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Does information play a significant role in the foundations of physics? Information is the abstraction that
allows us to refer to the states of systems when we choose to ignore the systems themselves. This is only
possible in very particular frameworks, like in classical or quantum theory, or more generally, whenever
there exists an information unit such that the state of any system can be reversibly encoded in a sufficient
number of such units. In this work we show how the abstract formalism of quantum theory can be deduced
solely from the existence of an information unit with suitable properties, together with two further natural
assumptions: the continuity and reversibility of dynamics, and the possibility of characterizing the state of
a composite system by local measurements. This constitutes a new set of postulates for quantum theory
with a simple and direct physical meaning, like the ones of special relativity or thermodynamics, and it
articulates a strong connection between physics and information.

I. INTRODUCTION

Quantum theory (QT) provides the foundation on top of
which most of our physical theories and our understanding
of nature sits. This peculiarly important role contrasts with
our limited understanding of QT itself, and the lack of con-
sensus among physicists about what this theory is saying
about how nature works. Particularly, the standard postu-
lates of QT are expressed in abstract mathematical terms
involving Hilbert spaces and operators acting on them, and
lack a clear physical meaning. In other physical theories,
like special relativity or thermodynamics, the formalism can
be derived from postulates having a direct physical mean-
ing, often in terms of the possibility or impossibility of cer-
tain tasks. In this work we show that this is also possible
for QT.

The importance of this goal is reflected by the long his-
tory of research on alternative axiomatizations of QT, which
goes back to Birkhoff and von Neumann [1–3]. More re-
cently, initiated by Hardy’s work [4], and influenced by the
perspective of quantum information theory, there has been
a wave of contributions taking a more physical and less
mathematical approach [4–8]. These reconstructions of
QT constitute a big achievement because they are based
on postulates having a more physical meaning. However
some of these meanings are not very direct, and a lot of
formalism has to be introduced in order to state them. In
this work we derive finite-dimensional QT from four postu-
lates having a clear and direct physical meaning, which can
be stated easily and without the need of heavy formalism.
Also, contrary to [5] we write all our assumptions explicitly.

We introduce a postulate named Existence of an In-
formation Unit, which essentially states that there is only
one type of information within the theory. Consequently,
any physical process can be simulated with a suitably pro-
grammed general purpose simulator. Since the input and
output of these simulations are not necessarily classical,
this postulate is a stronger version of the Church-Turing-
Deutsch Principle (stated in [9]). On the other hand, it is
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FIG. 1: Encoder. Coding is an ideal physical transformation
which maps the unknown state ω of an arbitrary system to an
n-gbit state in a reversible way, and leaves the initial system
in a reference state 0. Reversibility means that there is an-
other ideal physical transformation, decoding, which undoes
the above, bringing the arbitrary system back to its original
state.

strictly weaker than the Subspace Axiom, introduced in [4]
and used in [5] and [6]. An alternative way to read this
postulate is that, at some level, the dynamics of any sys-
tem is substrate-independent. Within theories satisfying
the Existence of an Information Unit one can refer to states,
dynamics and measurements abstractly, without specifying
the type of system they pertain to; and this is exploited by
quantum information scientists, who design algorithms and
protocols at an abstract level, without considering whether
they will be implemented with light, atoms or any other type
of physical substrate.

More precisely, Existence of an Information Unit states
that there is a type of system, the generalized bit or gbit,
such that the state of any other system can be reversibly
encoded in a sufficient number of gbits (see Fig. 1). The
reversibility of the encoding implies a correspondence be-
tween the states of any system and the states of a multi-
gbit system (or an appropriate subspace). This correspon-
dence also extends to dynamics and measurements: if a
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FIG. 2. Sketch of Thought experiment 1; inside the
lab, Freya interacts with some system, causing her
to be duplicated into two identical copies. Wigner
asks her which side of the room she finds herself in,
whereupon the slower copy to respond is destroyed,
leaving just one copy of Freya left in the lab.

of absoluteness for this scenario, without an account of personal
identity that elucidates a real, singular, persisting referent.

We can adopt strategies from philosophers, as discussed in Ap-
pendix VB, in order to make sense of the situation. For example,
by Parfit’s anti-realist account of personal identity [29], Wigner’s
statement may be interpreted along the lines of “The Freya who
matters to me was absolutely on the right side of the room”. Al-
ternatively, Lewis [31] (whose ontology of persons resembles four-
dimensional, potentially overlapping spacetime “worms”) might in-
terpret Wigner’s claim to say something like “The Freya who in-
formed me that she was on the right side of the room was absolutely
on the right of the room”. Or Sider [32] (with a person ontology
composed of three-dimensional “person-stages”) may instead argue
“The Freya who existed instantaneously at the completion of the
experiment was absolutely on the right side of the room”. How-
ever, a statement that just refers to “Freya” without a specific
account of identity, is ambiguous in its referent, and provides an
incomplete description of the experiment. Moreover, the possibil-
ity for two Freyas may even constitute a loophole in the LF no-go
theorem, as suggested by Kent [25].

Let us argue slightly more formally. Consider the physicist
Wigner who believes that Ego Absolutism is true, and who ob-
serves that Freya is being prepared for an experiment (which will
turn out to implement Thought Experiment 1). Wigner, however,
is not aware of all the details of the experiment; in particular, the
closed laboratory is to some extent a “black box” for him, so that
he does not have a complete description of what goes on in it. In
particular, he may not know about the duplication process. Then,
formally, Wigner will think that there is a variable (perhaps called
c) which will describe Freya’s thoughts (and observations) during
the experiment. His subjective uncertainty about the outcome will
lead Wigner to treat this as random variable, which will take ei-
ther one value or another, c = cL or c = cR, because this is what
variables do in probability theory and hence in classical physics.
Moreover, the value of this variable is absolute in the sense that we
can think of it as belonging to a larger set of facts of the physical
world, described e.g. by a collection of random variables that have a joint distribution in Kolmogorov’s sense. How-
ever, this description is not valid in Thought Experiment 1: there is no random variable c of this kind. The particular
intervention that occurs in the black box disrupts the usual notion of probability space that Wigner assumes, rendering
statements like “the probability that c = cR is p” undefined, because c becomes undefined. Following Kent [25], we
might describe it as there being two random variables c1 and c2 instead, describing the thoughts of the two Freyas.

