply within this scenario.
As in Bell’s theorem, Macroreality makes it possible to make joint statements
about the observed outcomes, although now there are four of them. Furthermore,
because of this specific setup and measurements, when x = 1 then ¢ = ¢, and

likewise, if y = 1 then b = y. We can express this as

Macroreality : Ip(abed|xy), Ya,b,c,d, x,y, (4.3)
plaled,x = 1,y) = dq.¢, Va,c,d,y, (4.4)
p(bledxr,y = 1) = 044, Vb, c,d, x. (4.5)

As we are no longer assuming predetermination, we do no longer introduce
hidden variables A. Their role within the formalization of No-superdeterminism

and Locality will be played by the variables ¢ and d. As such, they would imply

No — superdeterminism : p(cd|xy) = p(cd), Ve, d, x,y. (4.6)
Locality : p(alcdzy) = p(alcdx), Va,c,d, x,y, (4.7)
p(bledzy) = p(bledy), Vb, c,d, . y. (4.8)
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From eq. (4.6), we can state that

plablzy) =) plabed|zy) = Y pabledzy)p(cd), (4.9)
c,d c,d

and from egs. (4.7) and (4.8), we have that
p(abledzy) = p(albedzy)p(bledy) = p(blacdzy)p(acdz) (4.10)
Then, from egs. (4.4) and (4.5), we obtain

Zc,d 5a,cp(b‘6dy)p(6d) ifz =1,

p(ablzy) = > Ov,ap(aledz)p(cd) ify=1, (4.11)

> caPns(abledzy)p(cd) if x# 1,y # 1,

where pyg(ablcdzy) is some probability distribution that satisfies Locality, and
therefore, the no-signalling principle for fixed values of ¢ and d, with p(blcdy) =
3, pvs(ableday) and p(aledz) = ¥, pivs (ableday).

In order to further characterize these correlations, it will be useful to study
them under the formalism for behaviours introduced in section 2.4. For this, let
us consider A,, the set of all of Alice’s possible outputs for measurement x, and A,
the set of all A,. Likewise, we have B, and B. We denote the set of correlations
that satisfy eq. (4.11) as EW(A x B).

Let us introduce the variable ¢, which will determine the value of ¢(¢) and
d(¢), as well as that of j({), the label for the extreme points of NS(.A/A; x B/By).

Then, we can rewrite eq. (4.11) as

S @i Bly)p(C) it =1,

plablzy) = S, 6, P (alz)p(¢) ity =1, (4.12)

S vt (ablay)p(C) if o # 1,y # 1,
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where p{;}(}fg(ab[xy) is the value of p(ab|zy) at the extreme point j({) of NS(A/A; x
B/B), vl (bly) = Lapiie) (abley) and pi(ale) = Ty piig) (ablay). For two
behaviours that satisfy eq. (4.12), p1 = (p1(ab|zy)) and pa = (p2(ab|zy)), we can

define p’ = apy + (1 — a)pa, with 0 < a < 1. It then follows that

S S Pa D)) if o =1,

p'(ablzy) = do¢ 5b,d(§)p{]()§t) (alz)p’(¢) ify=1, (4.13)

S Pt (ablay)p' (C) if 41,y #1,

where p'(¢) = (ap1({)+(1—a)p2(¢)). Therefore, we can conclude that EW(Ax B)
is a convex set.

Furthermore, it is straightforward to check that EW (A x B) has a finite number
of extreme points, provided that ¢(¢), d(¢) and j(¢) have a finite number of
possible values, the last of which is satisfied if Alice and Bob have a finite number
of inputs and outputs. The product of ¢(¢), d(¢) and j({) gives us the amount
of extreme points of EW(A x B). This, coupled with the fact that EW(A x B) is
convex, imply that EW(A x B) is a convex polytope.

We can see that, because of egs. (4.4) and (4.12), p(alx = 1,y) = 3= 4 da,cp(cd).
For fixed values of ¢ and d, as is the case on the extreme points of EW (A x B), we
have that p(alz = 1,y) € {0, 1}, that is to say, all extreme points of EW(A x B)
are deterministic for A;. The same reasoning can be applied to B;. Thus, we can

conclude that EW(A x B) is a partially deterministic polytope, more specifically,

EW(A x B) = PD4, p, (A x B). (4.14)
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4.3 The M = 2 scenario

For the case of M = 2, we have that Ay = A/A; and By = B/By, so EW(AxB) =

PD 4/4,,8/B, (A X B). From eq. (2.42), we obtain

EW(A x B) =LD(A x B). (4.15)

Therefore, the correlations allowed by Local Friendliness in this scenario are the
same as the ones allowed by local determinism for the same configuration. In
particular, for the case where Alice’s and Bob’s measurements have two possible

outcomes, the correlations will satisfy the CHSH inequalities.

