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ABSTRACT: Bell’s inequality is an empirical constraint on theories with hidden variables, which Einstein,
Podolsky and Rosen argued are needed to explain observed perfect correlations if keeping locality. One way to
deal with the empirical violation of Bell’s inequality is by openly embracing nonlocality, in a theory like the pi-
lot-wave theory. Nonetheless, recent proposals have revived the possibility that one can avoid nonlocality by
resorting to superdeterministic theories. These are local hidden variables theories which violate statistical in-
dependence which is one assumption of Bell’s inequality. In this paper I compare and contrast these two hid-
den variable strategies: the pilot-wave theory and superdeterminism. I show that even if the former is nonlocal
and the other is not, both are contextual. Nonetheless, in contrast with the pilot-wave theory, superdeterminist
contextuality makes it impossible to test the theory (which therefore becomes unfalsifiable and unconfirmable)
and renders the theory uninformative (measurement results tell us nothing about the system). It is questiona-
ble therefore whether a theory with these features is worth its costs.
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RESUMEN: La designaldad de Bell impone una constriccion empirica a las teorias con variables ocultas, las cua-
les son necesarias, segiin Einstein, Podolsky and Rosen, para explicar la observacién de correlaciones perfectas, man-
teniendo la localidad. Una forma de tratar las violaciones empiricas de la designaldad de Bell es aceptar abierta-
mente la no localidad, en una teoria como la de onda piloto. Sin embargo, hay propuestas recientes que han revivido
la posibilidad de evitar la no localidad apelando a teorias superdeterministas. Estas son teorias de variables ocultas
que violan la independencia estadistica, una de las asunciones en la desigualdad de Bell. En este articulo comparo
estas dos estrategias de variables ocultas: la teoria de onda piloto y el superdeterminismo. Muestro que incluso si la
primera es no local y la otro no, ambas son contextuales. Sin embargo, en contraste con la teoria de onda piloto, la
contextualidad superdeterminista hace imposible poner a prueba la teoria (que por tanto es infalsable e inconfirma-
ble), y convierte dicha teoria en no informativa (los resultados de medida no nos dicen nada sobre el sistema). Es
cuestionable, por tanto, que merezca la pena asumir los costes de una teoria con estas caracteristicas.
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1. Introduction

It is commonly accepted that the violation of Bell’s inequality shows that reality is nonlo-
cal. That is, it is possible for the mutual influence between arbitrarily distant systems to be
instantaneous. The pilot-wave theory is a deterministic theory of particles which repro-
duces all the predictions of quantum theory, including the violation of the above-men-
tioned inequality, and which is explicitly nonlocal. Many have resisted this nonlocality
conclusion because they think that nonlocality is in tension with the special theory of rel-
ativity, according to which everything, including influences, travels at most at the velocity
of light. This is the reason why some are willing to deny an assumption used to derive Bell’s
inequality, namely statistical independence, which was taken so far to be undeniable, in or-
der to save locality. Hidden variable theories in which statistical independence is false are
called superdeterministic. In this paper I wish to compare and contrast these two strategies.
On the one hand we have the pilot-wave theory, which is nonlocal and in which statistical
independence is true, and on the other hand we have superdeterministic theories which are
local but violate statistical independence.

I start in section 2 to discuss how the nonlocality conclusion is reached. First, Einstein, Po-
dolsky and Rosen (EPR) wanted to justify observed perfect (anti)correlations assuming locality
and this led them to a non-contextual hidden variable theory. That is, this theory contains var-
iables, in addition to the wavefunction, representing genuine properties whose values do not
change depending on how they are measured. Bell found a constraint such type of theory needs
to obey which was experimentally found to be falsified, leaving with the only conclusion that
the world is nonlocal. Then, in section 3 I show how the pilot-wave theory fits in this schema:
its nonlocality accounts for the perfect (anti)correlations, while its hidden variables are contex-
tual, and in virtue of that Bell’s inequality is violated (that is, the predictions of the pilot-wave
theory are the same as the ones of quantum theory). Then, in section 4 I move to discuss the
hypothesis of statistical independence. I show that assuming statistical independence is tanta-
mount as assuming that we can perform statistical inductive generalizations, which explains
why this hypothesis was never questioned before. Among other consequences, I show how
this makes superdeterministic theories impossible to falsify and to confirm. I also argue that
the hidden variables of such superdeterministic theories are contextual. This allows for a clear
comparison with the pilot-wave theory, which is spelled out in section 5. T argue that while the
contextuality of the pilot-wave theory is not problematical and its origin is clear, no such thing
is the case for superdeterministic theories. Their contextuality is unexplainable, and it ulti-
mately makes this type of theories uninformative, as in these theories measurements never re-
veal any information about the system. Finally, if locality was considered a desideratum because
it was supposed to help with relativity, I show that even if superdeterministic theories are local,
their locality does not make their potential relativistic generalization any easier. In section 6 I
summarize my conclusion that superdeterministic theories do not constitute a viable alterna-
tive to the pilot-wave theory, reinforcing the conclusion that nonlocality is a feature of nature.

2. From EPR to Bell, to Nonlocality

As it now seems to be commonly accepted, Bell has shown that no theory reproducing the
predictions of quantum theory can be local: in all quantum theories there are instantane-
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ous influences among arbitrarily distant systems. This conclusion was initially proven start-
ing from the Einstein-Podolsky-Rosen (EPR) argument, and then by deriving the so-called
Bell’s inequality which was later tested and observed to be violated. In this section I repro-
duce this derivation and more generally discuss the assumptions as well as the conclusions.
However, let me start by clarifying the meaning and the significance of locality.