Next, let us consider another, similar thought experiment, now including “merging” (c.f. [28]) to explore an analo-
gous operation to the unitary reversal posited by LF experiments. This time, we consider just Freya and her thoughts
and beliefs around an experiment.

Thought Experiment 2. We now imagine a second experiment that we could in principle perform classically
on an initial observer, Freya. We refer to Freya at the start of the experiment as Freya0 in order to distinguish
her from subsequent versions of herself. Freya0 is duplicated, after which one copy (FreyaB) will wake up in a
blue room, and the other (FreyaG) in a green room. Upon awakening, each copy observes which colour room they
find themselves in. Then, the two copies are put back to sleep and the memories of their respective experiences
erased. They are then merged back together into a singular Freya, who wakes up again in the starting lab, with
no recollection of being in either colour room.

As in Thought Experiment 1, the interventions in the experiment run us into problems concerning personal identity.
Freya, reflecting on the experiment, would surely believe herself to be the same person that arrived at the lab to be
duplicated, since she has su�cient physical and psychological continuity with Freya0. However, she has no recollection
of waking in either blue or green rooms, therefore she cannot identify herself solely with either FreyaB or FreyaG.
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of nature sits. This peculiarly important role contrasts with
our limited understanding of QT itself, and the lack of con-
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about how nature works. Particularly, the standard postu-
lates of QT are expressed in abstract mathematical terms
involving Hilbert spaces and operators acting on them, and
lack a clear physical meaning. In other physical theories,
like special relativity or thermodynamics, the formalism can
be derived from postulates having a direct physical mean-
ing, often in terms of the possibility or impossibility of cer-
tain tasks. In this work we show that this is also possible
for QT.

The importance of this goal is reflected by the long his-
tory of research on alternative axiomatizations of QT, which
goes back to Birkhoff and von Neumann [1–3]. More re-
cently, initiated by Hardy’s work [4], and influenced by the
perspective of quantum information theory, there has been
a wave of contributions taking a more physical and less
mathematical approach [4–8]. These reconstructions of
QT constitute a big achievement because they are based
on postulates having a more physical meaning. However
some of these meanings are not very direct, and a lot of
formalism has to be introduced in order to state them. In
this work we derive finite-dimensional QT from four postu-
lates having a clear and direct physical meaning, which can
be stated easily and without the need of heavy formalism.
Also, contrary to [5] we write all our assumptions explicitly.

We introduce a postulate named Existence of an In-
formation Unit, which essentially states that there is only
one type of information within the theory. Consequently,
any physical process can be simulated with a suitably pro-
grammed general purpose simulator. Since the input and
output of these simulations are not necessarily classical,
this postulate is a stronger version of the Church-Turing-
Deutsch Principle (stated in [9]). On the other hand, it is
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FIG. 1: Encoder. Coding is an ideal physical transformation
which maps the unknown state ω of an arbitrary system to an
n-gbit state in a reversible way, and leaves the initial system
in a reference state 0. Reversibility means that there is an-
other ideal physical transformation, decoding, which undoes
the above, bringing the arbitrary system back to its original
state.

strictly weaker than the Subspace Axiom, introduced in [4]
and used in [5] and [6]. An alternative way to read this
postulate is that, at some level, the dynamics of any sys-
tem is substrate-independent. Within theories satisfying
the Existence of an Information Unit one can refer to states,
dynamics and measurements abstractly, without specifying
the type of system they pertain to; and this is exploited by
quantum information scientists, who design algorithms and
protocols at an abstract level, without considering whether
they will be implemented with light, atoms or any other type
of physical substrate.

More precisely, Existence of an Information Unit states
that there is a type of system, the generalized bit or gbit,
such that the state of any other system can be reversibly
encoded in a sufficient number of gbits (see Fig. 1). The
reversibility of the encoding implies a correspondence be-
tween the states of any system and the states of a multi-
gbit system (or an appropriate subspace). This correspon-
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FIG. 2. Sketch of Thought experiment 1; inside the
lab, Freya interacts with some system, causing her
to be duplicated into two identical copies. Wigner
asks her which side of the room she finds herself in,
whereupon the slower copy to respond is destroyed,
leaving just one copy of Freya left in the lab.

of absoluteness for this scenario, without an account of personal
identity that elucidates a real, singular, persisting referent.

We can adopt strategies from philosophers, as discussed in Ap-
pendix VB, in order to make sense of the situation. For example,
by Parfit’s anti-realist account of personal identity [29], Wigner’s
statement may be interpreted along the lines of “The Freya who
matters to me was absolutely on the right side of the room”. Al-
ternatively, Lewis [31] (whose ontology of persons resembles four-
dimensional, potentially overlapping spacetime “worms”) might in-
terpret Wigner’s claim to say something like “The Freya who in-
formed me that she was on the right side of the room was absolutely
on the right of the room”. Or Sider [32] (with a person ontology
composed of three-dimensional “person-stages”) may instead argue
“The Freya who existed instantaneously at the completion of the
experiment was absolutely on the right side of the room”. How-
ever, a statement that just refers to “Freya” without a specific
account of identity, is ambiguous in its referent, and provides an
incomplete description of the experiment. Moreover, the possibil-
ity for two Freyas may even constitute a loophole in the LF no-go
theorem, as suggested by Kent [25].

Let us argue slightly more formally. Consider the physicist
Wigner who believes that Ego Absolutism is true, and who ob-
serves that Freya is being prepared for an experiment (which will
turn out to implement Thought Experiment 1). Wigner, however,
is not aware of all the details of the experiment; in particular, the
closed laboratory is to some extent a “black box” for him, so that
he does not have a complete description of what goes on in it. In
particular, he may not know about the duplication process. Then,
formally, Wigner will think that there is a variable (perhaps called
c) which will describe Freya’s thoughts (and observations) during
the experiment. His subjective uncertainty about the outcome will
lead Wigner to treat this as random variable, which will take ei-
ther one value or another, c = cL or c = cR, because this is what
variables do in probability theory and hence in classical physics.
Moreover, the value of this variable is absolute in the sense that we
can think of it as belonging to a larger set of facts of the physical
world, described e.g. by a collection of random variables that have a joint distribution in Kolmogorov’s sense. How-
ever, this description is not valid in Thought Experiment 1: there is no random variable c of this kind. The particular
intervention that occurs in the black box disrupts the usual notion of probability space that Wigner assumes, rendering
statements like “the probability that c = cR is p” undefined, because c becomes undefined. Following Kent [25], we
might describe it as there being two random variables c1 and c2 instead, describing the thoughts of the two Freyas.