4.4 The M = 3 scenario

Lacking Predetermination, it is to be expected that Local Friendliness is a weaker
set of assumption than Local Determinism, and thus, that it allows for a larger
set of correlations. This is not the case for M = 2, however, so it is of interest to
see if a different results can be obtained for M = 3. For simplicity, we will restrict
ourselves to dichotomic measurements. Then, ¢(¢) and d(¢) can take 2 possible
values each. On the other hand, j(¢), being the label for the extreme points of
NS({Ag, A3} x {Bs, B3}), can take 24 possible values. As the number of extreme
points of EW (A x B) is equal to product of these three quantities, in this scenario
the polytope has 96 extreme points. The behaviour on a extreme point ¢ will,

according to eq. (4.12), be given by

Ga,e(¢)%,(¢) ifr=1y=1,
5a70(4)p{;:(>53(b|3/) ife=11y9y#1,
5b,d(C)p{E()Et) (alz) ifx#ly=1,
Pfé(ft)(ablmy) ifwx #£1,y#1,
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Thanks to the collaboration of Yeong-Cherng Liang, we were able to use the
software PANDA [34] that specializes in characterizing a convex polytope in terms
of either its extreme points or its facets, by providing the other description as
input. Using the 96 extreme points of EW(A x B), we obtain the inequalities de-
scribing the 932 facets of this polytope. These 932 inequalities can be categorized

into equivalence classes based on any combination of the below relabellings:
o of the parties (A; <> B;, for all i),
o of inputs 2 and 3 for Alice (Ay <> A3),
 of inputs 2 and 3 for Bob (B <> Bs),
o of Alice’s outputs (a = + <> a = —) for any particular z, and
o of Bob’s outputs (b = + <> b = —) for any particular y.

It needs to be remarked that input 1 can not be relabelled, as it is fundamen-
tally different from the other measurements.

The 9 equivalence classes of inequalities can be described as follows:

o Genuine EWs3399 type I inequalities (256 facets)

— (A1) = (A2) — (B1) — (B2) — (A1B1) — 2(A1Bs) — 2(A2By)

+2(A3Bo) — (A3Bs) — (A3By) — (A3B3) — 6 < 0. (4.17)

o Genuine EWs3399 type II inequalities (256 facets)

— (A1) — (A2) — (A3) — (B1) — (A1 B1) — (A2B1) — (A3By)

— 2(A1B3) + (A2B3) + (A3B2) — (A2B3) + (A3B3) —5< 0. (4.18)
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Bell I3390 with marginals over both inputs 1 (256 times)

— (A1) + (A2) + (B1) — (B2) + (A1 B1) — (A1 B2) — (A1B3)

— <AQBl> + <A2B2> — <A2B3> — <AgBl> — <A332> —4<0.

Bell I3399 with marginals over no inputs 1 (64 times)

—(A2) — (A3) — (B2) — (Bs) — (A1 B2) + (A1 B3) — (A2B1)

— <AQBQ> — <A233> + <A3Bl> — <A3B2> — <A3B3> —4<0.

“Brukner” inequalities (32 times)

(AyBy) — (A1B3) — (AsB3) — (A3B3) — 2 < 0.

“Semi-Brukner” inequalities (32 times)

— <A1B2> + <A1B3> - <A332> - <A333> —2<0.

Positivity over both inputs 1 (4 times)

1+ <A1> + <Bl> + <AlBl> > 0.

Positivity over a single input 1 (16 times)

1+ (A1) + (Ba) + (A1B2) > 0.

Positivity over no input 1 (16 times)

1+ (Ag) + (Ba) + (A2Bs) > 0.
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As mentioned in an earlier footnote, after we derived these inequalities, FErik
Woodhead’s doctoral thesis [61] was first brought to our attention, where these
results had already been obtained.

The positivity facets reflect that all probability values must be between 0 and
1, and thus are trivial. The genuine FWs329 inequalities are called as such because
they are novel to the EW(A x B) polytope, and they are not tight Bell inequal-
ities for similar scenarios under the assumptions of local determinism. The Bell
I3399 inequalities with marginals over both or none inputs 1, on the other hand,
are Bell inequalities for the Bell scenario with 3 measurement settings and 2 out-
comes. “Brukner” and “semi-Brukner” inequalities are both CHSH inequalities.
“Brukner” inequalities consider inputs 1 for both Alice and Bob, which are the in-
equalities that Brukner considered in [! 1], hence the name, while “semi-Brukner”
inequalities only consider input 1 for a single party.

There are two relevant classes of inequalities that are not facets of EW(A x
B). The 8 CHSH inequalities where input 1 is not included, that is, inequalities

equivalent, up to relabelling, to

(A9Bg) — (A2B3) — (A3By) — (A3B3) —2 <0, (4.26)

are not facets of EW(A x B) while still being facets of the local deterministic
polytope. We label this class as “CHSH non-EW?”. The second class comprises
256 I3300 Bell inequalities, with marginals over only one input 1, labelled “I3322

non-EW?”:

— (A1) + (A2) + (Bs) — (B2) + (41B3) — (A1 B2) — (A1 By)

— <AQBg> + <AQBQ> - <A2.Bl> - <A333> - <A332> —4<0. (4.27)

These last two classes of inequalities highlight the difference between the polytopes
EW(A x B) and LD(A x B). Such difference is made more apparent in fig. 4.3,
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I Ns EEWEELD —Q

Figure 4.3: Two-dimensional slice of the space of correlations, for
M = 3. The solid areas represent different polytopes of correlations. LD(A x B)
(orange) is a subset of EW(A x B)(green), which in turn is a subset of
NS(A x B)(purple). Also depicted by the red outline is Q, the set of correla-
tions in this scenario allowed by quantum mechanics, which is not a polytope. Q
contains LD(A x B) and is contained by NS(A x B), but it does not fully contain,
nor it is fully contained by, EW(A x B). Source: adapted from original made by
Y.C. Liang for [10]

that illustrates the sets of correlations relevant to this work.