2.1. LocaLrity

Einstein first observed the nonlocality of quantum mechanics and took this to be a reason
to reject the theory as originally proposed.' Locality, or local causality, is the idea that in-
fluences travel at finite velocity. Einstein, like everyone else at his time and before, thought
that nature had to be local for arguably two reasons. First, an interaction being instantane-
ous seems to require a kind of explanation of the phenomena alternative to the one based
on causality, as we think that causes precede effects in time rather than being simultane-
ous with them. Moreover, Einstein thought that one needs locality in order to be able to
treat systems as isolated, as we constantly do in physics: we assume that what happens to a
given object is substantially influenced only by objects which are close by, so that we can ig-
nore the rest. In other words, when investigating a phenomenon, we think we can find its
cause nearby. If instead the interaction propagates instantaneously, this cannot be guaran-
teed: the cause of something happening here may be arbitrarily far away. If so, the worry
is that we might be unable to make progress in physics, because we would never be able to
identify the cause of a given phenomenon. Notice that Newtonian mechanics violates lo-
cal causality: the forces act instantaneously on matter. This was an objection to Newton,
who unsuccessfully searched all his life for a local explanation. In any case, the concept of
field as carrier of the interaction was later introduced to take care of the first problem, be-
cause it is mathematically represented by a function with a given value in every point in
space. Also, in classical mechanics we do not have the second problem connected with non-
locality: since the gravitational force decreases like the inverse of the distance squared, the
pull due to distant objects can be neglected, so we can safely treat systems as effectively iso-
lated. While this is true also for classical electrodynamics, it is not the case for quantum me-
chanics, whose nonlocality is due to the collapse of the wavefunction. In fact, the strength
of the collapse is unaffected by distance, and this prevents us from assuming systems as iso-
lated. On top of this, the theory of special relativity imposes another constraint on locality,
namely that the velocity of the propagation of the interaction cannot exceed the speed of
light. So, even if we could treat quantum systems as isolated (as we can, as a matter of fact,
due to decoherence), we still have the problem of the instantaneousness of the interaction.

2.2. FROM LOCALITY TO INCOMPLETENESS: EPR

Therefore, Einstein concluded, since reality needs to be local, quantum theory has to be in-
complete: there have to be something, not specified in the standard quantum theory, which
would locally account for the wavefunction collapse. Interestingly, Heisenberg (1949) con-
ceded to Einstein that quantum theory is nonlocal. However, since he thought of relativity

1

Einstein’s remarks from Solvay 1927, translated in Bacciagallupi and Valentini (2009), pp. 485-487.
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instrumentally as a theory of signals, he concluded that there is no tension with nonlocal-
ity, since it can be proven that such nonlocality cannot be used to send information.” Var-
ious versions of this type of incompleteness argument which rely on the assumption of lo-
cal causality were proposed by Einstein® and culminated in the famous EPR paper (1935).
Here is the argument in a nutshell, as reconstructed by Bricmont ez 4/. (2022). Consider
two particles in a spin singlet state. According to quantum theory, an individual particle in
such a pair does not possess a definite spin property in any direction until this property is
measured. So, assume the two particles fly in opposite directions. In this situation, if quan-
tum theory were complete, then a spin measurement along some direction on one particle
of the pair would instantaneously determine the spin measurement outcome for the other
particle, regardless of their mutual distance, as being perfectly (anti)correlated with the re-
sult for the first particle. That is, if particle 1 is ‘up’ along some direction, then particle 2 is
‘down’ along that direction. However, this violates local causality, namely the idea that in-
fluences travel continuously at finite velocity. Thus, EPR concluded, the only other way
of accounting for these observed perfect (anti)correlations is to grant that there are some
‘pre-existing’ values of spin properties along some direction which spin measurements ac-
tually reveal. In other words, (anti)correlations in the results are explained by (anti)correla-
tions at the source.

2.3. NON-CONTEXTUALITY

Let me add this very important remark. As just stated, according to Bricmont ez a/. (2022),
for EPR the purpose of local hidden variable theories is to explain the observed perfect
(anti)correlations. In order to fulfil such a purpose, the hidden variables must represent
properties which can be faithfully measured and revealed in experiments; let’s call them
genuine properties. It is only because we can say that there are genuine properties which are
revealed by the experiments that we can explain the observed perfect (anti)correlations. So,
these properties have to have a value which should be the same independently of how we
decide to find out what it is. That is, the context of the measurement should be irrelevant.
That is obvious: the color of your eyes should not depend on whether I am measuring it
while you are on a scale, so that I also measure your weight, or while I am taking your blood
pressure. Your eye color is what it is, and it should remain the same, independently of how
I decide to find out what it is. If your eye color depended on my choice on the conditions
under which I am going to measure it, then it would not be a genuine property at all. This
feature, namely that the value of a given property should not change depending on how it
is measured, is called in the literature ‘non-contextuality’. It amounts to asserting that the
properties we are considering are genuine properties whose value can be faithfully revealed
as the result of a suitable measurement. Notice that this means that local contextual hidden
variables (H7") will not be an option to fix quantum theory for EPR. In fact, they are not
able to explain the observed perfect (anti)correlations because they are not genuine proper-

Notice that he did not address the problem that nonlocality may make impossible to treat systems as
isolated. However, one could argue that he did not need to, as Heisenberg envisaged quantum theory
to be empirically adequate, rather than a way of understanding the phenomena in terms of causes.

3 See Allori (2024) for a critical review.

146 Theoria, 2024,39/2, 143-163



Hidden variables and Bell’s theorem: Local or not?

ties: experimental values need to be the values of the pre-existing properties (i.c. properties
need to be non-contextual) otherwise the correlations remain a mystery. Schematically:

(1) [EPR]: perfect (anti)correlations & locality — non-contextual HV'.

2.4. BELL’S INEQUALITY AND ITS FALSIFICATION

The main problem with the EPR argument is that, as Bell has shown, we cannot really re-
produce the perfect (anti)correlations with local hidden variables, and because of this, the
locality assumption has to be false. This is why. Bell (1964) started from the EPR argument
and accordingly constructed a non-contextual hidden variable theory. He then observed
that there is a constraint on such a theory, now known as Bell’s inequality, which instead
does not hold for quantum theory. That is:

(2) [Bell’s inequality]: (local) non-contextual HV — inequality;*
from which, together with (1), it follows that:

(3) (1)& (2): [EPR] & [Bell’s inequality]: perfect (anti)correlations & locality — in-
equality.

In this way, one can set up a crucial test, namely a test in which a local non-contextual hid-
den variable theory would predict something different from quantum theory. This test
was later performed, and its results were compatible with quantum theory (Aspect, 1982),
thereby falsifying the non-contextual hidden variable theory which EPR needed to ex-
plain the perfect (anti)correlations locally. From this, Bell concluded that any theory which
matches the quantum predictions had to be nonlocal. That is:

(4) [Aspect]: crucial test result — inequality is false;

given that the observed perfect (anti)correlations in (3) and the result of the crucial test
in (4) cannot be false (they are empirical findings), the only assumption to be questioned is
locality. Namely, it has to follow that:

(5) (3) & (4): [EPR] & [Bell’s inequality] & [Aspect]: perfect (anti)correlations &
crucial test results — nonlocality.