Next, let us consider another, similar thought experiment, now including “merging” (c.f. [28]) to explore an analo-
gous operation to the unitary reversal posited by LF experiments. This time, we consider just Freya and her thoughts
and beliefs around an experiment.

Thought Experiment 2. We now imagine a second experiment that we could in principle perform classically
on an initial observer, Freya. We refer to Freya at the start of the experiment as Freya0 in order to distinguish
her from subsequent versions of herself. Freya0 is duplicated, after which one copy (FreyaB) will wake up in a
blue room, and the other (FreyaG) in a green room. Upon awakening, each copy observes which colour room they
find themselves in. Then, the two copies are put back to sleep and the memories of their respective experiences
erased. They are then merged back together into a singular Freya, who wakes up again in the starting lab, with
no recollection of being in either colour room.

As in Thought Experiment 1, the interventions in the experiment run us into problems concerning personal identity.
Freya, reflecting on the experiment, would surely believe herself to be the same person that arrived at the lab to be
duplicated, since she has su�cient physical and psychological continuity with Freya0. However, she has no recollection
of waking in either blue or green rooms, therefore she cannot identify herself solely with either FreyaB or FreyaG.
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• In	classical	physics	/	prob.	theory:

II HOW COULD PHYSICS BE MORE GENERAL THAN QUANTUM?

depend on y and b cannot depend on x. This means that the scenario must satisfy

P (x, y,λ) = PX(x) · PY (y) · PΛ(λ), a = fA(x,λ), b = fB(y,λ).

For a more detailed explanation of how and why the causal structure of the setup
implies these assumptions, see e.g. the book by Pearl (2009). These assumptions are
typically subsumed under the notion of “local realism”, and readers who want to learn
more about this are invited to consult more specialized references. A great start-
ing point are the Quantum Foundations classes given by Rob Spekkens at Perimeter
Institute; these can be watched for free on http://pirsa.org.
Note that P (a, b|x, y,λ) = δa,fA(x,λ)δb,fB(y,λ) = PA(a|x,λ)PB(b|y,λ) (with δ the

Kronecker delta). Hence, by the chain rule of conditional probability,

P (a, b|x, y) =
∑

λ∈Λ

PA(a|x,λ)PB(b|y,λ)PΛ(λ). (1)

What we have thus shown is that any probability table in classical physics that is real-
izable within the causal structure as depicted in Figure 2 must be classical according
to the following definition:

Definition 1. A probability table P (a, b|x, y) is classical if there exists a probability
space (P,Ω,Σ) with P = PX · PY · PΛ some product distribution, Ω = X × Y × Λ,
where X = Y = {0, 1} and Λ arbitrary, such that Eq. (1) holds. If this is the case,
then we call (P,Ω,Σ) a hidden-variable model for the probability table.
Denote by C2,2,2 the set of all classical probability tables.

Instead of assuming that Λ is a finite discrete set, we could also have allowed a more
general measurable space like Rn, but here this would not change the picture because
the sets of inputs and outcomes are discrete and finite (in other words, considering
only finite discrete Λ is no loss of generality here).
In the derivation above, we have obtained a model for which PA(a|x,λ) and

PB(b|y,λ) are deterministic, i.e. take only the values zero and one. But even without
this assumption, probability tables that are of the form (1) can be realized within the
prescribed causal structure according to classical probability theory: one simply has
to add local randomness that makes the response functions PA and PB act nondeter-
ministically to their inputs. Thus, we do not need to postulate in Definition 1 that
PA and PB must be deterministic.
It is self-evident that the classical probability tables satisfy the no-signalling con-

ditions (Barrett 2007): that is, PA(a|x, y) :=
∑

b P (a, b|x, y) is independent of y,
and PB(b|x, y) :=

∑

a P (a, b|x, y) is independent of x. This means that Alice “sees”
the local marginal distribution PA(a|x, y) = PA(a|x) =

∑

λ∈Λ PA(a|x,λ)PΛ(λ) if she
doesn’t know what happens in Bob’s laboratory, regardless of Bob’s choice of input y
(and similarly with the roles of Alice and Bob exchanged). If this was not true, then
Bob could signal to Alice simply by choosing the local input to his box. The causal
structure that we have assumed from the start precludes such magic behavior.
We can reformulate what we have found above in a slightly more abstract way that

will become useful later. Note that we have found that the classical behaviors are
exactly those that can be expressed in the form (1) with PA and PB deterministic (if
we want). Thus, we have shown that

7
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Lemma 2. A probability table is classical if and only if it is a convex combination of
deterministic non-signalling probability tables.

Here and in the following, we use some basic notions from convex geometry (see
e.g. the textbook by Webster 1994). If we have a finite number of elements x1, . . . , xn

of some vector space (for example probability distributions, or vectors in Rm), then
another element x is a convex combination of these if and only if there exist p1, . . . , pn ≥
0 with

∑n
i=1 pi = 1 and

∑n
i=1 pixi = x. Intuitively, we can think of x as a “probabilistic

mixture” of the xi, with weights pi. Indeed, the right-hand side of (1) defines a convex
combination of the Pλ(a, b|x, y) := PA(a|x,λ)PB(b|y,λ). These are probability tables
that are deterministic (take only values zero and one) and non-signalling (in fact,
uncorrelated).
This reformulation has intuitive appeal: classically, all probabilities can consistently

be interpreted as arising from lack of knowledge. Namely, we can put everything that
we do not know into some random variable λ. If we knew λ, we could predict the
values of all other variables with certainty.
Quantum theory, however, allows for a different set of probability tables in the

scenario of Figure 2: instead of a joint probability distribution, we can think of a
(possibly entangled) quantum state that has been distributed to Alice and Bob. The
inputs to Alice’s box can be interpreted as measurement choices (e.g. the choice of
angle for a polarization measurement), and the outcomes can correspond to the actual
measurement outcomes. This leads to the following definition:

Definition 3. A probability table P (a, b|x, y) is quantum if it can be written in the
form

P (a, b|x, y) = tr
[

ρAB(E
a
x ⊗ F b

y )
]

,

with ρAB some density operator on the product of two Hilbert spaces HA ⊗HB, mea-
surement operators Ea

x , F
b
y ≥ 0 (i.e. operators that are positive semidefinite) and

E−1
x + E+1

x = 1A as well as F−1
y + F+1

y = 1B for all x and all y.
Denote by Q2,2,2 the set of all quantum probability tables.

