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Abstract. This chapter first contrasts the classical worldview (deterministic, reductionist, and
mechanistic) with that of quantum theory (indeterministic, contextual, and holistic). The
working hypothesis is that quantum features may help explain aspects of consciousness that
classical neuroscience struggles with. The chapter then reviews several major quantum
interpretations and their connection to consciousness. First, the Copenhagen interpretation and
QBism, which hold that the wave function represents knowledge or subjective beliefs, not
objective reality. Second, Wigner’s view that consciousness is required to collapse the wave
function, turning superpositions into definite outcomes. Third, the reverse idea by Penrose and
Hameroff that collapse constitutes consciousness, in that objective gravitational collapse of
guantum states (Orch OR) in neural microtubules underlies conscious moments. Fourth, the
pilot wave interpretation, in which no collapse is needed; instead, in Bohm’s version, ‘active
information’ in pilot waves guides particles and provides the intrinsically mental ground from
which consciousness may emerge. And fifth, Everett’s many-worlds interpretation, according to
which no collapse is needed and the world divides into branches at the macroscopic level in
measurement-like situations; here, some researchers have linked conscious experience to
superposition formation. The chapter concludes by briefly considering some related
applications of quantum theory, such as quantum biology and quantum cognition.

Key words: active information, collapse of the wave function, interpretations of quantum
theory, many worlds, Orch OR, pilot wave theory, superposition

Key points:

e Quantum theory has changed how physicists think about the physical world, leading them to
qguestion the classical, mechanistic view inherited from Newton and Maxwell. That classical view
sees the world as a deterministic machine made of basic particles and fields whose behavior is
fixed by laws and unaffected by context. From this perspective, the brain is just another
machine (like a computer). This creates two major philosophical problems: the ‘hard problem’
of how a mechanical brain could produce subjective conscious experience, and the traditional
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problem of free will, which asks how genuine spontaneity could exist if the mind is just the
deterministic operation of the brain.

e Quantum theory fundamentally challenges the mechanistic view. It emphazises
indeterminism—individual quantum events cannot be predicted, only the statistical patterns of
many events. This unpredictability relates to the uncertainty principle, which fundamentally
limits what can currently be known and perhaps even what can exist. Moreover, a quantum
object's behavior (wave-like or particle-like) depends on the experimental context. Finally,
entangled objects show instantaneous influences across distances, and many-body quantum
states cannot be reduced to the behaviour of the parts, suggesting that organic wholeness is
primary. Together, these features imply that the physical world has fundamentally
indeterministic, contextual, and holistic features. Many physicists have suggested that these are
strikingly similar to the features we find in mental processes and subjective conscious
experience, and which are puzzling in relation to the mechanistic world-view of classical physics
and cognitive neuroscience.

* The relevance of quantum theory to consciousness is worth considering, even though
guantum effects are typically microscopic while mental phenomena seem to be correlated to
macroscopic neural activity. Since mechanistic neural explanations struggle with the hard
problem of consciousness—explaining subjective experience—and the brain is made of
guantum objects, investigating whether quantum concepts could help is a valid research
question. Current advances in fields like quantum biology, quantum computing and quantum
cognition further increase the plausibility of - even if they do not prove - the idea that quantum
effects might play some non-trivial role in the physical processes underlying cognition and
consciousness.

e However: a key difficulty in using quantum theory to explain consciousness is that there is no
consensus on what quantum theory actually means. Multiple interpretations exist, each
implying different views about the nature of quantum reality and as a consequence, about the
mind-matter relation and consciousness.

Introduction

Quantum theory has radically changed our view of the physical world, and thus those who are
familiar with quantum theory - and ‘bitten by the quantum bug’ - often approach questions
about the place of consciousness or mind in the physical world differently from their colleagues
who either do not consider physics at all or implicitly presuppose the mechanistic classical
world view of Newtonian and Maxwellian physics (Penrose 1989). According to the mechanistic
view the physical world divides neatly into some basic elements (particles and fields) whose
intrinsic nature is not influenced by their context. The behavior of these elements is governed
by strictly deterministic laws. The elements interact mechanically, either via direct push and pull
or via forces which diminish with distance. The physical world is a machine, and the brainis a
machine among others — often thought of as a sophisticated computer. The ‘hard problem’ of



consciousness is then to understand how on earth could such a mechanical physical machine
give rise to living subjective conscious experience. Further, the problem of free will is often
expressed by asking how genuine spontaneity and free will could be possible, if the human
mind is reducible to the deterministic operations of the brain.

Quantum theory challenges the mechanistic view in a fundamental way. First of all,
indeterminism appears to be a fundamental feature of the behavior of individual objects at the
guantum domain. In a typical quantum experiment, even if we prepare individual systems in
the same way, we cannot predict what an individual object will do. We can only predict
accurately the patterns that a large number of objects gradually produces, as individual objects
gradually, one by one, create localized ‘spots’ on our measuring devices (such as a photographic
plate). Our inability to predict is typically thought to be due to not merely the limited quality of
our measuring instruments, but rather due to a fundamental ‘uncertainty principle” which
makes it in principle impossible to obtain the information that would be required for prediction
(i.e., position and momentum of a particle at a given time). This epistemic situation is often
given an ontological interpretation: it is assumed that a quantum object, such as an electron
does not even have simultaneously a well-defined position and momentum. Or, as Niels Bohr
would say, it is meaningless to talk about momentum in an experimental situation in which
position can be accurately defined (and vice versa). It also appears that a quantum object
behaves more in a wave-like or more in a particle-like way, depending on the context. Further,
qguantum objects that have interacted in a particular way (or are ‘entangled’ with each other)
appear to show instantaneous influences between them. Measuring a quantum object here
appears to influence its entangled partner far away instantaneously, much faster than any
known force could mediate the influence (even though the exact nature of this ‘nonlocality’ is
subject to ongoing debate, see Berkowitz 2026). Even more radically, many-body quantum
states cannot be reduced to preassigned interactions of the parts, suggesting that something
akin to organic wholeness is primary (Bohm and Hiley 1993, 58-9). Assuming that quantum
theory is fundamental, these features suggest that the physical world is fundamentally
indeterministic, contextual and holistic. Nonlocal correlations even suggest that the ‘explicate
order’ of usual space and time is not fundamental, and we need to consider the possibility that
our usual world of objects, space and time constantly unfolds in a holographic fashion from a
deeper and dynamic ‘implicate order’ (Bohm 1980; Pylkkdnen 2007).