4.5 Asymmetrical setups

“Semi-Brukner” inequalities bring into attention an interesting detail. For a given
“semi-Brukner” inequality, only one of the friends, Charlie or Debbie, will have
their measurement directly represented in the inequality, via A; or Bj, respec-
tively. This suggests that it could be possible to reformulate the scenario such

that there is only oneWigner’s friend experiment.
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Let us consider such scenario, with one party consisting of Alice and Charlie,
as described previously, and another party made up of Bob alone. Bob performs a
measurement labelled by y and obtains an outcome b, but no further description is
given, and no extra assumptions are made. Then EW(Ax B) = PDy, ¢(AxB). In
the case where Alice only has two possible measurement settings, A = {41, Az},
then, from eq. (2.42), we have that EW(A x B) = LD(A x B), for any number of
measurement settings for Bob.

This opens the door to setups that only make use of one Wigner’s friend exper-
iment. Because of their simpler description, such scenarios present an advantage
in both their theoretical characterization and their subsequent experimental im-

plementations. This will be taken up in Chapter 6.
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A strong no-go theorem on the Wigner’s friend
paradox: quantum predictions, experiment de-

sign and results
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In the previous chapter I presented the polytope EW(.A x B) that characterizes
the behaviours in a bipartite Wigner’s friend scenario under the assumptions of
Local Friendliness. The next natural step is to compare these correlations to the
ones allowed by quantum theory. Of course, as several of the facets of EW (A x B)
are also Bell facets, it is to be expected that there are quantum correlations outside
of EW(A x B), and thus quantum correlations cannot be reproduced by a physical
model that satisfies Local Friendliness. Proving that this is so is the first section
of this chapter, and constitutes the Strong No-Go Theorem of [10].

We also have Genuine FWss9o classes of inequalities that are not Bell inequal-
ities. It is therefore of interest to discover whether quantum violations for these
inequalities exist, and what it would take to violate them experimentally. Fi-
nally, we know that it has to be true that LD(A x B) is a subset of EW(A x B),
which is the reason behind the fact that “Bell non-EW” inequalities are facets of
LD(A x B), but not of EW(A x B). Then, it should be possible to find a quan-
tum behaviour that violates a “Bell non-EW?” inequality while remaining within
EW(A x B).

The second to fourth sections in this chapter will be dedicated to explaining
the experimental setup, the specifics of the measurements performed, and the
results obtained. The experimental implementation was realized in collaboration

with Kok-Wei Bong, Farzad Ghafari, Nora Tischler and Geoff Pryde.

5.1 The theorem

Theorem 3. If a superobserver can perform arbitrary quantum operations on an
observer and their environment, then no physical theory can satisfy Local Friend-

liness.

For a proof, let us consider the scenario with M = 2. The initial state of the
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composition of Charlie’s laboratory, L1, and his particle, S, is

pa(to) = ps, @ |“ready”)(“ready”|L,, (5.1)

where p4 is the state controlled by Alice. Here, the state pg, is arbitrary, and for

two possible outcomes it can be written as

psi =y a®la)(d]s,. (5.2)
a,a’€{t,l}

After Charlie makes his measurement, the state of the composite system, accord-

ing to standard quantum theory, is
paltr) = Ui(ps, @ |“ready”)(“ready”|,)U{ (5.3)

where U transforms the system as described in eqgs. (4.1) and (4.2).

First, let us consider the case x = 1. It is simple to show that

palt) =Y a®la)(d]s, @ |e(a)){c(d)|L,, (5.4)
a,a’e{t,}
with |¢(1))r, = [“up”)r, and |c()))r, = [“down”)r,. In this case, Alice’s measure-

ment is described by the effects EF1*=1 which are, respectively, Is, ®|“up”) (“up”|,

and Ig, ® |“down”)(“down”|r,. From eq. (5.4), it is simple to show that
Plafe = 1) = Tr[E%= pg ], (5.5)

where {Eg'lwzl}a = {1 s, [4)($lsy - Thus, the effects of Alice opening Charlie’s
laboratory and asking directly for the particle are the same as if she had measured
the particle herself in the same fashion as Charlie would have, in this case, the
spin along the z axis.

Now consider the case x # 1 (here, that means = = 2). In this case, Alice
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performs the reverse unitary UlT after time t; resulting in the state at a later
time to of pa(t2) = pa(tp). Then, we have that all of Alice’s measurements are
measurements directly on the particle, and are described by an arbitrary POVM

{Egllm} Thus, for either value of x, we have
Plalr) = Tr(E5]ps,). (5.6)

where, as mentioned before, for x = 1 it holds that {Eg‘f}a ={IM sy, ) sy -

The same reasoning can be applied to Bob’s and Debbie’s systems, such that
P(bly) = Tr(Eg‘g,oSQ), with all the states and operators defined in an equivalent
manner. This also holds for joint measurements, as it can similarly be seen that
P(ablzy) = Tr(Eé'leg'Qypgl S,), where pg, g, is the initial state of the entangled
particles.

For the purpose of this proof, let us consider that the measurements for x,y =
2 correspond to spin measurements along the z-axis. Then, both Eg|196=2 and
Eg‘QyZQ can be associated to the observable &,. Similarly, for x,y = 1, as these
measurements are spin measurements along the z axis, they can be represented
with the observable &,. As for the state of the entangled particles, we consider
PS8, = |0(45°))(0(45°)], with |o(45°)) defined in eq. (3.5). This configuration
produces a maximal violation of the CHSH inequality, in a similar fashion as the
proof for the theorem in [11], presented in section 3.1.

As it was already established, in the case M = 2 all the CHSH inequalities
are facets of EW(A x B). A quantum violation of any of them, then, serves as a
proof for theorem 3.