For our purpose, we will ignore some subtleties of this definition. For example, the
state ρAB can, without loss of generality, always be chosen pure, ρAB = |ψ〉〈ψ|AB ,
and the measurement operators can be chosen as projectors (see e.g. Navascues et al.,
2015). We will restrict our considerations to finite-dimensional Hilbert spaces; for the
subtleties of the infinite-dimensional case, see e.g. Scholz and Werner, 2008, and Ji et
al., 2020.

Lemma 4. Here are a few properties of the classical and quantum probability tables:

(i) Both C2,2,2 and Q2,2,2 are convex sets, i.e. convex combinations of classical
(quantum) probability tables are classical (quantum).

(ii) C2,2,2 ⊂ Q2,2,2.

(iii) Every P ∈ Q2,2,2 is non-signalling.

(iv) C2,2,2 is a polytope, i.e. the convex hull of a finite number of probability tables.
However, Q2,2,2 is not.

8
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For a more detailed explanation of how and why the causal structure of the setup
implies these assumptions, see e.g. the book by Pearl (2009). These assumptions are
typically subsumed under the notion of “local realism”, and readers who want to learn
more about this are invited to consult more specialized references. A great start-
ing point are the Quantum Foundations classes given by Rob Spekkens at Perimeter
Institute; these can be watched for free on http://pirsa.org.
Note that P (a, b|x, y,λ) = δa,fA(x,λ)δb,fB(y,λ) = PA(a|x,λ)PB(b|y,λ) (with δ the

Kronecker delta). Hence, by the chain rule of conditional probability,

P (a, b|x, y) =
∑

λ∈Λ

PA(a|x,λ)PB(b|y,λ)PΛ(λ). (1)

What we have thus shown is that any probability table in classical physics that is real-
izable within the causal structure as depicted in Figure 2 must be classical according
to the following definition:

Definition 1. A probability table P (a, b|x, y) is classical if there exists a probability
space (P,Ω,Σ) with P = PX · PY · PΛ some product distribution, Ω = X × Y × Λ,
where X = Y = {0, 1} and Λ arbitrary, such that Eq. (1) holds. If this is the case,
then we call (P,Ω,Σ) a hidden-variable model for the probability table.
Denote by C2,2,2 the set of all classical probability tables.

Instead of assuming that Λ is a finite discrete set, we could also have allowed a more
general measurable space like Rn, but here this would not change the picture because
the sets of inputs and outcomes are discrete and finite (in other words, considering
only finite discrete Λ is no loss of generality here).
In the derivation above, we have obtained a model for which PA(a|x,λ) and

PB(b|y,λ) are deterministic, i.e. take only the values zero and one. But even without
this assumption, probability tables that are of the form (1) can be realized within the
prescribed causal structure according to classical probability theory: one simply has
to add local randomness that makes the response functions PA and PB act nondeter-
ministically to their inputs. Thus, we do not need to postulate in Definition 1 that
PA and PB must be deterministic.
It is self-evident that the classical probability tables satisfy the no-signalling con-

ditions (Barrett 2007): that is, PA(a|x, y) :=
∑

b P (a, b|x, y) is independent of y,
and PB(b|x, y) :=

∑

a P (a, b|x, y) is independent of x. This means that Alice “sees”
the local marginal distribution PA(a|x, y) = PA(a|x) =

∑

λ∈Λ PA(a|x,λ)PΛ(λ) if she
doesn’t know what happens in Bob’s laboratory, regardless of Bob’s choice of input y
(and similarly with the roles of Alice and Bob exchanged). If this was not true, then
Bob could signal to Alice simply by choosing the local input to his box. The causal
structure that we have assumed from the start precludes such magic behavior.
We can reformulate what we have found above in a slightly more abstract way that

will become useful later. Note that we have found that the classical behaviors are
exactly those that can be expressed in the form (1) with PA and PB deterministic (if
we want). Thus, we have shown that
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• In	quantum	physics:

II HOW COULD PHYSICS BE MORE GENERAL THAN QUANTUM?

Lemma 2. A probability table is classical if and only if it is a convex combination of
deterministic non-signalling probability tables.

Here and in the following, we use some basic notions from convex geometry (see
e.g. the textbook by Webster 1994). If we have a finite number of elements x1, . . . , xn

of some vector space (for example probability distributions, or vectors in Rm), then
another element x is a convex combination of these if and only if there exist p1, . . . , pn ≥
0 with

∑n
i=1 pi = 1 and

∑n
i=1 pixi = x. Intuitively, we can think of x as a “probabilistic

mixture” of the xi, with weights pi. Indeed, the right-hand side of (1) defines a convex
combination of the Pλ(a, b|x, y) := PA(a|x,λ)PB(b|y,λ). These are probability tables
that are deterministic (take only values zero and one) and non-signalling (in fact,
uncorrelated).
This reformulation has intuitive appeal: classically, all probabilities can consistently

be interpreted as arising from lack of knowledge. Namely, we can put everything that
we do not know into some random variable λ. If we knew λ, we could predict the
values of all other variables with certainty.
Quantum theory, however, allows for a different set of probability tables in the

scenario of Figure 2: instead of a joint probability distribution, we can think of a
(possibly entangled) quantum state that has been distributed to Alice and Bob. The
inputs to Alice’s box can be interpreted as measurement choices (e.g. the choice of
angle for a polarization measurement), and the outcomes can correspond to the actual
measurement outcomes. This leads to the following definition:

Definition 3. A probability table P (a, b|x, y) is quantum if it can be written in the
form

P (a, b|x, y) = tr
[

ρAB(E
a
x ⊗ F b

y )
]

,

with ρAB some density operator on the product of two Hilbert spaces HA ⊗HB, mea-
surement operators Ea

x , F
b
y ≥ 0 (i.e. operators that are positive semidefinite) and

E−1
x + E+1

x = 1A as well as F−1
y + F+1

y = 1B for all x and all y.
Denote by Q2,2,2 the set of all quantum probability tables.