The last line is called Bel/’s theorem, and its conclusion is that the quantum world is nonlocal.
I think it is also important to notice that Bell incidentally also proved that what
EPR arguably wanted, namely to explain the observed perfect (anti)correlations using
non-contextual hidden variables (and thus avoiding nonlocality), is impossible. In fact,
Bell’s inequality as written in (2) can be seen as a constraint that all hidden variable theo-

# Equation (2) might misleadingly suggest that Bell’s reasoning only applies to hidden variable theories.
is is not the case, as discussed later: Bell has shown that all quantum theories, not just hidden varia-
Th h d dl Bell has sh hatall h just hidd
ble ones, must be nonlocal. I have chosen to spell out Bell’s reasoning in this way because that is how it
was originally proposed in connection with ¢h EPR argument (in section 4.1 a more general line of ar-
gument is discussed). In addition, as I argue at the end of this section, in this way one can see Bell’s ine-
quality as a constraint on hidden variable theories and use it to rule out (local) non-contextual hidden
variables.
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ries constructed in order to explain the empirical perfect (anti)correlations (that is, local
non-contextual hidden variable theories) need to satisfy. Since this inequality was falsified
as (4) shows, Bell has actually proven that local non-contextual hidden variables are not an
option. That is, putting (2) and (4) together, one has:

(6) (2) & (4): [Bell’s inequality] & [Aspect]: (local) non-contextual hidden varia-
bles & crucial test results — contradiction.

Considering that the results of the crucial test, being an empirical finding, cannot be false,
this means that:

(7) non-contextual hidden variables (as needed by EPR, namely genuine properties to
explain the perfect anti-correlations) are logically impossible.

So, given that hidden variables without locality are not a viable way of explaining the per-
fect (anti)correlations, the only empirically adequate option is to have nonlocality.’

3. The Pilot-Wave Theory

To summarize the result of the previous section, Bell’s theorem shows that, assuming local-
ity, the perfect (anti)correlations can only be explained by non-contextual hidden variables;
however, non-contextual hidden variable theories have been empirically falsified by the vi-
olation of Bell’s inequality, when seen as a constraint that such theories need to obey to.
Therefore, the only other option to explain the perfect (anti)correlations is to assume that
there are nonlocal interactions.

Nonetheless, there is a hidden variable theory which is nonlocal and whose predictions
are the same as quantum theory. This theory is the pilot-wave theory.

3.1. ITS ONTOLOGY AND ITS EVOLUTION

This theory was not introduced in connection with Bell’s inequality (the other way around
was actually the case: Bell started from this theory to derive its inequality). Rather, the pi-
lot-wave theory has been around since 1923, at least in some versions of it. It was pro-
posed initially by de Broglie to explain quantum features without using notions such as the
wave-particle duality and taken up independently by Bohm in 1952 with the purpose of
explaining the quantum phenomena without mysteries and paradoxes. In fact, quantum
mechanics as seen in physics books is notoriously difficult to take seriously from a scien-
tific realist perspective, as it does not provide a clear picture of the world beyond the phe-

> Notice that, as suggested by Bricmont ez al. (2022), the so-called no-go theorems (Gleason 1957,

Kochen Specker 1967, etc.) prove the same thing stated in “(6): [Bell’s inequality] & [Aspect]”,
namely that (local) non-contextual hidden variables are impossible. All these theorems provide ex-
amples of measurements for which the (local) non-contextual hidden variable theories need to obey a
given constraint which cannot be logically satisfied. Also, von Neumann (1955) proposed the first of
these impossibility theorems, but his proof was invalid, as his example involved a set of non-commut-
ing operators, which cannot be measured at the same time, so there are no measurements associated
with them.
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nomena. Several alternative, more realist friendly, quantum theories have been proposed,
among which the pilot-wave theory, the spontancous localization theory, and the many-
worlds theory. Among these, the most traditional, namely the closest to our pre-quantum
understanding, is the pilot-wave theory.® It is a theory of microscopic point-particles which
can be understood as compositing macroscopic objects, just like in the classical case. How-
ever, contrary to classical mechanics, the ‘quantum’ particles evolve in time according to an
equation which constrains their velocities, rather than their acceleration. That is, in classi-
cal mechanics the evolution of a particle of position x is given by Newton’s equation:

L et

—x
dr* m

where, with obvious notations, # represents time, 72 the particle’s mass, and 7" the potential,
describing the interaction of the particles with one another. Instead, in the pilot-wave the-
ory the particle motion is given by the following equation:

4 )=S0 0),
dr m

where # is the Planck constant divided by 27, and S is a suitable function which describes the
interaction. In virtue of obeying a different equation, the trajectories of the particles in the
pilot-wave theory are highly non-classical.” Accordingly, this equation specifies what matter
does, just like Newton’s equation did classically. Newton’s equation used the potential to de-
scribe the interaction, such that the gradient of the potential is the force. Instead in this case
the situation is less straightforward. The function S is the phase of another function

Y(x,2)=R(x,2)e™".

This Y function in turns evolves in time according to an equation which involves the po-
tentials:

g
%I/J(x,t) =_2h_m% (x,2)+V P (x,2).

This function is the wavefunction of standard quantum theory, which evolves according
to the Schrodinger equation. The wavefunction may be seen as a wave oscillating in space,
like electromagnetic waves, for single-particle systems. However, for a system of IV particles,
this is no longer possible because it is a function of all the particles’ positions:

1/)=1/}(x1,x2,...,xN,t).

6

For a short review of this theory, see Allori and Zanghi (2004).

7 Interesting examples of particle trajectories in the pilot-wave theory can be found in Norsen (2016).
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That is, the wavefunction is a field in the space of the particles’ configurations. This is
the sense in which the wavefunction has no classical analog. Otherwise, it has been ar-
gued by the so-called primitive ontologists that the wavefunction in the pilot-wave the-
ory has essentially the same role the potential had in classical mechanics (see, e.g., Allori
2013).