Knowing that it is possible to violate facets of EW(A x B), we are now in-
terested in violating particular facets. Specifically, we want to find violations of
facets of EW (A x B) that are not facets of LD(A x B). For this, we will need to
consider a scenario where these two polytopes are different, such as the one for

M = 3. The experimental setup I will now describe will be used to implement
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this scenario, although in principle it could be used for any value of M.

5.2 Experimental setup

First and foremost, I must remark that the following experiment is a proof of
principle. It is currently technically impossible to execute an experiment where
a human being is subjected to quantum operations by another, and it is unclear
whether such a thing is even possible. Even if it were feasible, there are serious
ethical concerns regarding the treatment given to the “friend”, the reversal of
their memory being among the thorniest. It is also not yet possible to use an
artificial intelligence as a conscious friend; despite the advances made on their
development in recent years, we are not at a stage where we can confidently state
that a computer is a sentient observer. Specially a computer with just a handful
of qubits, which, at this stage, would be all that could be reversed after some
meaningful "observation" with sufficient fidelity to result in a violation.

Here, the friends and their observations will be represented using photonic
qubits. Specifically, a friend’s system will correspond to a photon path (one of
two) while the system qubit will correspond to photon polarization. This is not
to say that I claim that photons or photon paths can be considered observers; in
fact, I do not believe that to be the case. They are being used here as a proof
of principle, as their dynamics in this experiment can be considered equivalent to
that of friends on a Wigner’s friend scenario.

The experiment consists of a photon source, producing an entangled pair of
polarization-encoded photons, and two measurement apparatuses, one for Alice
and Charlie and the other for Bob and Debbie. The “friend” systems correspond
to the photon paths, while the superobservers’ measurements are photon-detection

measurements. A diagram of the experiment is found in fig. 5.1.
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Figure 5.1: Experimental setup. The photon source is on the left side (pink
beams), and the measurement apparatuses are on the right (red beams). Using the
motorized mirrors, Alice and Bob can choose to ask Charlie and Debbie directly
for their respective outcomes by sliding the mirrors in the beams trajectories. Al-
ternatively, by choosing to not put the mirrors, they perform projective measure-
ments on their respective photons. Notation: half-wave plate (HWP), polarizing
beamsplitter (PBS), potassium titanyl phosphate (KTP), non-polarizing beam-
splitter (NPBS), bismuth triborate (BiBO), polarization control (PC), quarter-
wave plate (QWP), beam displacer (BD), avalanche photodiode (APD). Source:
Bong et al. [10]

The photon source produces a pair of photon in states of the form
N\ 1—pu
pu = p[@TN@T| + — = ([HV){(HV| + [VH){V H]), (5.7)

with |H) and |V) the states corresponding to horizontal and vertical polarizations,

respectively, 0 < pu <1, and

_ L

[©7) 73

(|JHV) —|VH)). (5.8)

At p =1, p, is a pure, maximally entangled state. By adjusting the value of
in the experiment, we can measure states such that there are violations in some,

but not all, the equivalence classes of inequalities presented in chapter 4, as we
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will see in section 5.4.

Each of the measurement apparatuses commences with a polarising beam dis-
placer. This corresponds to the friend’s measurement, with the photon path after
the displacer, which encodes the photon polarisation, representing the friend’s
state. The superobservers can now choose to open their respective friend’s lab-
oratory and ask them directly for the outcome, labelled by z,y = 1, which in
this experiment will correspond to placing a mirror in the way of the beams to
make a measurement of the photon path. Alternatively, instead of being reflected
the beams go through a second beam displacer that merges them, to reverse the
friend’s measurement, and then the superobserver measures the polarization of
the photon in one of two possible settings, specified by the wave plates behind the
second beam displacer. Depending on the particular configuration, these mea-
surement setting will be labelled as x,y = 2 or 3.

Alice’s measurement for a given x can be described by {2114 — I, 21 — 2114},
with the projector IT4 = |a,)(a| given by

1

o) = \@(|H> +e1|V)). (5.9)

Similarly, Bob’s measurement for a certain value of y is given by {2HyB —1,2] —
2117}, with TIZ = |B,)(B,| and

1

\/Q(|H> + &P |V)). (5.10)

|By> =

Here, {¢,} and {¢,} are the same set of 3 values.

5.3 Designing the configuration

Under the above description of the experiment, we are now interested in the
specifics of its configuration. Namely, we need to determine three elements: the

measurements performed, given by the tetrad (¢1, d2, ¢3,¢), the states we are
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going to perform the measurements on, given by different values for the parameter
1, and the specific inequalities we want to test, out of the 896 non-trivial facets of
EW(A x B), and the 8 “CHSH non-EW?” inequalities and the 256 “I3329 non-EW”
inequalities.

In order to find these elements, I performed a search using Python over all
inequalities using a large number of values of (¢1, @2, @3, ). The inequalities were

further categorized in 3 groups:

e The genuine EW339o class, comprising the equivalence classes Genuine FW3399

types I and II,

e The Bell-EWj3399 class, comprising of the Bell I3399 both for marginals over

two inputs 1 and no inputs 1, the “Brukner” and the “Semi-Brukner” classes,

e The Bell non-EW class, comprising the CHSH non-EW and the 3359 non-

EW classes.