For our purpose, we will ignore some subtleties of this definition. For example, the
state ρAB can, without loss of generality, always be chosen pure, ρAB = |ψ〉〈ψ|AB ,
and the measurement operators can be chosen as projectors (see e.g. Navascues et al.,
2015). We will restrict our considerations to finite-dimensional Hilbert spaces; for the
subtleties of the infinite-dimensional case, see e.g. Scholz and Werner, 2008, and Ji et
al., 2020.

Lemma 4. Here are a few properties of the classical and quantum probability tables:

(i) Both C2,2,2 and Q2,2,2 are convex sets, i.e. convex combinations of classical
(quantum) probability tables are classical (quantum).

(ii) C2,2,2 ⊂ Q2,2,2.

(iii) Every P ∈ Q2,2,2 is non-signalling.

(iv) C2,2,2 is a polytope, i.e. the convex hull of a finite number of probability tables.
However, Q2,2,2 is not.
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<latexit sha1_base64="aw7pg64EmiHh9dATp62y4n5PRpM=">AAAB8XicbVDLSgNBEOyNrxhfUY9eBoPgKexKQI8xXjxGMCaSLGF2MpsMmccyMyuEJV/hxYOCePVvvPk3TpI9aGJBQ1HVTXdXlHBmrO9/e4W19Y3NreJ2aWd3b/+gfHj0YFSqCW0RxZXuRNhQziRtWWY57SSaYhFx2o7GNzO//US1YUre20lCQ4GHksWMYOukx54eqX523Zj2yxW/6s+BVkmQkwrkaPbLX72BIqmg0hKOjekGfmLDDGvLCKfTUi81NMFkjIe066jEgpowmx88RWdOGaBYaVfSorn6eyLDwpiJiFynwHZklr2Z+J/XTW18FWZMJqmlkiwWxSlHVqHZ92jANCWWTxzBRDN3KyIjrDGxLqOSCyFYfnmVtC+qQa0aBHe1Sr2R51GEEziFcwjgEupwC01oAQEBz/AKb572Xrx372PRWvDymWP4A+/zB0wAkIw=</latexit>⇢AB

No-signalling	conditions:
<latexit sha1_base64="+45m5AenN5Qn6jGtgsIRiVwbrpE=">AAAB8HicbVBNSwMxEJ3Ur1q/qh69BItQQcquFPRY8OKxgrWFdinZNNuGZrNrkhWXtX/CiwcF8erP8ea/MW33oK0PBh7vzTAzz48F18ZxvlFhZXVtfaO4Wdra3tndK+8f3OkoUZS1aCQi1fGJZoJL1jLcCNaJFSOhL1jbH19N/fYDU5pH8takMfNCMpQ84JQYK3WaVfL0eJae9ssVp+bMgJeJm5MK5Gj2y1+9QUSTkElDBdG66zqx8TKiDKeCTUq9RLOY0DEZsq6lkoRMe9ns3gk+scoAB5GyJQ2eqb8nMhJqnYa+7QyJGelFbyr+53UTE1x6GZdxYpik80VBIrCJ8PR5POCKUSNSSwhV3N6K6YgoQo2NqGRDcBdfXibt85pbr7nuTb3SaOR5FOEIjqEKLlxAA66hCS2gIOAZXuEN3aMX9I4+5q0FlM8cwh+gzx/GxY+c</latexit>

P (a|x, y) is	independent	of <latexit sha1_base64="dsEvbUNT/CXSUBP1qRalk+HKi3c=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBg5RECnosePFYxdpCG8pmO2mXbjZhdyOE0H/gxYOCePUXefPfuG1z0NYHA4/3ZpiZFySCa+O6305pbX1jc6u8XdnZ3ds/qB4ePeo4VQzbLBax6gZUo+AS24Ybgd1EIY0CgZ1gcjPzO0+oNI/lg8kS9CM6kjzkjBor3WcXg2rNrbtzkFXiFaQGBVqD6ld/GLM0QmmYoFr3PDcxfk6V4UzgtNJPNSaUTegIe5ZKGqH28/mlU3JmlSEJY2VLGjJXf0/kNNI6iwLbGVEz1sveTPzP66UmvPZzLpPUoGSLRWEqiInJ7G0y5AqZEZkllClubyVsTBVlxoZTsSF4yy+vks5l3WvUPe+uUWs2izzKcAKncA4eXEETbqEFbWAQwjO8wpszcV6cd+dj0Vpyiplj+APn8wflfo1q</latexit>y,
<latexit sha1_base64="EYaU+ErqF7ZugqPyvcqsSv1oYEU=">AAAB8HicbVBNSwMxEJ3Ur1q/qh69BItQQcquFPRY8OKxgrWFdinZNNuGZrNrkhWXtX/CiwcF8erP8ea/MW33oK0PBh7vzTAzz48F18ZxvlFhZXVtfaO4Wdra3tndK+8f3OkoUZS1aCQi1fGJZoJL1jLcCNaJFSOhL1jbH19N/fYDU5pH8takMfNCMpQ84JQYK3WaVf/p8Sw97ZcrTs2ZAS8TNycVyNHsl796g4gmIZOGCqJ113Vi42VEGU4Fm5R6iWYxoWMyZF1LJQmZ9rLZvRN8YpUBDiJlSxo8U39PZCTUOg192xkSM9KL3lT8z+smJrj0Mi7jxDBJ54uCRGAT4enzeMAVo0aklhCquL0V0xFRhBobUcmG4C6+vEza5zW3XnPdm3ql0cjzKMIRHEMVXLiABlxDE1pAQcAzvMIbukcv6B19zFsLKJ85hD9Anz/IT4+d</latexit>