If so, the equation of motion for the particles is to be regarded as the fundamental
equation of the pilot-wave theory: particles are what matter is made of in this theory.
The Schrédinger equation and the wavefunction instead are needed to complete the
particles dynamics, but they are not to be understood as describing the behavior of the
wavefunction as part of the ontology of matter of the theory. Instead, it is very common
to present the pilot-wave theory as a theory of particles and waves, with two fundamen-
tal equations of motion. However, this is highly misleading from the point of view of
the primitive ontology approach, as this suggests that the wavefunction is a physical ob-
ject in addition to the particles.® In contrast, in the primitive ontology approach the
wavefunction and its evolution equation need to be specified to properly define the the-
ory, just like the law of the forces are needed to properly define classical mechanics. But
as classically potentials and forces are supposed to represent the interaction between
material object rather than the objects themselves, in this understanding the wavefunc-
tion should also be thought as having to do with the interaction rather than represent-
ing matter.

3.2. HIDDEN VARIABLES

The pilot-wave theory is a hidden variable theory: the complete description of a given phys-
ical system must include the specification of the configuration of the particles composing
the system, in addition to the wavefunction. That is, the particles positions are the hidden
variables of the pilot-wave theory, in the only sense that they are variables which need to
be specified to complete the description, and their specification is hidden, in the sense that
quantum theory alone does not specify them. Nonetheless, the name is inappropriate be-
cause it suggests that these variables are additional, somewhat secondary, to the wavefunc-
tion. However, as the discussion above is supposed to have clarified, they are the ontology
of matter of the theory, so of course they need to be specified. And in this view, quantum
theory which keeps them hidden is clearly incomplete.

Here is a very important remark. Even if, as we just saw, one can see the particles con-
figurations as hidden variables, they are not the ones which EPR were thinking of. In the
reading of Bricmont ez al. (2022), EPR needed spin-along-some-direction values to be hid-
den variables, because the correlations were between these spin properties. EPR thought
that the eigenvalues of the spin operator representing the experiment being were faithfully
representing spin properties. In the pilot-wave theory the spin values can be thought as hid-
den variables, but neither them nor the particles configuration are what explains the per-
fect (anti)correlations, as explained below.

8 Presumably this is what people initially thought, but as we just saw the wavefunction is defined in con-

figuration space, hence making this interpretation not straightforward to maintain, as it has been ex-
tensively argued elsewhere (see e.g. Allori, 2013).
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3.3. NONLOCALITY

The pilot-wave theory is explicitly nonlocal because the wavefunction, which represents
the interaction, is a function of all the particles at the same time. Therefore, given a wave-
function entangling two particles at arbitrary distance, a change in one particle will give rise
to a change in the other particles. That is, it is the pilot-wave (PW) theory’s nonlocality
which explains why the experimental results for the two particles are perfectly (anti)corre-

lated:
(8) [PW]: perfect (anti)correlations — nonlocality.

EPR concluded that the only way of explaining these results is to assume the existence of
hidden variables revealed by the experiment and corresponding to pre-existing properties
of the measured system (non-contextual hidden variables) because they thought that non-
locality, which was the only alternative explanation, was absurd. Instead, the pilot-wave
theory does what EPR thought was unthinkable, but that Bell made necessary, namely it
explains the perfect (anti)correlation via nonlocal interaction: the particle on one side in-
stantly communicates with the particle on the other side, even if arbitrarily distant.

3.4. CONTEXTUALITY

Because of its nonlocality, the pilot-wave theory is compatible with the violation of Bell’s
inequality. Here is why. Since, as we have just seen, in the pilot-wave theory nonlocality ex-
plains the perfect (anti)correlations, the hidden variables that EPR were considering (such
as spin values) do not have to be non-contextual in the pilot-wave theory. Indeed, Bell’s in-
equality holds for non-contextual hidden variables, and the violation of Bell’s inequality
shows that such theories are impossible. So, a theory which wishes to explain the perfect
(anti)correlations, and which violates Bell’s inequality is a theory whose hidden variables
have to be contextual. This is indeed a property of the pilot-wave theory: in this theory all
the hidden variables that EPR wanted to add to explain the perfect (anti)correlations, such
as spin properties, are contextual. In other words, as we have seen earlier that:

(7) non-contextual hidden variables (as needed by EPR, namely genuine properties to
explain the perfect anti-correlations) are logically impossible.

This, in turn, means:

(9) Hidden variables (as needed by EPR) are contextual.

3.5. NAIVE REALISM ABOUT OPERATORS

Having contextual properties may sound terrible. Nonetheless, upon reflection this is not
necessarily the case. In fact, the contextuality of these properties only means that an experi-
ment does not faithfully reveal the value of the property of the system before it is measured.
That is, experiments are not really measurements. Classically we think of measurements
as physical processes in which there is minimal change in the system. That is, the appara-
tus does not interact with the system to change it very much. For instance, when I measure
my body temperature with a thermometer, the temperature I read is not the temperature of
my body before I used the thermometer. Rather, it is the weighed mean between the tem-
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perature of the thermometer and my own temperature before the thermometer was used.
Nonetheless, the material the thermometer is made of has been suitably chosen so that the
mean temperature is close enough to my own temperature, ensuring that the instrument is
able to faithfully reveal what it was before I put the thermometer in.

Instead, in the pilot-wave theory, what we usually call measurements are (almost) never
such. All ‘measurements’ are more generally experiments, namely physical processes affect-
ing the system, modifying it in such a way that the values we obtain from them do not nec-
essarily reveal pre-existing properties. Spin experiments, namely experiments described by
the spin operator, whose possible values are the spin eigenvalues, do not measure spin. Spin
is simply what captures the way in which the system reacts in that particular experimen-
tal situation. It describes the interaction, just like the wavefunction does. In a spin meas-
urement, since theory is deterministic, given the initial condition the result will be deter-
mined too. Nonetheless, one can see that the result is contextual, as there can be two spin
measurements which yield to different results. In fact, consider a spin % particle with a
wavefunction given by the superposition of two spins along direction z. Let it go through a
Stern-Gerlach magnet with a magnetic field along z. Assuming that the spatial part of the
wavefunction is symmetric, as a property of the dynamics, particles cannot cross the middle
line z = 0. Assuming then that the particle starts above z = 0, it will go up, providing the
result which we would label z-spin up. However, still assuming particles start from above
z = 0, but now flipping the orientation of the magnetic field one would obtain opposite re-
sults: the particle would go down, and we would label such results z-spin down. Nonethe-
less, we do not conclude that the same particle has both z -spin up and down. Rather, we
conclude that spin is not something we are measuring in this experiment. In fact, the very
same particle will behave differently, and thus will provide different results, because these
results are the product of the system-apparatus interaction, rather than representing some-
thing about the system in itself (Albert, 1992). So, in this theory operators are not observ-
ables; they do not measure any pre-existing property. Rather, they only effectively systema-
tize the experimental statistics (Daumner ez al., 1996; Diirr, Goldstein and Zanghi, 2004).