These groups are composed of, respectively, facets for EW(A x B) but not for
LD(A x B), facets for EW(A x B) and LD(A x B) simultaneously, and facets for
LD(A x B) but not for EW(A x B). This allowed me to detect, for a given mea-
surement tetrad (¢1, ¢2, @3, p), wherever there was a violation for any inequality
on each group using states of the form presented in eq. (5.7), and if so, what was
the smallest value of p that admits such violation.

The original goal was to find a tetrad such that

o For some pp, Bell non-EW is violated even when no EW inequalities are

violated.

o For some puy (greater than py), the genuine EWss99 is violated even when

no other EW inequalities are violated.

While I found a tetrad that achieved the first aim, which is the more important
aim, I could not find one that achieved the second aim. That is, for this par-

ticular class of states and measurements, the genuine EWjss00 is never required
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to demonstrate a violation of LF. Note that it is quite possible that with some
other state and set of measurements that the genuine EFW3399 would be required
to demonstrate a violation of LF. However, this is outside the scope of this thesis.

Given the above finding, the goal was modified to finding a tetrad such that

o For some p1, Bell non-EW is violated even when no EW inequalities are

violated.

o For some pg (greater than py), the genuine EWssg9 is violated even when

no other dual-friend EW inequalities are violated.

By a dual-friend EW inequality I mean inequalities where both settings x = 1
and y = 1 are present. This time, I was successful.
Given this, we introduced a third aim, as follows. First, for the tetrad found,

I found the inequalities in each of the following four categories:

1. The genuine EWj399 class, comprised of the equivalence classes Genuine

EW3322 types I and II,

2. The “other dual-friend EW?” class, comprising the Bell-EW3399 class without

the “Semi-Brukner” class,
3. The “Semi-Brukner” class,
4. The Bell non-EW class,

for which the minimum p at which it was violated was as small as possible. Then
I refined the value of the tetrad by a more fine-grained search in order to achieve

the third aim:

e To make the difference between any pair of the above four minimum p-
values to be at least 0.02, while ensuring that the largest of these minimum

p-values is not greater than 0.94.
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Figure 5.2: Bloch sphere representation of vectors |a,) and |3,). All vec-

tors are contained within the equatorial plane of the Bloch sphere also containing
—1 -1 . -1

D) = V2 CUH)+ (V) |R) = V2 O (JH) +4|V)), |4) = \/51 (IH) —|V)) and

L) = V2 (|H) —i|V)). The specific vectors are |a1) = /2 (|H) + e'165°|V)),
—1 —1 . o -1 =0

|a2) = V2 (H)HV)), Jas) = V2 (\H>+e“118 V), 181) = V2 ([H)+e™ V),

1B2) =2 (|H) +e™°|V)) and |B3) = 2 (|H) +e®7°|V)). Additionally, vec-

tors o) and |B1) are highlighted, as those are the vectors that correspond to

the measurements where the superobservers ask their respective friends for their

outcomes directly.

This was desired to guarantee that all inequalities tested in the experiment could
be violated or not violated as predicted, for suitable values of pu, in a statistically

significant manner.

5.4 Results

Given the above criteria, I found that a suitable choice of angles was ¢; = 168°,
¢2 = 0°, ¢p3 = 118° and ¢ = 175°. The vectors |a) and |5,), defined in egs. (5.9)
and (5.10), characterized by these angles and used to describe the measurements
in this experiment are displayed in fig. 5.2.

The inequalities under consideration are, by category,
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e Genuine EW3399 inequality:

— (A1) — (A2) — (B1) — (B2) — (A1B1) — 2(A1Ba) — 2(A2By)

+ 2<A2B2> — <A2B3> — <A332> — <A333> —-6<0. (511)

e I3399 inequality, of the “other dual-friend EW” class:

— (A1) + (A2) + (B1) — (B2) + (A1 B1) — (A1 B2) — (A1 Bs)

— <AQBl> + <AQBQ> — <A2B3> — <A331> — <A3B2> —4<0. (512)

e “Brukner” inequality, also of the “other dual-friend EW” class:

(AyB1) — (A1B3) — (AsB3) — (A3B3) — 2 < 0. (5.13)

e “Semi-Brukner” inequality:

— <A1B2> + <A1B3> - <A332> - <A333> —2<0. (514)

o Bell non-EW inequality:

(A3B3) — (A3 B3) — (A3Bs) — (A3B3) — 2 < 0. (5.15)

Theoretical and experimental results are displayed in fig. 5.3. As can be seen
there, the range of values for p go from presenting no violations at p = 0.744,
to all the inequalities under consideration being violated at p = 0.992. At the
experimental data points obtained on p = 0.798 and p = 0.810 we can see that
it is possible to violate a Bell inequality without violating any of the facets of
EW(A x B), which was the first of the goals previously stated.

As for the second goal, that the genuine FWjs99 is violated even when no
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Figure 5.3: Left-hand side (LHS) of the inequalities under consideration
versus parameter . Solid lines are theory values and symbols are experimental
data, taken at states with u equal to 0.744, 0.798, 0.810, 0.867, 0.922 and 0.992.
Inequalities are violated while above the dashed line. Uncertainties for the data
points are +1 standard deviations, and were calculated using Monte-Carlo sim-
ulations on 100 samples of Poisson-distributed photon counts. Source: adapted
from original made by K.W. Bong for [10]

other dual-friend EW inequalites are violated, we can see that at u = 0.867, the
Genuine EFWjsgo is not violated while the semi-Brukner inequality is violated, but
because the semi-Brukner inequality is not a dual-friend EW inequality, this does
not oppose our goal. Additionally, we see that this requirement is indeed satisfied
at = 0.922, where the Genuine EW3399 is violated, but the Brukner and the

13399 inequalities, both of them dual-friend EW inequalities, are not.
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Sequential extended Wigner’s friend scenarios
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We have seen that for M > 3, LD(A x B) is a strict subset of EW(A x B),
an illustration of the fact that the Local Friendliness assumptions are a strict
subset of the assumptions needed to derive a Bell inequality. However, we have
also seen that the set of correlations EW(A x B) for M = 2, which was based on
the scenario presented in [l 1], is the same as the set of correlations under local
determinism. In other words, despite the LF assumptions being weaker, under at
least one scenario they imply the same constraints as local determinism.