Now, one might ask, what does any of this to do with the place of consciousness and the
mind in the physical world? Surely those exotic quantum effects take place at the microscopic
level and are not relevant when we consider the relevant physical correlates of mental
phenomena, namely macroscopic neural phenomena?! But the hard problem of consciousness
(Chalmers 1996) suggests that macroscopic neural theories of consciousness have a hard time
explaining many features of consciousness, and most importantly the very existence of
conscious experience. Given that the brain consists of quantum objects with empirically

! There have been a number of criticisms of various quantum approaches to consciousness over the years. See, for
example, Grush and Churchland 1995; Tegmark 2000; De Barros and Suppes 2009; Evangelopoulos et al. 2025.
Hameroff and Penrose (2014: 66-68) take up and reply to many criticisms of their Orch OR quantum theory of
consciousness.



supported exotic properties, might it not be a valid research question to explore whether
bringing in quantum concepts might be helpful??

What does quantum theory mean?

One of the difficulties of trying to use quantum theory to explain consciousness (and the
physical processes related to consciousness) is that there is no agreement about what quantum
theory means. Instead, there are a number of different interpretations of quantum theory,
which in turn imply different ways of discussing issues such as the relation of mind and matter
and the place of consciousness in the physical universe.®> Almost everyone agrees that the
mathematical formalism of quantum theory can be used to make statistical predictions about
the results of measurements which we typically observe at the macroscopic level (‘pointer
readings’). But if we ask what the mathematical formalism corresponds to in physical reality
disagreements arise.

To get started, let us examine a well-known way of illustrating quantum theory, the so-
called double-slit experiment.* When individual quantum objects (such as electrons) are fired
one at a time through two slits onto a photographic plate, an interference pattern typical of
wave phenomena gradually forms, dot by dot. At the beginning of the experiment, the particles
appear to arrive at the plate randomly, but when enough of them arrive, the interference
pattern begins to take shape. For a physicist, an interference pattern is a signature of a wave, so
it seems that electrons have wave properties in some sense. But they also have particle
properties, because they leave as particles and arrive at the plate as particles. So, both wave
and particle properties of quantum objects are implicated in this experiment.

Since, because of the uncertainty principle, we cannot observe the motion of the
guantum object itself, but only the macroscopic reactions that a single quantum object causes
when interacting with the atoms of the photographic plate, empirical observations do not tell us
what kind of entity an electron is. If we assume that it is merely a Newtonian particle, it remains
unclear why electrons collectively form an interference pattern typical of wave motion. If, on
the other hand, we assume that an electron is merely a wave (which would explain the
interference pattern), it remains unclear why a single electron arrives at the photographic plate
as a particle (i.e., leaving a point-like mark) rather than arriving as a wave. This dilemma reflects
the famous wave-particle duality of quantum theory.

Although it was judged in the 1920s that electrons could not be thought of as mere
waves, the concept of waves and their mathematical representation, the wave function 1,
proved to be a useful tool for physicists. The wave function can be used to calculate the
probabilities of where individual electrons will arrive and to accurately predict the interference
pattern formed by many electrons. This so called Born rule is mathematically expressed as

2 For a review of quantum theories of consciousness with a focus on the historical development of quantum theory,
see Pylkkdnen 2018. See also Atmanspacher 2024.

3 Wikipedia lists 13 ‘influential interpretations’

https://en.wikipedia.org/wiki/Interpretations of quantum_mechanics. For a philosophical discussion see Maudlin
(2019).

4 A very nice visual illustration is provided by Veritasium: https://www.youtube.com/watch?v=WIyTZDHuarQ.
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P(x)=Iy(x)I?> Here the square of the absolute value of the wave function gives us the probability
of finding the particle at a given location x.

The interference pattern formed by electrons point by point is a phenomenon typical of
wave motion, and it is not surprising that such a phenomenon can be described using the
mathematics of wave motion. In other words, the statistical behavior of electrons is governed
by the mathematics of waves. However, a single electron does not form an interference pattern,
so it is not clear in what sense (if any) the wave function describes a single particle, other than
that it can be used to calculate the probability of finding a single electron at a given location.

We can now move on to discuss some key interpretations of quantum theory,
characterized in terms of how they interpret the wave function. In the discussion that follows,
please note that the terms “wave function” and “quantum state” are often used
interchangeably in the discussion about the quantum theory (cf. Maudlin 2019: 37). In this way
of talking, the term “wave function” refers not merely to a piece of mathematics, for it is also
often thought of as the physical quantum state that exists objectively in some sense. For those
who think that the physical quantum state exists, it is the physical quantum state that collapses
when they say (somewhat misleadingly) that the wave function collapses.