3.6. POSITION MEASUREMENTS

There is only one property which one can faithfully measure in the pilot-wave theory:
where particles are located. That is, particles positions are the only hidden variables which
are not contextual. This is because they describe the ontology of matter of the theory, and
since the pilot-wave theory is deterministic, the result of any experiment is determined be-
forechand by the configuration (and the wavefunction) of the system.

Notice that even if it true that in the example above we were not measuring spin, we
were still measuring the position of the particle at the beginning of the experiment. Assume
we have a positive-directed magnetic field along z, then if we observe a click above z = 0,
then we will know the particle was originally located above z = 0. If it goes down, it was
below z = 0. That is, one can measure the particle’s initial position faithfully: it is the only
non-contextual hidden variable of the pilot-wave theory. As anticipated, this is not prob-
lematical, as these hidden variables are not used to explain the perfect (anti)correlations (as
instead EPR wanted), as nonlocality does it for us. Indeed, the contextuality of these vari-
ables is needed to make this theory compatible with the violation of Bell’s inequality, as al-
ready observed.
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3.7. TESTABILITY

At this point, one may think that the pilot-wave theory may make empirical discoveries im-
possible. In fact, one may entertain the following reasoning. We perform experiments be-
cause we want to discover properties of the system. When we make measurements, we as-
sume that we measure a property as it was before the experiment. Now in the pilot-wave
theory this is no longer the case: every time we act on the system, this action cannot be ne-
glected, and the result will likely not reflect something about the system as it was before we
acted. So how can we possibly learn something about the world if in the moment we try to
measure something we are unsuccessful because we massively change the system by simply
doing experiments on it?

Luckily the situation is not as bleak. In fact, in the pilot-wave theory all measurements
are position measurements: operators effectively describe the statistics of experimental
data, which are ultimately position detections. This was clear from the spin example: we are
not measuring spin, but we learn about the initial position of the system. That is, one can
explain all experimental results in terms of where the particles are located. So, ultimately,
we test the pilot-wave theory by testing the results of position measurements.

3.8. THE ROLE OF POSITIONS

As we just seen, particle configurations thought as hidden variables are of no use for ex-
plaining the perfect (anti)correlations in EPR-style experiments, even if they are non-con-
textual: nonlocality explains them for us. Nonetheless, one needs at least one non-contex-
tual hidden variable to make the theory testable: being able to know the position of particles
can give us information about the system. In this regard, it has been argued that one would
need at least one spatiotemporal variable to have a theory in which one could use tech-
niques of constructive explanation (see Allori, 2013). If that is the case, for the pilot-wave
theory particles positions would play this role.

4. A Local Alternative: Superdeterminism

Some have argued that Bell’s nonlocality result is unacceptable and have tried to get around
it. One possibility which has recently received attention is to reject a hidden assumption
called statistical independence. Hidden variable theories which assume that statistical in-
dependence is false can be compatible with the violation of Bell’s inequality without being
nonlocal.

4.1. BELL’S NONLOCALITY CONCLUSION WITHOUT EPR

I am going to start this section by presenting a different way of arriving to the same non-
locality conclusion which does not explicitly rely on the EPR argument, and in which an-
other assumption, namely statistical independence, is more obviously stated (Bell, 1967).
Consider a hidden variable theory in which the description provided by the wavefunc-
tion is supplemented by some hidden variable A. Consider a repeated set of experiments
on pairs of subsystems which have previously interacted, and which are now space-like
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separated. Assume measurements O, and 0., with outcomes 4, and 4,, are chosen, with
observed probability distribution Pocl,ocz(Al’ A,) Also, assume local causality. That is, as-
sume that whatever may affect one subsystem after it gets separated by the other one
does not have anything to do with what might affect the second subsystem. That means
that the connection between the two subsystems entirely depends on A which is available
to both subsystems, so that whatever generates the outcome A, out of o, and A is inde-
pendent on whatever generates the outcome A, out of o, and A. In formulas, the proba-
bility distributions of the outcomes, given the experimental setups and the hidden varia-
bles, factorizes:

P, (4, AD)=P, (4]0P, (4.

01,00 oy

The observed probability distribution is then obtained by integrating over

A: P, (4),4,)=[P,  (4,4|1)dP(R),

where dP(A), the distribution of the possible hidden variables, is assumed not to depend on
the choice of the experimental setups o, and o, This is the assumption called szatistical in-
dependence. It states that what determines the experimental outcome, namely the hidden
variable A, does not depend on what experiments will be chosen to be performed. From
these assumptions, namely locality and statistical independence, the so-called CHSH-Bell
inequality follows,” which can be experimentally tested, and proves the same conclusion of
nonlocality."

4.2. STATISTICAL INDEPENDENCE AND SUPERDETERMINISM

As mentioned above, one may get around the nonlocality conclusion of Bell’s theorem by
rejecting statistical independence. Accordingly, some authors consider a special type of hid-
den variable theories in which not only there are properties revealed by experiments, but
also these properties are ‘superdetermined’ as to preserve locality. That is, these theories re-
produce the observations assuming there are hidden variables, namely properties not speci-
fied by quantum theory, and they are also, in contrast with other hidden variables theories,
empirically equivalent to quantum theory. The nonlocality conclusion was established by
pointing out how assuming locality and hidden variables, the theory had to have predic-
tions which differed from the ones of quantum theory. Instead in this case, Bell’s inequality
does not hold because statistical independence is false, so that one does not have to reject
locality. Theories using this strategy are difficult to construct (for the reasons explained be-
low) but models have been proposed.!!

? The name comes from John F. Clauser, Michael A. Horne, Abner Shimony, and Richard A. Holt
(1969).

10 For more on Bell’s theorem, see Goldstein ez /. (2011).

1" See, most notably, t Hooft (2016, 2020), Hossenfelder and Palmer (2020), Ciepiclewski ez 4/, (2020).
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4.3. FREE WILL?