A natural follow-up question would be whether there exist scenarios where
the set of correlations compatible with Local Friendliness is the same as the set of
local deterministic correlations, independently of the number of measurements.

We can obtain some intuition about that question by looking at the proper-
ties of partially deterministic polytopes. From eq. (2.42), we can see that if all
but one of the measurements made by either party are deterministic, then the
corresponding partially deterministic polytope will be equal to the local deter-
ministic polytope. Thus, it would seem that we are looking for a scenario in
which Charlie observes all but one of the measurements performed by Alice, such
that Local Friendliness correlations are equivalent to the corresponding partially
deterministic polytope.

Furthermore, as explained in section 4.5, we do not need to introduce a “friend”
in all parties. Thus, in the scenario presented in this chapter, we will only consider
a “friend” in a single party, but with a twist on the superobserver actions, as
follows. Alice will be able to ask Charlie for his outcome at one of multiple points
in time, and if she chooses never to ask him directly, make a measurement on the
system herself.

For simplicity, in this chapter, the assumptions of No-superdeterminism and
Locality will be condensed into a single, more compact assumption, Local agency,

first introduced in [60]:

Assumption 10 (Local agency). The only relevant events correlated with a free
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choice are in its future light cone.

6.1 Description

Let us consider three experimenters: Alice, Bob and Charlie. Alice and Charlie are
in a Wigner’s friend arrangement, with Alice as the superobserver and Charlie as
the friend. Bob and Charlie share a two-particle system. Both parties are distant
enough such that Alice’s and Charlie’s experiments are space-like separated from
Bob’s. Bob’s choice of measurement on his particle is labelled by y, with Np
possible choices, and with output labelled by b.

Charlie, inside his laboratory, performs a measurement, labelled by z1, on his
particle. It should be remarked that z; is not a free choice, and is fixed over all
iterations of the experiment. Alice, unlike in any of the previous scenarios, can
choose how and when to measure Charlie’s laboratory, out of a list of R ways and
times. The different potential measurements will be labelled with an index i, with
1 <i < R. At time ¢t = 1, Alice will have two possible choices. She can choose to
open Charlie’s laboratory and ask him directly for his outcome ¢; and register it
as her outcome a1, which corresponds to the input z; = 1. This will end Alice’s
experiment. If 1 = 0 instead, then Alice will not open the laboratory. Rather,
she will reverse its evolution so that its state is equal to what it had been at a
point in time before Charlie’s measurement, record a1 = &, and instructs Charlie
on making measurement zo next, and the experiment continues. Again, z5 is not
a free choice made by any agent, and will be the same across all iterations of the
experiment. As opposed to when Charlie communicates with Alice, when Alice
instructs Charlie this does not change the status of Charlie’s laboratory, including
the particle, as a closed system.

If 1 = 0, then, at a later time ¢ = t5, Alice will make a second measurement,
1 = 2, with a binary input xs. As before, if xo = 1 Alice asks Charlie for his

outcome ¢y, which in general will be different from ¢;, and her outcome will be
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as = cg. If xo = 0 she will behave in a similar way as with z; = 0, with her
reversing Charlie’s laboratory to a state before his measurement was performed
(but after she communicated with him and gave him new instructions), giving
him instructions to perform measurement z3, and setting as = @.

Successive x; follow the same formula. Provided that she has not yet finished
her experiment, Alice will either ask Charlie directly for the value of ¢; if z; =1,
so a; = c1, or reverse the evolution of Charlie’s laboratory if z; = 0. In the latter
case, Charlie will perform a new measurement according to the latest instructions
received on his particle and Alice will register a; = @ if i < R, but she will
measure the particle directly if ¢ = R, and so ar # @. Any non-observed ¢; and

a; will be considered to be equal to @.

6.1.1 Alice’s inputs and the use of proxy agents

However, there is an important issue in the application of the assumptions of the
theorem that arises from a distinction between the first measurement and all the
others. This is a distinction that (obviously) we did not have to worry about
in the simple extended Wigner’s friend scenario considered in chapters 4 and 5.
There, Alice can choose x at a point space-like-separated from c. This enables
the assumption of Local agency to be applied — in place of No-superdeterminism
and Locality — to obtain eq. (4.10), which, when combined with Macroreality,
characterizes the correlations in EW(A x B).

Now, in this most recent scenario, we have to consider the space-time arrange-
ment between multiple inputs for Alice and multiple outcomes for Charlie. If
Alice were to choose the values of z1 and x9, it would appear that she could open
a loophole regarding the Local agency assumption. If z; = 1, her experiment
ends in that round, and zo and any other input bits become meaningless, and
thus Alice could choose to not assign any value to them.