The wave function describes knowledge rather than the quantum object

The traditional, ‘Copenhagen’ interpretation says that the wave function describes probability
density. The square of the absolute value of this density gives us the probability of finding the
particle at a given location (P(x)=|¢/(x)[?). The wave function is thus not a description of a
guantum entity, but a tool to predict probabilistically the results of measurements which we
typically observe at the macroscopic level (‘pointer readings’). It became common to say that
the wave function describes our knowledge of the object, rather than directly the object itself.
Niels Bohr emphasized what he called the ‘wholeness of the quantum phenomenon’, thus
underlining the role of the observer. Anja Skaar Jacobsen (2026) has recently provided a
fascinating account of Bohr’s analogies between psychology and quantum measurement.®

There is a present-day radical view along similar lines, namely QBism. According to it
guantum states are radically subjective, meaning that the wave function does not describe an
objective property of the quantum entity. Instead, it is a collection of an agent's personal,
‘Bayesian’ degrees of belief about the possible consequences of their actions on the entity in
guestion. Although QBism appears to be a neo-Bohrian and anti-realist view, Chris Fuchs, a key
proponent of QBism, wishes to emphasize its distinction from these. It is not the world that is
subjective, but the wave function through which we describe our expectations of the world. The
world itself is real and capable of genuinely surprising us with new outcomes in our interactions
(see Fuchs et al. 2014).

Consciousness causes collapse

5 For a thorough discussion of the Copenhagen interpretation, including Niels Bohr’s notion of complementarity,
see also Faye 2024.



Other physicists such as Dirac and von Neumann were not happy with the instrumentalist view.
On the contrary, von Neumann went to the other extreme, saying that the wave function
provides a complete description of what he called the “quantum state”. He also developed a
precise mathematical formulation of quantum theory. As this line of approach has been very
influential historically in the quantum theory and has also been traditionally connected to
consciousness, let us have a closer look at it (following Bohm and Hiley’s (1993: 19-24) succinct
description; for an influential development within this approach, see Stapp 1993, 2001).

In guantum mechanics one typically represents each physical quantity by a Hermitean
operator which is called an observable. When this is measured by an apparatus, the system is
left into a quantum state described by a wave function which is an eigenfunction of this
observable, corresponding to a result. In general, such a measurement will alter this quantum
state in an uncontrollable and unpredictable way, in agreement with Heisenberg’s uncertainty
principle. But the alteration is not completely unpredictable, for the probability of a certain
result nis | C, 12, according to the Born rule.

Let us consider a situation where we are measuring a specific property that
has discrete outcomes (like an energy level, or spin being ‘up’ or ‘down’). Before a
measurement the initial wave function can be written as a superposition

Y = C1+ G+ CGahs+...

or

Y = YCrhy,

where 1, are eigenfunctions of the measured operator. Here C,, is the coefficient of the nth
eigenfunction in the expansion of the total wave function — it is the weight of the given
eigenfunction in the total wave function A measurement interaction yields an observable result,
with the probability of the nth outcome given by | C,, |2.

In his theory of measurement von Neumann distinguished between the quantum level
and the classical level (or between the observed system and the observer), introducing an
abstract ‘cut’ between them (von Neumann 1955, 272). While he believed these two levels exist
within one unified world, he argued that for the sake of understanding, we can treat them as
separate but interacting domains. The quantum level evolves according to the Schrédinger
equation, while the classical level is where we observe definite experimental results (‘pointer
states’).

Now, when these two levels interact, two reciprocal changes occur. At the classical level,
a specific, observable experimental result (e.g., a pointer reading) is produced with a probability
determined by the Born rule, i.e., | C,, |?. At the quantum level the physical quantum state
undergoes a ‘collapse’. It changes from its original superposition form (described by ¥ =
Y.C, Y, ) to a single, definite state (described by the eigenfunction ,,) corresponding to the
observed result. This change violates the Schrodinger equation, but von Neumann accepted this



presumably because he considered that when the system is interacting with the classical level it
need not obey the same laws as when it is isolated (Bohm and Hiley 1993: 20).°

Now, a fundamental feature of von Neumann's approach is that the location of the cut
between the quantum and classical levels is arbitrary and movable. This means that any physical
system we designate as the classical measuring device (which allegedly causes the collapse) can,
in principle, be redefined as part of the quantum system that needs to be collapsed.

The trouble is that this arbitrariness leads to an infinite regress. If we try to bring about
the collapse by using a second measuring apparatus to collapse the first, that second apparatus
can itself be included in an expanded quantum system. This forces us to introduce a third
apparatus, and so on. This chain can logically continue indefinitely, potentially including the
entire physical measuring apparatus and even the observer's brain as part of the ever-growing
quantum superposition.

Despite the theoretical possibility of this infinite chain of physical systems all existing in a
superposition, we have a direct empirical fact: we always experience a single, definite outcome.
Thus, surely a collapse must have occurred somewhere! However, due to the arbitrary nature of
the cut we have no physical criterion for where or how in the physical domain this collapse
happens.

To resolve this paradox, some theorists (not so much von Neumann, but rather Wigner
(1961)) speculated that the collapse is triggered by something outside the physical domain:
the consciousness of the observer. Since Wigner assumed that consciousness is not a physical
system that can be described by or included in the wave function, it serves as a logical terminus.
When the chain of physical systems reaches the point of conscious awareness, consciousness
itself precipitates the collapse, turning a superposition into the definite reality we experience.
As David Chalmers and Kelvin McQueen (2022: 18) express it, consciousness is ‘superposition-
resistant’ in this way of thinking.

Bohm and Hiley (1993: 24) raise two major objections to the idea that consciousness
collapses the wave function. First, in a typical laboratory setting, measurement results can be
automatically recorded by instruments (e.g., a computer) and stored for a long time before any
conscious observer looks at them. If consciousness is required for collapse, then during that
entire unexamined period, the whole physical system—including the macroscopic measuring
devices and the recorded data—would have to exist in a massive superposition of all possible
outcomes. Bohm and Hiley find this implication highly implausible, as it suggests the
macroscopic world is indeterminate until a human mind observes it.