P (b|x, y) is	independent	of <latexit sha1_base64="sEMnpWVm+6x8QJ4GrHc47Al5crQ=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0ikoMeCF49VrC20oWy2k3bpZhN2N2IJ/QdePCiIV3+RN/+N2zYHbX0w8Hhvhpl5YSq4Np737ZTW1jc2t8rblZ3dvf2D6uHRg04yxbDFEpGoTkg1Ci6xZbgR2EkV0jgU2A7H1zO//YhK80Tem0mKQUyHkkecUWOluye3X615rjcHWSV+QWpQoNmvfvUGCctilIYJqnXX91IT5FQZzgROK71MY0rZmA6xa6mkMeogn186JWdWGZAoUbakIXP190ROY60ncWg7Y2pGetmbif953cxEV0HOZZoZlGyxKMoEMQmZvU0GXCEzYmIJZYrbWwkbUUWZseFUbAj+8surpH3h+nXX92/rtUajyKMMJ3AK5+DDJTTgBprQAgYRPMMrvDlj58V5dz4WrSWnmDmGP3A+fwDnAo1r</latexit>x.
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CorrelaWons	in	C	come	from	classical	prob.	theory,	
correlaWons	in	Q	from	quantum	theory,	
correlaWons	in	NS	from	a	theory	called	“boxworld”.
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C Q

NS

CorrelaWons	in	C	come	from	classical	prob.	theory,	
correlaWons	in	Q	from	quantum	theory,	
correlaWons	in	NS	from	a	theory	called	“boxworld”.

3	examples	of	a	“generalized	probabilisGc	theory”.



Generalized	probabilisWc	theories

�

PreparaWon transformaWon measurement



�

Example:	classical	coin	toss.

•	On	every	push	of	bugon,	the	preparaWon	device	performs	
				a	biased	coin	toss.	
•	The	transformaWon	device,	for	example,	inverts	the	coin	
				(if	heads	then	tails,	and	vice	versa).	
•	The	measurement	outcome	is	"heads"	or	"tails".
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�

•	The	preparaWon	device	prepares	a	physical	system	
•	in	a	state	ω.	Here

ω =

�
Prob(heads)
Prob(tails)

�
=

�
p

1− p

�
.

?
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State	space	Ω:	the	set	of	all	possible	states
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•	The	preparaWon	device	prepares	a	physical	system	
•	in	a	state	ω.

T

�
p

1− p

�
=

�
1− p
p

�

�
1
0

�

�
0
1

�

�
1/2
1/2

�

•	TransformaWon:
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•	The	preparaWon	device	prepares	a	physical	system	
•	in	a	state	ω.

�
0
1

�

�
1/2
1/2

�

•	TransformaWon: T

�
p

1− p

�
=

�
1− p
p

�

Maps	states	to	states	and	is	linear.
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�
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�
•	Every	measurement	outcome	has	a	probability,	
			depending	linearly	on	the	state:
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�
•	Every	measurement	outcome	has	a	probability,	
			depending	linearly	on	the	state:

Prob(heads|!) = p =

✓
1
0

◆
·
✓

p
1� p

◆
= e · !.
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Example:	quantum	bit.
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�

•	The	preparaWon	device	prepares	a	qubit	
•in	some	quantum	state	

More	generally:					is	(mixed-state-)2x2	density	matrix.

Generalized	probabilisWc	theories

PreparaWon transformaWon measurement

<latexit sha1_base64="Y+q4z+aG94MLjZBu1QS+2SozHr4=">AAACB3icbVDLSgMxFM3UV62vUZeCDBbBhZQZkepGKLpxWcE+oDOUTHqnDc0kQ5IRStudG3/FjQtF3PoL7vwb03YW2nrgcg/n3EtyT5gwqrTrflu5peWV1bX8emFjc2t7x97dqyuRSgI1IpiQzRArYJRDTVPNoJlIwHHIoBH2byZ+4wGkooLf60ECQYy7nEaUYG2ktn3oy564GvmJor7EvMvAZ7NmlNFp2y66JXcKZ5F4GSmiDNW2/eV3BElj4JowrFTLcxMdDLHUlDAYF/xUQYJJH3ehZSjHMahgOL1j7BwbpeNEQpri2pmqvzeGOFZqEIdmMsa6p+a9ifif10p1dBkMKU9SDZzMHopS5mjhTEJxOlQC0WxgCCaSmr86pIclJtpEVzAhePMnL5L6Wckrl8p358XKdRZHHh2gI3SCPHSBKugWVVENEfSIntErerOerBfr3fqYjeasbGcf/YH1+QO1hJnc</latexit>

ω = |ε→↑ε|,
<latexit sha1_base64="OJti2kJK0jT6ij+jk0AeWc0xW14=">AAACFHicbVA9SwNBEN2LXzF+nVraHAZBCIQ7kWgjBG0sI5gPyIUwt5kkS/b2jt09IST5ETb+FRsLRWwt7Pw3bpIrNPHBwpv3ZpidF8ScKe2631ZmZXVtfSO7mdva3tnds/cPaipKJMUqjXgkGwEo5ExgVTPNsRFLhDDgWA8GN1O//oBSsUjc62GMrRB6gnUZBW2ktl0Y+7FivgTR43jlA4/7MHbTuuAHqGHspWXbzrtFdwZnmXgpyZMUlbb95XcimoQoNOWgVNNzY90agdSMcpzk/ERhDHQAPWwaKiBE1RrNjpo4J0bpON1Imie0M1N/T4wgVGoYBqYzBN1Xi95U/M9rJrp72RoxEScaBZ0v6ibc0ZEzTcjpMIlU86EhQCUzf3VoHyRQbXLMmRC8xZOXSe2s6JWKpbvzfPk6jSNLjsgxOSUeuSBlcksqpEooeSTP5JW8WU/Wi/VufcxbM1Y6c0j+wPr8AYjTnyI=</latexit>

|ω→ = ε|0→+ ϑ|1→
<latexit sha1_base64="S3ArUb+j6acSKW3edSXDVlZdNF0=">AAAB63icbVDLSgNBEOyNrxhfUY9eBoPgKeyKRI9BLx4jmAckS5idzGaHzGOZmRVCyC948aCIV3/Im3/jbLIHjRY0FFXddHdFKWfG+v6XV1pb39jcKm9Xdnb39g+qh0cdozJNaJsornQvwoZyJmnbMstpL9UUi4jTbjS5zf3uI9WGKflgpykNBR5LFjOCbS4NdKKG1Zpf9xdAf0lQkBoUaA2rn4ORIpmg0hKOjekHfmrDGdaWEU7nlUFmaIrJBI9p31GJBTXhbHHrHJ05ZYRipV1Jixbqz4kZFsZMReQ6BbaJWfVy8T+vn9n4OpwxmWaWSrJcFGccWYXyx9GIaUosnzqCiWbuVkQSrDGxLp6KCyFYffkv6VzUg0a9cX9Za94UcZThBE7hHAK4gibcQQvaQCCBJ3iBV094z96b975sLXnFzDH8gvfxDSM+jlI=</latexit>ω

Example:	quantum	bit.