What does it mean to violate statistical independence, does it help, and is it worth it? As
anticipated, the hypothesis of statistical independence is the assumption that the experi-
mental values are independent of the choice of what one measures. Sometimes this assump-
tion is referred to as the ‘free will’ assumption, because one could express it by saying that
the experimenter is free to choose what to measure. This connection is essentially due to
the way Bell himself talked about superdeterminsm, which however contributed to much
confusion:

There is a way to escape the inference of superluminal speeds and spooky action at a distance.
But it involves absolute determinism in the universe, the complete absence of free will. Suppose
the world is superdeterministic, with not just inanimate nature running on behind-the-scenes
clockwork, but with our behavior, including our belief that we are free to choose to do one experi-
ment rather than another, absolutely predetermined, including the ‘decision’ by the experimenter
to carry out one set of measurements rather than another, the difficulty disappears.'?

As emphasized by Bass and Le Bihan (2021), since there are different ways of making free
will and determinism compatible, then there seems little reason to believe that such strat-
egies would not work in superdeterminism. More generally, one can see that the issue of
free will is of no importance in these matters by observing that to define what statistical in-
dependence is one needs no human beings. In fact, while it is the case that usually humans
select the experimental settings, these could well be chosen by some sort of automatic ran-
dom generator. If that is the case, then no genuine choice is involved or needed to define
the hypothesis of statistical independence.

4.4, COSMIC CONSPIRACY AND FINE TUNING

Instead, statistical independence has a lot more to do with random sampling and induc-
tion, as well as with conspiracies and fine tuning, than with free will, as we are going to see
next. Notice that superdeterministic theories require two things. First, that statistical inde-
pendence is violated: there has to be a dependency between the values of the experimental
results and which experiment has been chosen to be performed. However, one also needs
statistical independence to be violated in a very specific way, namely in such a way as to vio-
late Bell’s inequality, even if as a hidden variable theory, it should not. To give an example,
suppose I am doing experiments on Fuji apples, of which I can measure color and shape.
Then, if statistical independence were false, the results for a sample of Fuji apples on which
I have measured their color would not be determined by the color the apples actually have.
Rather, they would be determined by my decision to measure color rather than shape. That
means that a hidden variable theory violating statistical independence is such that experi-
ments on the samples produces some data (compatible with Aspect’s results) not because
these data tell us something about the property of the system, but rather because the cho-
sen sample is so extremely special as to reproduce the data without any nonlocality.

12 Bell in a BBC interview, reproduced by Davis and Brown (1993). See also e.g. Conway and Kochen
(2006).
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The fact that the sample is very special seems to require some sort of cosmic conspir-
acy. In fact, by definition of hidden variable theory, a given system of a given type has a
given set of properties, e.g., a pair of particles with spin have spin properties along any di-
rection. Nonetheless, when I perform measurements on a sample of these pairs to investi-
gate the theory, the results will display another distribution, which ‘magically’ makes the
theory agree with the data.

Similarly, superdeterminism has been criticized on the basis that it requires fine-tun-
ing, given that one could interpret superdeterminism as requiring experimental samples
that seem designed to reproduce the data without being representative of the system under
examination (Baas and Le Bihan, 2021). There is also a formal result establishing that sta-
tistical independence holds for typical initial conditions, so that superdeterminism can suc-
ceed only resorting to fine-tuned initial conditions (Diirr and Teufel, 2009).

45. UNLAWFULNESS

Notice that, if what we have said in the previous subsection is correct, superdeterminism
has to ‘fine-tune’ the samples for all experiments, all the time, always. This is what makes a
superdeterministic theory very hard to construct: every piece of the gigantic puzzle —argu-
ably, the whole universe in space-time— needs to perfectly fit. This is of course the reason
for the name ‘superdeterminism.” Because of this, it has been argued that such a complete
proposal would have to also be extremely complex, in such a way that they would not look
lawlike.?

Relatedly, one could argue that superdeteminism does not support counterfactuals:
‘had I done a different experiment, the results would have been different’ is false. That is,
if statistical independence were false, then testing a sample of Fuji apples and finding them
to be red would be due to my choice of measuring their color, rather than their shape. Had
I chosen to measure their shape I would not have gotten red for the very same apples. Be-
cause of this, one could therefore argue that superdeterminsim does not support laws of na-
ture as we understand them.

4.6. NO RANDOM SAMPLING, NO STATISTICAL GENERALIZATIONS AND
UNINFORMATIVENESS

Be that as it may, I think that the most devastating objection against superdeterminism is
that it is ultimately unscientific, if one defines as scientific a theory which is testable, con-
firmable or falsifiable.

Going back to the discussion in the previous sections, as discussed by Chen (2021), to
say that statistical independence is violated is to say that the sample being tested is not repre-
sentative. If the sample of Fuji apples were representative of Fuji apples in general, then my
finding the apples in the sample to be red would tell me about the color of Fuji apples. But
to say that a sample is representative means that there are some properties the Fuji apples in
general have, say, being red, which I am revealing through measurements on the sample. In-

13" As emphasized by Chen (2021) the theory proposed by Ciepieswky et 4/. (2020), while not having this
exact problem, still has a related problem, as it requires a radical ontology.
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stead, if statistical independence is false, then my finding red apples in the sample depends
on my choice of measuring color, as opposed to some other property, and not on the apples
actually being red. Thus, properties of the sample do not faithfully represent the properties
of Fuji apples in general. But if the sample is not representative, by definition one could not
infer anything about Fuji apples from the observation of the sample. This in turn means
that inductive generalization, which is used all the time in science to gather information
about unobserved systems though observed ones, with this type of theories cannot be used.