Secondly, quantum theory is routinely applied to cosmology to describe the early
universe, long before any life, let alone human consciousness, existed. If consciousness were

® yvon Neumann (1952: 273) writes: “Now quantum mechanics describes events which occur in observed portions

of the world, so long as they do not interact with the observing portion, and does so by means of process 2
[Schrédinger evolution]. But as soon such an interaction does occur— i.e., a measurement is made—the theory
requires application of process 1 [collapse]. This duality is therefore fundamental to the theory.” Itis difficult to
interpret exactly what von Neumann said about the role of consciousness in quantum theory. For a recent
illuminating analysis, see Laudisa 2025. French (2023) presents a phenomenological analysis of observation in
guantum mechanics, drawing on Husserl’s ideas. See also Berghofer and Wiltsche (2023), who explore the parallels
between QBism and the phenomenological tradition.



necessary for collapse, it would imply that the evolution of the universe in its early stages
depended on the (non-existent) human mind to collapse its wave function. This seems absurd,
as it would make the entire history of the cosmos dependent on the later emergence of
conscious observers.

However, in their extensive 2022 article “Consciousness and the collapse of the wave
function” Chalmers and McQueen propose that the consciousness-collapse idea is worth
exploring, despite the kinds of problems raised by critics like Bohm and Hiley (see also
Pylkkdnen and Malmberg 2025). They acknowledge that a simple consciousness-collapse model
on which consciousness is entirely superposition-resistant is subject to a conclusive objection
arising from the so-called quantum Zeno effect, which would in this context imply that
consciousness could never change (2022: 25-28). This means that if we started in an
unconscious state, we could never become conscious. In their article they thus articulate a
model that is not subject to this objection, combining Tononi et al.’s integrated information
theory of consciousness (Albantakis et al. 2023) with Pearle’s (2021) continuous-collapse theory.

In the end they acknowledge that their model is not as simple or powerful as some of
the leading interpretations of quantum mechanics. But they offer it as an existence proof for a
relatively precise consciousness-collapse model which is open to empirical test.

If one such model is possible, perhaps a more powerful model along these lines could be
developed in the future? Given this, they conclude that the research program of consciousness-
collapse models is worth exploring.

Collapse constitutes consciousness

If one is not happy with the idea that consciousness is required to bring about collapse of the
wave function, the obvious alternative is to look for some genuine physical process which does
the job in suitable circumstances. This kind of model was first sketched by Bohm and Bub and
was later developed into more concrete proposals by Pearle; Ghiraldi, Rimini, and Weber; and
Penrose (for a review with references, see Ghirardi and Bassi 2024). These ‘objective collapse’
theories typically aim to explain how definite outcomes emerge without needing a conscious
observer to cause the collapse.

However, Penrose’s version of objective collapse (or ‘objective reduction’, OR, as he
prefers to call it) is connected to consciousness in an ingenious way. It is not that consciousness
collapses the wave function but rather a certain kind of collapse of the wave function underlies
or constitutes conscious understanding. This model has been championed by Penrose and the
anesthesiologist Stuart Hameroff (see Penrose 1989, 1994; Hameroff and Penrose 2014).

The idea originated with Penrose's argument, based on Gddel's theorem, that human
conscious mathematical understanding is a non-algorithmic process that cannot be replicated
by algorithmic processes. Seeking a physical basis for this in the brain, he proposed that a
specific type of quantum state reduction or collapse, brought about by the effects of gravity,
could be the answer.

According to Penrose’s view (which similar to that of Lajos Didsi), any quantum collapse
— whereby the quantum-superposed alternatives become reduced to a single actual
occurrence —is a real objective physical process, and it is taken to result from the mass



displacement between the alternatives being sufficient, in gravitational terms, for the
superposition to become unstable (Hameroff and Penrose 2014: 51).

In the Didsi-Penrose scheme for objective reduction (OR), the superposition reduces to
one of the alternatives in a timescale t that can be estimated (for a superposition of two states)
according to the formula t = h/Ec. Here h (= h/2n) is Dirac’s form of Planck’s constant h and Es
is the gravitational self-energy of the difference between the two (stationary) mass
distributions of the superposition.

The so-called ‘Orch OR’ scheme adopts Didsi-Penrose OR as a physical proposal, but it
goes further than this by relating OR to consciousness. Hameroff and Penrose note that the
‘choice’ involved in any quantum state-reduction process would be accompanied by a miniscule
proto-element of experience, which they refer to as a moment of proto-consciousness, rather
than actual consciousness (ibid. 2014: 53).

To apply this model to the brain the challenge was to find a brain structure capable of
sustaining the delicate, large-scale quantum superposition needed for such a process, which
would presumably be destroyed by the brain's warm, wet and noisy environment. Penrose
found a candidate in the microtubules, structural proteins within neurons, which Hameroff had
previously suggested might perform computational-like functions. Together, they developed
the Orch OR theory, which posits that microtubules can host quantum superpositions in an
appropriate way. When these quantum superpositions reach a threshold specified by the above
formula, they undergo a specific, non-computable collapse—the Orch OR event which Penrose
and Hameroff equate with a moment of conscious awareness or choice. The ‘Orch’ refers to
orchestrated, which here means “adequately organized, imbued with cognitive information,
and capable of integration and computation” (ibid. 2014: 54).

This proposed mechanism offers a way for quantum processes to directly interact with
and influence the classical neural activity studied by mainstream neuroscience. While the
theory has faced fierce criticisms since its inception, Hameroff and Penrose maintain that it
remains a viable, if unconventional, hypothesis (for recent development of the theory, see
Penrose (2022) and Hameroff (2022)).