�

•	The	preparaWon	device	prepares	a	qubit	
•in	some	quantum	state	

More	generally:					is	(mixed-state-)2x2	density	matrix.

Generalized	probabilisWc	theories

PreparaWon transformaWon measurement

<latexit sha1_base64="Y+q4z+aG94MLjZBu1QS+2SozHr4=">AAACB3icbVDLSgMxFM3UV62vUZeCDBbBhZQZkepGKLpxWcE+oDOUTHqnDc0kQ5IRStudG3/FjQtF3PoL7vwb03YW2nrgcg/n3EtyT5gwqrTrflu5peWV1bX8emFjc2t7x97dqyuRSgI1IpiQzRArYJRDTVPNoJlIwHHIoBH2byZ+4wGkooLf60ECQYy7nEaUYG2ktn3oy564GvmJor7EvMvAZ7NmlNFp2y66JXcKZ5F4GSmiDNW2/eV3BElj4JowrFTLcxMdDLHUlDAYF/xUQYJJH3ehZSjHMahgOL1j7BwbpeNEQpri2pmqvzeGOFZqEIdmMsa6p+a9ifif10p1dBkMKU9SDZzMHopS5mjhTEJxOlQC0WxgCCaSmr86pIclJtpEVzAhePMnL5L6Wckrl8p358XKdRZHHh2gI3SCPHSBKugWVVENEfSIntErerOerBfr3fqYjeasbGcf/YH1+QO1hJnc</latexit>

ω = |ε→↑ε|,
<latexit sha1_base64="OJti2kJK0jT6ij+jk0AeWc0xW14=">AAACFHicbVA9SwNBEN2LXzF+nVraHAZBCIQ7kWgjBG0sI5gPyIUwt5kkS/b2jt09IST5ETb+FRsLRWwt7Pw3bpIrNPHBwpv3ZpidF8ScKe2631ZmZXVtfSO7mdva3tnds/cPaipKJMUqjXgkGwEo5ExgVTPNsRFLhDDgWA8GN1O//oBSsUjc62GMrRB6gnUZBW2ktl0Y+7FivgTR43jlA4/7MHbTuuAHqGHspWXbzrtFdwZnmXgpyZMUlbb95XcimoQoNOWgVNNzY90agdSMcpzk/ERhDHQAPWwaKiBE1RrNjpo4J0bpON1Imie0M1N/T4wgVGoYBqYzBN1Xi95U/M9rJrp72RoxEScaBZ0v6ibc0ZEzTcjpMIlU86EhQCUzf3VoHyRQbXLMmRC8xZOXSe2s6JWKpbvzfPk6jSNLjsgxOSUeuSBlcksqpEooeSTP5JW8WU/Wi/VufcxbM1Y6c0j+wPr8AYjTnyI=</latexit>

|ω→ = ε|0→+ ϑ|1→
<latexit sha1_base64="S3ArUb+j6acSKW3edSXDVlZdNF0=">AAAB63icbVDLSgNBEOyNrxhfUY9eBoPgKeyKRI9BLx4jmAckS5idzGaHzGOZmRVCyC948aCIV3/Im3/jbLIHjRY0FFXddHdFKWfG+v6XV1pb39jcKm9Xdnb39g+qh0cdozJNaJsornQvwoZyJmnbMstpL9UUi4jTbjS5zf3uI9WGKflgpykNBR5LFjOCbS4NdKKG1Zpf9xdAf0lQkBoUaA2rn4ORIpmg0hKOjekHfmrDGdaWEU7nlUFmaIrJBI9p31GJBTXhbHHrHJ05ZYRipV1Jixbqz4kZFsZMReQ6BbaJWfVy8T+vn9n4OpwxmWaWSrJcFGccWYXyx9GIaUosnzqCiWbuVkQSrDGxLp6KCyFYffkv6VzUg0a9cX9Za94UcZThBE7hHAK4gibcQQvaQCCBJ3iBV094z96b975sLXnFzDH8gvfxDSM+jlI=</latexit>ω

Example:	quantum	bit.

<latexit sha1_base64="o889VK/0lPgtLqEgIsX6KYS9hjA="></latexit>

|ω→ = cos
ε

2
|0→+ eiω sin

ε

2
|1→



�

• Unitary transformation of the density matrix:

Generalized	probabilisWc	theories

PreparaWon transformaWon measurement

<latexit sha1_base64="2Wj+ci1d0C8JAkAAKA2FPPrZkVY=">AAACBHicbVC9TsMwGHT4LeUvwNjFokJiqhKECmMFC2ORSFupCZXjOK1VO45sB6mKOrDwKiwMIMTKQ7DxNjhtBmg5ydL57vtk34Upo0o7zre1srq2vrFZ2apu7+zu7dsHhx0lMomJhwUTshciRRhNiKepZqSXSoJ4yEg3HF8XfveBSEVFcqcnKQk4GiY0phhpIw3smi9HwucoVVpAr7hA796P0HBI5MCuOw1nBrhM3JLUQYn2wP7yI4EzThKNGVKq7zqpDnIkNcWMTKt+pkiK8BgNSd/QBHGignwWYgpPjBLBWEhzEg1n6u+NHHGlJjw0kxzpkVr0CvE/r5/p+DLIaZJmmiR4/lCcMWgCF43AiEqCNZsYgrCk5q8Qj5BEWJveqqYEdzHyMumcNdxmo3l7Xm9dlXVUQA0cg1PgggvQAjegDTyAwSN4Bq/gzXqyXqx362M+umKVO0fgD6zPH4x2mAw=</latexit>

ω →↑ UωU†

Example:	quantum	bit.