To make sure that xs is assigned a value independent of x1, let us introduce
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Figure 6.1: Conceptual diagram for the sequential Wigner’s friend sce-
nario. Charlie performs a measurement z; on his particle, with outcome cj.
Afterwards, Alice randomly chooses an input z1. If 1 = 1, she opens Charlie’s
lab and asks him for the value of ¢;, recording a; = ¢1, and the experiment ends. If
x1 = 0, Alice reverses Charlie’s measurement and instructs him to perform a new
measurement, zo, which will produce outcome co, and the protocol is repeated.
The experiment ends when either: i) Alice chooses z; = 1 in some round 4, asking
Charlie for his outcome, or ii) xg = 0, in which case Alice reverses Charlie’s last
measurement and measures the particle herself.
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Time

Figure 6.2: Space-time diagram for events in the sequential Wigner’s
friend scenario, for the case R = 3. Coloured lines represent the edges of the
light-cone for each free choice. All free choices are space-like separated from each
other, which means that x1, zo and z3 are chosen by different agents.

an additional agent for this experiment, Peter the 1st, who will be the one who
chooses the value of xo. Peter the 1st will be distant enough from the other parties
such that xo is space-like separated from Bob’s experiment and from Alice’s first
operation. However, it will be time-like separated from Alice’s second operation,
as she will only be able to perform it after she has received a message from Peter
the 1st informing her of the value of x5. If 1 = 1, she still receives the message,
but she simply does not act on it.

For each i > 2, the value of z; is chosen by a free agent Peter the ith. The
x; are all space-like separated from each other, from Bob’s experiment, and from

Alice’s i — 1 previous operations. Fig. 6.2 illustrates the above for the case R = 3.

6.2 Analysis

Firstly, let us introduce some simpler notation for the above scenario. We define
as the smallest 7 such that z; = 1. If z; = 0 for all ¢, then we set £ = R+1. We also

define a as the only non-@ value among all a;. Finally, we define ¢ = (¢, ,cg),
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and ¢ = (c1,---,¢), © < R. It must be remarked that none of Z, a, ¢ or ¢; are
space-time variables, as they are not associated to a single point in space-time, as
opposed to the variables without tildes.

With this in consideration, our assumptions formally imply within this sce-

nario the following:

Macroreality : Ip(abé|zy), Va,b, ¢, Z,y, s.t.

p(@le, & = i,y) = 04, Va, &y, 1 <i<R. (6.1)
Local agency : p(bé;|ziy) = p(b&sly), Vb,i,y,j < i, (6.2)
p(ac|lzy) = p(aclz), va,c T,y. (6.4)

We can see that behaviours in this scenario satisfy

pab|z = i,y) = Zp(aba:f: =1i,7) (6.5)

Yozplalbezy)p(beipr - - - crlézy)p(élay) 1 <Z=1i<R,

Y zpns(ablezy)p(c|zy) fz=1=R+1,

with pygs(ablézy) some distribution that satisfies the no-signalling principle for a

fixed value of ¢.!

IN

Zé 5a,cip(bci+1 R CR|5i£i'y)p(éi|.’i) lf 1 =1 S R,

+
—

2z pns(ablezy)p(E ) ifr=i=R

'As Local Agency implies Locality, and Locality in turn implies the no-signalling principle,
we can be certain that p(ab|Zy) satisfy the no-signalling principle.
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For & =i, it holds that ¢;41 = -+ = cgp = &, so it follows that
p(bci—i-l T CR‘éia T =1, y) = 56i+1,@ T 5CR7®p(b|éi£'y)' (6'8)
Therefore,

, > 5 0ac,p(blGiTy)p(Glz) f1<T=i<R,
p(ablz = i,y) = (6.9)

Yepns(ablezy)p(élz)  ifT=i=R+1.

Furthermore, by Local agency we have that ¢; is independent of z; for all j > 1,
and all the z; are independent from one another, so p(&;|Z = i) = p(&|z = R+ 1),

so we can define p(¢&;) := p(&|Z = R+ 1) such that we can rewrite eq. (6.9) as

>z 0., p(blGTY)p(é) i1 <i<R,
plavle =) = (6.10)

Yepns(abléty)p(e)  ifT=i=R+1.

By the same reasoning, we have that p(b|é;, z = i,y) = p(b|é;, & = R+ 1,y), so by

defining p(b|¢;y) = p(b|é, T = R+ 1,y) we have that

S G, p(blEy)p(E)  if1<i<R,
p(ablz =i,y) = (6.11)

Yepns(ablezy)p(e) ifZ=i=R+1.

To obtain a polytope, we need all of the terms to be dependent on a distribu-

tion over the same hidden variable. We can do this by noting that

D OachdOlEDE) = D Gaeh®lEy)p(E cipr,- - cr), (6.12)

CisCit+1," sCR
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and thus

S SachblEy)p@)  i1<i<R,
p(abli = i,y) = (6.13)

> epns(ablezy)p(e) if & =i=R+1.

We denote the set of correlations that satisfy eq. (6.13) for a public scenario
S = A x B as SW(A x B), where the “S” stands for “sequential”.

We now characterise the extreme points of this polytope by introducing a
variable ¢ that determines the value ¢(¢) and that of j({), the label for the extreme

points of NS({Agr+1} x B). Using this, we rewrite eq. (6.13) as

S Sa P Bly)p(¢) i 1<i<R,

> P (@bliy)p(C) ifi=i=R+1,

where pé()ft) (ab|Zy) is the value of p(ab|Zy) at the extreme point j(¢) of NS({ Ap4+1}x
B). Similarly to EW(A x B) with eq. (4.13), it can be shown that SW(A x B) is a
convex set. And just like EW(A x B), SW(A x B) has a finite number of extreme
points, so it will be a convex polytope.