In a recent paper, Michael Wiest (2025) argues that new experimental evidence
provides direct support for the Orch OR theory of consciousness. Key evidence includes
anesthesia research showing that the Meyer-Overton correlation linking anesthetic potency to
oil solubility has been reproduced by a quantum chemistry model demonstrating anesthetic
binding to electron sites in microtubule protein tubulin (Craddock et al., 2015, 2017), along with
behavioral studies where microtubule-stabilizing drugs delayed anesthesia in rats (Khan et al.,
2024) and an anthracene-based anesthetic immobilized tadpoles by acting directly on
microtubules (Emerson et al., 2013). Wiest also claims the long-standing objection that the
brain is too ‘warm, wet and noisy’ for quantum effects has been overturned by research
demonstrating functional quantum phenomena in microtubules at room temperature, including
guantum superradiance (Babcock et al., 2024) and quantum-like resonances in living neurons
that spread across cells and influence membrane electrical activity (Saxena et al., 2020; Singh,
Sahoo et al. 2021; Sing, Saxena et al. 2021). Finally, he points to novel MRI experiments
reporting signals consistent with quantum entanglement in the living human brain that
correlate with consciousness and working memory performance (Kerskens and Perez, 2022).



All these results are intriguing and promising, but they need to be carefully evaluated.
For example, Warren (2023) has strongly criticized Kerskens and Perez’s 2022 study; for reply
see Kerskens and Perez (2023). Also, while the research mentioned above points to the
possibility that quantum coherence can survive in the ‘warm, wet and noisy’ environment of
the brain, this does not yet prove that the Orch OR hypothesis is correct, even though its
plausibility has been increased. For one thing, there is not yet experimental evidence for a key
element of Orch OR, namely Penrose’s OR, although experiments are under development.

One way to understand the Orch OR is to see it as a very bold hypothesis which has
inspired ground-breaking research in many fields. Even if it should turn out that the hypothesis
(or parts of it) is incorrect, in the future it may well be seen to have played a key role in bringing
about the kind of future quantum neuroscience which also helps to understand consciousness
better than contemporary mainstream mechanistic cognitive neuroscience.

The mind-like quantum

We have now been focusing on collapse — both the idea that consciousness is needed to
collapse the wave function, and the idea that collapse constitutes consciousness. We saw that
the need for the collapse arose when von Neumann assumed that the wave function provides a
complete description of the quantum state. But what if the assumption is incorrect? This is the
option that David Bohm explored, independently discovering and further developing a model
Louis de Broglie had proposed already in 1927 (Bohm 1952; Goldstein 2025). Bohm assumed
that the wave function for a single quantum entity describes an objectively existing quantum
wave or field (in some ways similar to the electromagnetic field, while also different). But
besides this wave, there also exists a particle. This means that the wave function is not a
complete description. Remember that if we assume it is, we need to postulate a collapse to
account for why the quantum object always manifests as a particle in an experiment. But if we
assume that the quantum object is a wave AND a particle, there is no need to assume a collapse
of a wave to explain why we find a particle. We just find the particle that was there all along.

In the de Broglie-Bohm scheme the wave guides the particle — thus the model has been
called the ‘pilot wave’ theory. In the two-slit experiment the particle goes through one of the
slits while the wave goes through both, diffracts, interferes with itself, and guides the particle so
that it obeys the interference pattern. The theory explains elegantly both why the single
guantum object gives rise to a localized spot in any experiment (the particle hits that location),
and why those spots collectively form an interference pattern (each particle is guided by its pilot
wave to obey the wave interference pattern). Note that there is strictly speaking no need to
assume a collapse of the wave function. Bohm showed already in his 1952 papers that in a
measurement what is today called ‘decoherence’ takes care of the pilot wave so that there is no
need for a collapse (Bohm 1952; see also Bohm 1951, ch22).

If Bohm is right and there is no collapse, there is no need for consciousness to bring
about the collapse (unlike Wigner thought) nor can collapse give rise to consciousness (unlike
Penrose and Hameroff think). Indeed, he showed how quantum mechanics can operate
independently of consciousness. However, even Bohm saw that there is a relation between



guantum theory and mental processes. Already in his 1951 text-book Quantum Theory, inspired
by Niels Bohr’s ideas, he drew attention to striking similarities or analogies between quantum
processes and thought, anticipating the currently vibrant field of quantum cognition (Wang et
al. 2013). He even speculated that these might be explained if neural processes literally involve
quantum effects, thus also anticipating the stronger quantum mind and consciousness
programmes (Bohm 1951, 168-172; Pylkkdnen 2014, 2022).

Also, when examining his 1952 model in the late 1970s and 1980s he came up with a
new idea (see Bohm and Hiley 1993). This has to do with the way the pilot wave guides the
particle. In other situations where waves influence particles, the effect is proportional to the
size or amplitude of the wave, such as when a water wave acts on a floating object. But,
examining the mathematics of his model, Bohm realized that the effect of the pilot wave upon
the particle only depends on the form or shape of the wave, which in turn reflects the form or
shape of the environment of the particle (e.g., whether one or two distant slits are open in the
two-slit experiment, which radically influences the behavior of the particle). Thus, Bohm
proposed, rather than the pilot wave pushing and pulling the particle, the pilot wave carries
information about the environment and literally IN-FORMS or puts form into the energy and
movement of the particle. This is analogous to the way a ship on autopilot is guided by radar
waves. The radar waves are not pushing and pulling the ship. Rather, the form of the radar
waves carries information about the environment of the ship, and this information is used to ‘in-
form’ the energy of the ship to avoid dangerous obstacles.”