To put it in another way, statistical independence is equivalent to the hypothesis of
random sampling, which is a necessary condition for a successful scientific investigation.
When we perform repeated experiments on identically prepared systems to get informa-
tion about that type of system, we assume that the measured random sample is represent-
ative of that type of system, measured or not. Suppose, for instance, that I wish to test
the hypothesis that 75% of Fuji apples is completely red. I do not test individually all the
Fuji apples. Rather, I randomly select a sample of Fuji apples and I test them. If the sam-
ple is suitably large and varied, I can use the principle of induction and infer that what I
have found testing the sample is true also for all the Fuji apples, tested or not. If 75% of the
tested Fuji apples is completely red, then I infer that this is true also for all Fuji apples, not
only tested ones. In other words, I assume that I can choose a random sample of the type
of system under investigation, so that what is found about that sample is also true for every
system of that type. This assumption, namely that a random sample is a representative
sample, is equivalent to the hypothesis of statistical independence, as it is the assumption
that one can choose the test sample independently of many things, including what is cho-
sen to be measured. An assumption of this sort is needed for scientific theorizing, because
we need to be able to make statistical indictive inferences from the observed to the unob-
served. So, arguably, if statistical independence were false, our samples would not be ran-
dom, and as a consequence we would not be able to infer much about the unobserved sys-
tems from them: much of empirical science would therefore collapse (Shimony ez al., 1976;
Goldstein et al., 2011; Maudlin, 2019; Chen, 2021).

To sum up, therefore, in a superdeterministic world testing is completely uninform-
ative, since one is never warranted to use induction to gather information from the ob-
served about the unobserved. It rejects induction, we cannot know anything about systems
of a given type by measuring a sample of systems of that type. So, we have no possibility of
learning anything, and, as emphasized by Chen (2021), further justifying statistical inde-
pendence seems just tantamount as trying to find a solution to the problem of induction.

4.7. EMPIRICAL INCOHERENCE AND UNFALSIFIABILITY

Relatedly, as emphasized by Baas and Le Bihan (2021), if statistical independence were
false, the corresponding theory would suffer from the problem of empirical incoherence
(Barrett 1996). A theory is said to be empirically incoherent if its truth undermines our
reasons to believe in it. A result confirming our theory will arguably give us more reasons
to believe in it, while a falsification will give us reason to reject it. Thus, a theory which
cannot be confirmed or falsified will be empirically incoherent, and as such it would un-
dermine itself.

To confirm or to falsify a theory, one checks whether what the theory predicts is actu-
ally observed, and this is never possible for superdeterministic theories. In fact, for instance,
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the theory predicts that there are spin properties associated to any direction. A confirma-
tion or a falsification of the theory would require that I can make a measurement to detect
these properties to check whether they correspond or not with what the theory has pre-
dicted for them. Nonetheless, when I perform these experiments, their results do not reveal
the pre-existing properties of the system (in which case confirmation or falsification would
be possible). Rather, the values are what is needed to prevent locality to be violated."* We
have already seen that superdeterministic theories are completely uninformative: they do
not allow us to learn anything about the unobserved systems from observing some of them.
Consequently, they are unfalsifiable and unconfirmable. Because of that, they seem hardly
science to me.

4.8. CONTEXTUALITY

The previous sections have discussed, perhaps with a different emphasis, material which
has already been presented in the literature. Nonetheless, I think another feature of su-
perdeterministic theories which I think deserves further analysis, namely the fact that as-
suming statistical independence to be false makes sense only if experiments reveal no genuine
properties. In fact, as we have seen previously, one generally assumes that the sample being
measured is representative of systems of that type. That means that there are properties of
the samples which are shared also by all systems of that type, but also that such properties
are revealed by the measurement. As we have said, measuring red apples assumes that red-
ness is a property of Fuji apples which my measurement on the sample faithfully reveals.
However, if statistical independence is violated, as we have repeated many times, my find-
ing a red apple in the sample does not depend on the apple actually being red but on my
choice of measuring color rather than, say, shape. So, the measurement result does not re-
veal a property of the apple, but rather something about the type of measurement which
was performed. In other words, that means that any theory violating statistical independ-
ence, in particular superdeterministic theories, are contextual: experimental results depend
on the type of experiment being performed rather than on the actual pre-existing value of
the property being measured.

Another way of seeing this is the following. In general, assuming the violation of sta-
tistical independence is unwarranted: there is no reason why the choice of the experi-
ment to be performed should influence the values that I observe as experimental result.
One can explain the violation of statistical independence is to assume the existence of a
correlation between the experimental outcomes and the type of experiment being chosen
to be performed, when the experiments which are performed are not genuinely measur-
ing anything about the system. That is, one can explain the violation of statistical inde-

4 Hossenfelder and Palmer (2020) have replied that the examples above are connected with macroscopic
objects, while superdeterministic theories require a violation of statistical independence at the micro-
scopic level, implicitly suggesting that the effects of such a violation would be macroscopic ‘washed
away’ by phenomena such as decoherence, so that we could use statistical independence for all practical
purposes at the macroscopic level, even if it does not hold microscopically. Nonetheless, this reply does
not address the issue of being able to make empirical sense of a microscopic theory that violates statisti-
cal independence (Chen, 2021), and no reason is provided to support that decoherence actually acts as

needed.
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pendence by assuming that experimental results are contextual. For instance, consider a
set of identically prepared unmoving particles, and imagine I wish to measure their posi-
tion. To measure where they are I need to see them, so I hit them with photons. This op-
eration might change where they are if the photon which I use have enough momentum
to move them. That is, my acting on them in order to measure their position will give
me a result which does not reflect their position before the experiment. In other words,
my measurement was not faithful: the observed value does not represent the pre-exist-
ing value of the property of the system. Rather, it tells a story about how the system (the
particles) has interacted with the apparatus (the photons). Instead, if one thinks that ex-
perimental results faithfully reveal the values of pre-existing properties, a violation of sta-
tistical independence is absurd. In fact, assuming that there is a set of these properties
and that they can be faithfully measured (i.c., measurements reveal the pre-existing val-
ues of these properties), violating statistical independence would mean that the choice
to measure property 1, rather than 2, determines what measurement results one is go-
ing to get as values for property 1. That is, assume I am about to make measurements on
Fuji apples, and assume that I can measure their color or their shape. Then, if measure-
ments reveal these properties and I chose to measure color, then the violation of statisti-
cal independence says that the color I discover depends on the fact that I have decided to
measure color, rather than shape. But this contradicts the assumption that these proper-
ties can be faithfully measured: the results for property 1 should depend only on the ac-
tual values the system has for property 1, rather than anything else, including what I hap-
pened to choose to measure. In the apple example, the ‘red’ result should only depend on
the redness of the apple, not on the fact that I have decided to investigate what color it
is instead of what shape it has. This is because I take redness to be a property of the ap-
ple that experiments can reveal. So, one cannot violate statistical independence if there are
genuine properties whose values are faithfully revealed by the measurement. That is, theo-
ries which violate statistical independence, and in particular superdeterministic theories,
have to be contextual, in the sense that experiments never have the possibility of reveal-
ing anything about the system." This, as a side remark, makes the role of experiments in
superdeterministic theories rather mysterious: if they reveal nothing about the system,
why one would perform them to start with?