From eq. (6.14), p(alz = 4,y) = 3¢ da.c)P(C) for 1 < i < R. At extreme
points, ¢ has a fixed value, so at all extreme points, p(a|z # R+ 1,y,() € {0,1}.
Thus, all extreme points of SW(A x B) are deterministic for A;, for i # R+ 1. As

such, we have that
SW(A x B) =PDg/a,,,,0(A X B), (6.15)
and then from eq. (2.42),
SW(A x B) = LD(A x B). (6.16)
Eq. (6.16) holds independently of the value of R or of the number of measure-
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ment settings for Bob. This contrasts with what happens with EW(A x B), that
only equals LD(A x B) if M = 2.

The result above can be used to state the following theorem:

Theorem 4. For every bipartite public scenario, there exists a sequential Wigner’s
friend scenario such that the polytope of correaltions that satisfy Local Friendliness

coincides with the local deterministic polytope.
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Conclusion
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7.1 Summary and Discussion

In this thesis I have presented a new concept: Local Friendliness, defined by the
conjunction of Macroreality, Locality and No-Superdeterminism. Such collection
of assumptions is inherently weaker than Local Determinism, allowing the exis-
tence of behaviours prohibited by the latter. In Chapter 4 I presented a scenario
that exhibits correlations of this kind, and characterized it via the inequalities
constraining those correlations. In Chapter 5 I further established the relevance
of Local Friendliness by showing theoretical and experimental violations of Local
Friendliness, and in this manner proving theorem 3, presented in the same chap-
ter. In Chapter 6 I showed theorem 4, that for any Bell inequality it is possible
to design a scenario such that the violation of that inequality disproves Local
Friendliness. In particular, I introduced the sequential extended Wigner’s friend
scenarios, that satisfy this condition.

As with Bell’s theorem, it is interesting to analyse theorem 3 under the light
of different interpretations of quantum mechanics and how they explain a viola-
tion of Local Friendliness. In some cases, their approach regarding which of the
assumptions to drop is the same as for Local Determinism. For example, both
the MWI and QBsim reject Macroreality, and the de Broglie-Bohm theory makes
do without Locality, just as before. Interpretations that deny Predetermination,
on the other hand, can not make such an argument anymore to explain violations
of Local Friendliness. Such is the case with collapse theories. However, it should
be noted that our experiment does not properly satisfy the conditions to test
collapse theories. As they postulate that objective collapse prevents macroscopic
systems from presenting quantum phenomena such as superposition or entan-
glement, to appropriately test such a theory would require using a macroscopic
observer. Whether such an experiment is even possible remains an open question.

A possible avenue to realize an experiment of this kind could be using an Al
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running on a quantum computer as the “friend”, such that the superobservers can
perform arbitrary quantum operations on them, as per theorem 3’s hypothesis.
This would require the assumption that a sufficiently advanced Al is an actual

observer.

7.2 Some Recent Literature

The results in this thesis highlight the usefulness of the study of extended Wigner’s
friend scenarios for the advancement of quantum foundations. This is reflected
in the interest the Wigner’s friend experiment has gathered within the quantum
foundations community in the last few years, with [I1] and [23] being some of
the most noteworthy examples of this interest. These were already explained in
chapter 3. Other relevant works have appeared more recently, and I will briefly
discuss a few of them.

Written as a follow-up to both [10] and [60], [11] analyses theorem 3 in terms
of the fundamental causal principles upon which the assumptions of Local Friend-
liness are built on. While a similar analysis of Bell’s theorem was made in [60],
the results of [14] show that a more radical approach to explain quantum causality
is needed to explain the violations of inequalities made under Local Friendliness
assumptions.

In [62], the authors give another proof of theorem 3, but using a different
extended Wigner’s friend scenario, one where the superobserver Alice has incom-
plete information about her friend Charlie. In it, Charlie performs a measurement
with 3 possible outcomes and Alice opens Charlie’s laboratory and makes a guess
on his outcome, with Charlie only confirming or denying that the guess is correct.
This leads to a set of correlations that actually contains EW(.A x B), but are still
not large enough to contain all quantum correlations.

The authors of [39] study [23] under the lens of classical modal logic. Their

findings showcase the failings of classical logic in explaining the reasoning of mul-
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tiple agents in regards of quantum measurements. This, in turn, indicates the
need to develop different types of logic in order to avoid the contradiction in the

Frauchiger-Renner theorem.

7.3 Future Research

Other avenues for future research can also be found within this thesis. Related to
theorem 3, the question arises as whether there is a state and set of 3 measure-
ments each for Alice and Bob such that the genuine EW3399 inequality is needed
to see a violation. And what are the maximum violations of the genuine EW3399
inequalities, and what dimension of system is needed to achieve that?

Also in terms of theorem 3, one can ask what conditions do the measurements
in a extended Wigner’s friend scenario have to satisfy in order to present a quan-
tum violation of Genuine EW3399 inequalities? For violations of Bell inequalities,
it is necessary for the measurements of each party to correspond to incompatible
observables. Does the same condition hold for Genuine EW3399 inequalities? If
not, what condition on the joint measurability properties of the superobservers’
measurements would make a violation impossible?

Another point of interest arises in theorem 4, as it only considers bipartite
public scenarios. The problem remains whether the sequential extended Wigner’s
friend scenario can be adapted for three or more parties so the theorem still
holds. In other words, can every multipartite Bell inequality be used to prove the

violation of Local Friendliness.
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