Bohm saw this operation of information as an instance of a more general feature of
‘active information” which we see operating at different levels of nature. Information at the
qguantum level guides the movement of particles, information in radar waves guides artifacts,
information in the DNA molecule guides protein construction, and information in human
consciousness (e.g. when reading a map) guides human behavior. Note that we are here
thinking of information as an objective commodity, as something that can exist independently
of the human mind and that makes things happen. Information that actively operates in the
human brain and subjective conscious experience is a special case of this more general feature
of objective and active information.

It is in this general context of the notion active information that Bohm tried to tackle the
relation of mind and matter. It seems obvious that my thoughts can influence my body and
actions. Yet philosophers see this as a problem, arguing that there is no way my thoughts as
mental (non-physical) entities could possibly move the body as a physical entity, without

71 first learned about this idea from Bohm himself in 1984. At the time I was doing my Master’s in Philosophy of
Science at the University of Sussex and met Bohm in London to discuss a symposium on meaning we were
organizing together (Pylkkénen ed. 1989). I told him that I had just learnt in my Philosophy of Quantum Theory
class that the wave function describes our knowledge about the quantum object, rather than directly the object itself.
Bohm replied that he had another idea: the wave function describes information, but this is information that guides
the movement of the electron, i.e., information for the electron, not information for us. I realized that information is
here understood as an ‘objective commodity’ — an idea that Fred Dretske (1981) had advocated in a somewhat
different way. I proceeded to write my master’s thesis, and later my PhD, on the implications of this idea (for a
summary, see Pylkkdnen 2007). Bohm and I also continued working along these lines, but our work was interrupted
by his death in 1992 (Bohm and Pylkkénen 1991). For a criticism of Bohm’s notion of active information in
quantum theory, see e.g., Riggs 2008.



violating key principles such as the causal closure of the physical domain. Bohm’s scheme
provides a natural solution to this problem of ‘mental causation’ (Pylkkdnen 2007). According
to his scheme, information plays a key role in determining what happens at the different levels
or reality, all the way down to the quantum level. Might there be a way in which information at
a given level might influence information at a lower level? Might the information content in my
mental states somehow guide my body by influencing information in the pilot waves of the
particles in my brain?

This is indeed what Bohm (1990) suggested, proposing that not only is there a pilot wave
guiding the quantum particle but that that there can be a second-order pilot wave guiding the
first-order pilot wave, and so on, in an extending hierarchy. The information content of my
thought would then be at a fairly high level in the hierarchy, and it would be able to influence
the more manifest physical level by informing lower level fields of information, finally reaching
the pilot wave of the particles at key sites in the brain (for example, controlling synaptic
exocytosis (cf. Beck and Eccles 1992; Hiley and Pylkkdanen 2025), or acting on the pilot waves in
the neural microtubules (cf. Hameroff and Penrose 2014).

Can Bohm really solve the problem of mental causation and get away from the ‘causal closure of
the physical’ which typically hampers other proposed solutions? Bohm assumed that
information content in mental and conscious processes always has a physical carrier or medium,
although this can be very ‘subtle’, to use his favorite expression. A prototype model of a subtle
physical process is the pilot wave, which operates as active information. Bohm speculated that
similar but even more subtle processes could exist at higher levels of organization and
constitute what we call mental and conscious processes. For example, biological organisms
could provide an environment in which higher-level organizing fields could arise, the human
brain with highly evolved cognitive informational processes being a special case. Such fields of
information would operate in close interaction or ‘participation” with the more manifest
material processes associated with them, just as the more subtle pilot wave is associated with
and guiding its particle. This model allows that neural processes could operate along the lines
of classical physics whenever the higher-order fields have a negligible effect, just as the
Bohmian particle obeys Newton’s laws when the effect of the pilot wave is negligible. However,
the idea of this kind of hierarchy of quantum levels is very speculative, and it is not clear how
one could approach it experimentally at the current stage of development of physics and
neuroscience.

Note especially that Bohm is not reducing consciousness to the quantum level. He
granted that elementary particles have primitive mind-like qualities, in virtue of having a field
containing active information associated with them. But he emphasized that they ‘of course’ do
not have the kind of consciousness human beings have, thus distancing himself from stronger
forms of panpsychism (see Pylkkdnen 2020; Oldofredi 2025; but consider also Seager 2025).
Conscious experience in a full sense is something that only manifests at higher levels of
organization, those that are (at least currently) likely to exist only in certain living organisms.

How does non-conscious information become conscious information in the Bohmian
scheme? Bohm himself did not directly address this issue, but the physicist Jack Sarfatti has
made an interesting proposal (Sarfatti and Shimansky 2018). Note that we have described the
pilot wave theory by saying that the pilot wave influences its particle. But in physics it is typical



that there is back-action: if A influences B, there is an influence from B back to A (Newton’s
principle of action and reaction). In Bohm’s pilot-wave theory, in the form he proposed it, there
is no back-action from the particle to the field, although Bohm considered its possibility (Bohm
1952; Bohm and Hiley 1993). This lack of back-action has troubled some supporters of the pilot
wave theory (or ‘Bohmian mechanics’ as they call it) so much so that they have proposed that
we should see the pilot wave more as a law of nature rather than as a physical field affecting the
particle (Goldstein and Zanghi 2013).