S. Comparison

The last remark above, namely that superdeterministic hidden variable theories have to be
contextual, allows us to draw a close comparison with the pilot-wave theory: both the pi-
lot-wave theory and superdeterministic hidden variable theories are contextual; but while

15 A reviewer of this paper has claimed that the Ciepielewski ez 4/. (2020) model is a counterexample of
my argument that all superdeterministic models are contextual because its matter density ontology has
the same role of the position in the pilot-wave theory and thus it is non-contextual. This does not seem
to be the case because the matter density field is not measurable, in virtue of being a function of the
wavefunction, as proven in Diirr ef al. (2003). If so, the matter density field cannot represent a genuine
property. In any case, I agree that the Ciepielewski ez 2. model is an interesting case study and should
be further explored by those interested in superdeterministic theories.
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in the pilot-wave theory what explains the perfect correlations is nonlocality, in superdeter-
ministic theories it is the falsity of statistical independence.

5.1. CONTEXTUALITY

Even if they have both contextual, the contextuality in each theory is very different. In su-
perdeterministic theories, unlike in the case of the pilot-wave theory, there is no explana-
tion of the contextuality of the hidden variables. In the pilot-wave theory the contextuality
of the properties is understood by saying that experiments have an active role: they change
the system in a substantive way. That is, one has contextual properties because experiments
are not measurements but active physical processes. By analyzing what happens physically
in the experiment we can predict what this result could be, and in turn explain this con-
textuality. In superdeterminism contextuality does not come as a result of understating ex-
periments like we just sketched in the pilot-wave framework. There is no analysis of what
happens in these experiments at all. The only thing that we should expect is that the results
will be contextual because this is what superdeterminism is designed to do. Contextuality
comes from the desire to reproduce the data, not from an analysis of what an experimental
apparatus does to the system. Namely, the system-apparatus interaction will explain the ob-
served report. Therefore, superdeterministic contextuality is ad hoc.

5.2. TESTABILITY

As we have seen previously, the pilot-wave theory can give us information about unmeas-
ured systems and can be tested because among all the contextual variables, there is one,
namely position, which is not contextual. This non-contextual variable is the one which al-
lows us to understand what experiments are telling us: they do not measure properties like
spin, as EPR thought, but they measure where the particle was. Given that, we can test the
theory by checking its prediction about where the particle is supposed to evolve to, with
what it was experimentally found. In contrast, superdeterministic theories are neither in-
formative nor testable because of their universal contextuality: there is no single non-con-
textual variable which can allow us to go from the information about the observed to the
one about the unobserved. Thus, there is nothing in the measurement results that tells us
anything about the system, so we cannot learn anything from experiments, and we cannot
confirm or falsify the theory. This should be not very surprising, as superdeterministic are
designed to violate statistical independence and hence random sampling, as discussed in
section 4.

5.3. LOCALITY FOR WHAT?

The bottom line therefore is that the choice between the pilot-wave theory and a superde-
terministic theory is respectively between a theory which violates locality and one which
violates statistical independence. The costs of nonlocality are the following: it is a mystery
how the interaction can be instantaneous, and it is unclear whether systems can be thought
as isolated if nonlocality is true (even if arguably decoherence can give an answer to that).
The costs of superdeterminism are instead that it leads to conspiratorial, fine-tuned the-
ories in which we cannot use induction, making the theory uninformative and untesta-
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ble. Superdeterminists want to argue that these costs are worth keeping locality because we
need locality to make quantum theory and relativity compatible. Even so, it is unclear how
a local theory such as a superdeterminist theory can help in making any theory compatible
with any other, given that what superdeterminism requires is the rejection of inductive rea-
soning. So, if superdeterministic theories have a problem of making sense of any scientific
theory, it is very dubious that they can provide any insight into making quantum theory
compatible with relativity.

To conclude, I think that superdeterminsm looks like an instance of the Quine-Du-
hem thesis: you can always reject something to save what you want. So, if you want to save
locality, there is always a way. All theories are underdetermined in this way. Nonetheless, I
argue, one can break the underdetermination using sensible criteria, with a clear victory of
the pilot-wave theory. In fact, the pilot-wave theory is a theory which is similar to past the-
ories: as in classical mechanics, macroscopic objects are made of microscopic particles and
their interaction is nonlocal; the only main difference is that such nonlocality is not atten-
uated by distance. Therefore, it requires a minimal change from previous theories, it is co-
herent with previous ways of understanding and explaining the phenomena, reductively
and compositionally, it is simple enough, it is not convoluted, it is lawful, as well as testable.
Instead, I have argued here that superdeterminism fails all these criteria: it requires a large
departure from the way we understood explanation, confirmation, falsification and theory
testing, it is complex, unlawful, fine-tuned.

6. Conclusions

Let’s grant that Bell’s theorem has proven that reality is nonlocal. One theory which re-
spects this theorem is the pilot-wave theory, a hidden variable theory which is explicitly
nonlocal. In this theory position is the only genuine property and in general experiments
do not measure something other than the system-apparatus interaction. That is, opera-
tors represent contextual properties, which are not genuine natural properties. Some have
tried to resist the nonlocality conclusion by rejecting the hypothesis of statistical independ-
ence: all experimental results are determined by the type of experiment we wanted to make.
These superdeterministic hidden variable theories would then be local, but they would be
such that making experiments on a sample will not give us information about the type of
system under investigation. I have shown that this makes superdeterministic theories un-
informative, unfalsifiable, and unconfirmable. Moreover, rejecting statistical independ-
ence makes sense only assuming that all hidden variables are contextual: they are not genu-
ine properties which can be revealed by measurements. Nonetheless, even if the pilot-wave
theory and superdeterminist theories are both contextual, their similarities end there. And
while there is a reason for the contextuality of the pilot-wave theory, no such reason exists
in superdeterministic theories, whose contextuality is therefore mysterious and ad hoc. It
has been argued that retaining locality would be a desideratum for making quantum me-
chanics and relativity compatible. However, since locality has to come together with super-
determinism, it is not going to help with much at all. Therefore, I believe that there are no
valid reasons to endorse superdeterminism.
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