It is here that Sarfatti’s proposal comes in. He modified the pilot-wave theory by
proposing that it indeed involves back-action. This back-action is taken to be highly relevant to
consciousness because Sarfatti thinks that in some situations in biological organisms the
material particles in the brain act back on the macroscopic quantum pilot wave (a so called
Frohlich state) containing active information, rendering non-conscious information conscious.
While the proposal needs further development, it sketches an intriguing solution to the hard
problem of consciousness. Let us suppose, for the sake of the argument, that the pilot wave
theory, under Bohm'’s interpretation and extension, postulates something intrinsically mental or
mind-like in the physical world: a hierarchy of pilot waves or fields containing active
information. Sarfatti and Shimansky propose that back-action sometimes causes excitations in
these intrinsically mental fields, and these excitations can constitute conscious qualia. This is of
course a very speculative idea, but it proposes a generative mechanism that a solution to the
hard problem of consciousness requires. Very few plausible generative mechanisms have been
proposed in contemporary consciousness studies.

Note that one could also try to make use of some of the major theories of consciousness
to explain how non-conscious information becomes conscious in the Bohmian scheme. One
could apply a higher-order theory (Rosenthal 1997) and postulate that a given level of active
information becomes conscious only when it is an intentional target of a higher level of
information; one could apply Tononi’s Integrated Information theory (Albantakis et al. 2023) and
try to define the degree of integration ¢ for active information at different levels; or one could
apply a global workspace theory (Baars 2017), and consider the many-body wave function in the
Bohm theory (with its ‘common pool of information’) as a kind of global workspace which
organizes the behavior of particles. Thus, Sarfatti’s proposal is not the only possibility, but it is
definitely more connected to fundamental physics than the other ones. The key point is that
Bohm postulates that mind-like information exists and operates at the quantum level. | have
always felt that this is a more promising ground for mentality and consciousness to emerge in
the physical world than, say, collapse of the wave function, or the mechanical operation of the
fields and particles of classical physics (for further discussion, see Hiley and Pylkkdnen (2022)).
Bohm’s work, even when developed by Hiley, Pylkkdanen, Sarfatti and others remains schematic.
However, recent advances in quantum neuroscience (e.g., those inspired by the Orch OR
hypothesis) could be made use of the Bohmian scheme as well. What Bohm'’s proposal requires
is that first-order pilot waves can have a non-negligible effect in some key sites controlling
neural processes, and that these first-order pilot waves can be influenced by higher-order pilot
waves which carry the information content of mental states. Also, it is a reasonable possibility
that more stable information content could be carried in some more ‘classical’ structures as
memory, which the higher-order waves could access and make use of. Recent advances give at



least tentative support to the idea that coherent quantum states can survive in the
circumstances of the brain (see Wiest 2025). But these coherent quantum states, when viewed
in terms of the pilot wave theory are just Bohmian pilot waves.

In conclusion, although the idea of objective and active information at the quantum
level may seem to open up a new way to understand the relationship of matter and
consciousness, we are still a long way from an experimentally testable formulation of the
Bohmian scheme.

Many worlds and many minds

Another well-known interpretation is the many-worlds interpretation proposed by Hugh Everett
in 1957 (Everett 1957; Barrett 2023; Vaidman 2021; Wallace 2012). This interpretation seeks to
avoid the collapse of the wave function, which, as noted above, so far appears to be arbitrary.
What happens if we abandon wave function collapse and do not assume that, in addition to the
wave, there is a particle, as in Bohm’s interpretation? Let us imagine a situation where the wave
has split into two parts, and a measurement is made. Let us further imagine that there are two
options in the experiment and that the electron is detected with a probability of 0.5 with ‘spin
up’ and a probability of 0.5 with “spin down’. | observe the electron ‘spin up’, but what
happened to the part of the wave that corresponds to ‘spin down’? Everett’s proposed solution
is that in such a situation, the universe splits into two branches at the macroscopic level. In one
branch of the universe, | observe the electron having spin up, and in the other branch as having
spin down. Or should | say that | observe it having spin up and a copy of me observes it as
having spin down?

The many-worlds interpretation is, of course, counterintuitive. Furthermore, in a
framework where all the numerous possible alternatives allowed by Schrédinger’s equation are
realized, it becomes problematic to explain the role of probability. Everett’s view, however, has
significant supporters, such as David Wallace. Postulating parallel, unobservable branches of the
universe may seem like a flagrant violation of Occam’s razor, according to which there should be
as few factors explaining a phenomenon as possible. Does explaining quantum phenomena
really require postulating countless branches of the universe?

Everettians respond by saying that, in a certain sense, the many-worlds interpretation is
the most economical (and thus the most faithful to Occam’s principle), since it takes
Schrodinger’s equation and its time evolution as they are without adding anything to them
(such as a collapse, as in many other interpretations, or a particle, as in Bohm’s interpretation).
Wallace emphasizes that so-called standard quantum theory, for which Schrodinger’s equation
is central, has been successfully applied to a wide range of phenomena (unlike, for example,
Bohm'’s interpretation or certain collapse interpretations, for which work is still in progress). He
adds that if one wants a realistic interpretation of this most effective mathematical formalism,
the result is Everett’s interpretation (Wallace 2023).

In what sense might the many worlds interpretation be relevant to understanding the
mind and consciousness? Some researchers have proposed in the context of the Everett theory
that each conscious brain is associated with many minds, where some of the minds follow each
branch. (Albert and Loewer 1988; Lockwood 1989, 1996; for discussion see Lewis 2016: 132—



133). Also, in a recent paper Hartmut Neven et al. (2024) proposed, in the context of the many
worlds interpretation that conscious experience arises not when there is a collapse but quite on
the contrary, whenever a quantum mechanical superposition forms. A conscious moment is
what it feels like from the inside for a physical system to branch, or to find itself on one
particular, definite classical branch among the countless co-existing alternatives. They
acknowledge having been inspired by the work of Penrose and Hameroff but give reasons why
their proposal is radically different. They make further intriguing proposals, namely that the
structure of the superposition determines the qualia of the experience; that quantum
entanglement naturally solves the binding problem, ensuring the unity of phenomenal
experience; and that a moment of agency may coincide with the formation of a superposition
state. Their proposal is yet another illustration of the many different ways quantum theory can
be used to tackle the problem of consciousness.

Related applications of quantum theory

During recent decades we have seen significant advances in other areas where the ideas and
formalisms of quantum theory have been applied to new domains. In biology, it has been
shown how quantum effects (e.g. quantum-coherent energy transfer and entanglement) are
likely to play a role photosynthesis and avian magnetoreception (Ball 2011; Lambert et al. 2013;
Fiebic et al. 2023).

In their recent review, Scholes and Fleming (2026) conclude that quantum biology rests
on the principle that if a quantum effect offers a functional advantage, living systems have likely
evolved a biological version suited to their warm, wet, noisy environment. A major difficulty is
that these quantum effects may be hidden because they become amplified into classical,
macroscopic behaviour. According to them, the most established areas within quantum biology
include the interaction of biological machinery with fields such as light, magnetism, and
electricity; various forms of coherence phenomena; proteins that contain small-scale
guantum-dynamical systems, for example involving nuclear spins or proton tunnelling; and the
possibility that highly complex biological networks can mimic quantum behaviour by
hard-wiring exponential complexity into robust structures. These advances in quantum biology,
while not giving direct support to quantum brain theory, perhaps make a biologically grounded
guantum theory of consciousness seem less inconceivable.

Another area where there has been interesting research is quantum cognition
(sometimes also called “quantum interaction”). During recent decades a number of researchers
have proposed that certain principles and mathematical tools of quantum theory (such as
guantum probability, entanglement, non-commutativity, non-Boolean logic and
complementarity) provide a good way of modeling many significant cognitive phenomena (such
as decision processes, ambiguous perception, meaning in natural languages, probability
judgments, order effects and memory; for an introduction, see Wang et al. 2013; Pothos and
Busemeyer 2013; Busemeyer and Bruza 2012). In their recent article Pothos and Buzemeyer
(2022: 749) note that a key problem in behavioral sciences is how the mind copes with
uncertain information. They suggest that quantum probability theory offers a set of principles



for inference, which are useful in cases when inference is contextual, the mental state changes
as a result of previous judgments, or there is interference between different possibilities.

While quantum cognition researchers are typically agnostic or even pessimistic regarding
whether there are any significant quantum effects in the neural processes underlying cognition,
it can be argued that the success of quantum cognition also provides support for the stronger
guantum mind and consciousness programs (Wendt 2015: 154-155).

Finally, there has been significant research in areas such as quantum information,
computation and cryptography, providing yet another example where it has been valuable to
apply quantum theory to new domains (Bouwmeester et al. 2000). The idea that the brain
might be a quantum computer was explored already in 1989 by the philosopher Michael
Lockwood in his book Mind, Brain and the Quantum (Lockwood 1989; see however Tegmark
2000b).

There are a number of important quantum approaches to mind and consciousness that
we have not covered in this short review: There is the quantum field theoretical program that
involves a quantum view of memory, going back to Umezawa and Ricciardi (Ricciardi and
Umezawa 1967; Jibu and Yasue 1995; Vitiello 2001; Globus 2003; for a succinct account see
Atmanspacher 2024). There is also Beck and Eccles’s (1992) proposal that synaptic exocytosis
can be controlled by a quantum mechanism (see Atmanspacher 2024; Hiley and Pylkkdnen
2005). In a notable development, the physicist Matthew Fisher has given support to a strong
version of quantum cognition by proposing that quantum processing with nuclear spin might be
operative in the brain (Fischer 2015). There are also interesting approaches that see quantum
theory as grounding a double-aspect view of mind and matter and which have been inspired by
the ideas of Jung and Pauli (Atmanspacher 2015, 2024).

A very useful overview of the central ideas about the relevance of quantum theory to
the mind is provided by Alexander Wendt’s (2015) ground-breaking book Quantum Mind and
Social Science. While some of Wendt’s more radical proposals have invited criticisms (e.g.,
Evangelopoulos et al. 2025), he does an excellent job in presenting a state-of-the art overview
of many research programmes which apply quantum theory to new fields.

Conclusion

This chapter has examined how quantum theory challenges the classical mechanistic worldview
and offers novel conceptual resources for addressing the topic of consciousness. While classical
neuroscience struggles to explain subjective experience within a deterministic, reductionist and
mechanistic framework, quantum theory introduces indeterminism, contextuality, and holism—
features that resonate with aspects of inner mental life. However, applying quantum theory to
consciousness is complicated by the lack of consensus on what the theory means. The chapter
surveyed five major interpretations—Copenhagen/QBism, Wigner's
consciousness-causes-collapse, Penrose and Hameroff's Orch OR (where collapse constitutes
consciousness), Bohm's pilot-wave theory with active information, and Everett's many-worlds
interpretation—each implying a different view about the role of consciousness in the physical
world. From the radical subjectivity of QBism to the objective collapse mechanisms of Orch OR,
from the intrinsically mind-like information in Bohm’s ontology to the branching world of



Everett, these approaches illustrate both the promise and the fragmentation of quantum
approaches to consciousness. The chapter also noted related developments in quantum biology
and quantum cognition, which, while not proving quantum theories of consciousness, make
them less implausible. Ultimately, whether quantum effects play a non-trivial role in neural
processes underlying consciousness remains an open empirical and interpretive question—but
one that is increasingly amenable to experimental investigation and philosophical refinement.

Use of generative Al

During the preparation of this chapter the author used DeepSeek to improve readability and
language. After using this tool, the author reviewed and edited the content as needed and takes
full responsibility for the content of the publication.
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