�

• Unitary transformation of the density matrix:

• Measurement in arbitrary spin direction d:

Generalized	probabilisWc	theories

PreparaWon transformaWon measurement

Example:	quantum	bit.

<latexit sha1_base64="2Wj+ci1d0C8JAkAAKA2FPPrZkVY=">AAACBHicbVC9TsMwGHT4LeUvwNjFokJiqhKECmMFC2ORSFupCZXjOK1VO45sB6mKOrDwKiwMIMTKQ7DxNjhtBmg5ydL57vtk34Upo0o7zre1srq2vrFZ2apu7+zu7dsHhx0lMomJhwUTshciRRhNiKepZqSXSoJ4yEg3HF8XfveBSEVFcqcnKQk4GiY0phhpIw3smi9HwucoVVpAr7hA796P0HBI5MCuOw1nBrhM3JLUQYn2wP7yI4EzThKNGVKq7zqpDnIkNcWMTKt+pkiK8BgNSd/QBHGignwWYgpPjBLBWEhzEg1n6u+NHHGlJjw0kxzpkVr0CvE/r5/p+DLIaZJmmiR4/lCcMWgCF43AiEqCNZsYgrCk5q8Qj5BEWJveqqYEdzHyMumcNdxmo3l7Xm9dlXVUQA0cg1PgggvQAjegDTyAwSN4Bq/gzXqyXqx362M+umKVO0fgD6zPH4x2mAw=</latexit>

ω →↑ UωU†

<latexit sha1_base64="7cT0XRFu8qsRFAfvB6cztki9Y8Q=">AAACFnicbVDLSsNAFJ34rPUVdelmsAh1YUlEqhuh6MZlBPuAJoTJdNoOnWTCzEQpMV/hxl9x40IRt+LOv3GaZqGtBy4czrmXe+8JYkalsqxvY2FxaXlltbRWXt/Y3No2d3ZbkicCkybmjItOgCRhNCJNRRUjnVgQFAaMtIPR1cRv3xEhKY9u1TgmXogGEe1TjJSWfPM4dUUIHcGDrOomMRKC38MHVwz50UVuKZFVHb+XKzXfrFg1KwecJ3ZBKqCA45tfbo/jJCSRwgxJ2bWtWHkpEopiRrKym0gSIzxCA9LVNEIhkV6av5XBQ630YJ8LXZGCufp7IkWhlOMw0J0hUkM5603E/7xuovrnXkqjOFEkwtNF/YRBxeEkI9ijgmDFxpogLKi+FeIhEggrnWRZh2DPvjxPWic1u16r35xWGpdFHCWwDw5AFdjgDDTANXBAE2DwCJ7BK3gznowX4934mLYuGMXMHvgD4/MHoqOfCQ==</latexit>

Prob(→ |ω) = tr(Pdω).



• What	is	a	state?	
It	is	the	thing	that	allows	us	to	determine,	for	all	possible	
measurements,	the	probabiliWes	of	the	possible	outcomes.

Generalized	probabilisWc	theories



• What	is	a	state?	
It	is	the	thing	that	allows	us	to	determine,	for	all	possible	
measurements,	the	probabiliWes	of	the	possible	outcomes.

Generalized	probabilisWc	theories

QT:	Density	matrix		
							Measure	whether	spin	is	up	or	down:

<latexit sha1_base64="kqYCupqATh/epZ4CkHtEzP+iAkI=">AAACJHicbZDNSgMxFIUz9a/Wv6pLN8EitJthRgqKIBTduKxgbaFTSibNtKGZJCQZpYx9Fze+ihsXiuLCjc9i2s5CWy+EfJxzL8k9oWRUG8/7cnJLyyura/n1wsbm1vZOcXfvVotEYdLAggnVCpEmjHLSMNQw0pKKoDhkpBkOLyd+844oTQW/MSNJOjHqcxpRjIyVusWzejkNVAwTOa6cT8mocTlQA/EQJBIpJe4DhXifkYDNrkytuN1iyXO9acFF8DMogazq3eJ70BM4iQk3mCGt274nTSdFylDMyLgQJJpIhIeoT9oWOYqJ7qTTHcfwyCo9GAllDzdwqv6eSFGs9SgObWeMzEDPexPxP6+dmOi0k1IuE0M4nj0UJQwaASeBwR5VBBs2soCwovavEA+QQtjYWAs2BH9+5UVoHrt+1fX962qpdpHlkQcH4BCUgQ9OQA1cgTpoAAwewTN4BW/Ok/PifDifs9ack83sgz/lfP8ADVOlkw==</latexit>

P (up) = tr(⇢| "ih").
<latexit sha1_base64="80DsCSnr5AxNDThbliXINd3Horw=">AAAB7XicbVBNSwMxEJ2tX7V+VT16CRbB07IRQY9FLx4ruLbQLiWbZtvQbLIkWaEs/Q1ePCiIV/+PN/+NabsHbX0w8Hhvhpl5cSa4sUHw7VXW1jc2t6rbtZ3dvf2D+uHRo1G5piykSijdiYlhgksWWm4F62SakTQWrB2Pb2d++4lpw5V8sJOMRSkZSp5wSqyTwp4eKb9fbwR+MAdaJbgkDSjR6te/egNF85RJSwUxpouDzEYF0ZZTwaa1Xm5YRuiYDFnXUUlSZqJifuwUnTllgBKlXUmL5urviYKkxkzS2HWmxI7MsjcT//O6uU2uo4LLLLdM0sWiJBfIKjT7HA24ZtSKiSOEau5uRXRENKHW5VNzIeDll1dJ+8LHlz7G95eN5k2ZRxVO4BTOAcMVNOEOWhACBQ7P8ApvnvRevHfvY9Fa8cqZY/gD7/MHI3KOuA==</latexit>⇢.



• What	is	a	state?	
It	is	the	thing	that	allows	us	to	determine,	for	all	possible	
measurements,	the	probabiliWes	of	the	possible	outcomes.

Generalized	probabilisWc	theories

• What	is	a	state	space?	
It	is	the	collecWon	of	all	states	that	a	system	could	
possibly	be	in,	closed	under	staGsGcal	mixtures.

QT:	Density	matrix		
							Measure	whether	spin	is	up	or	down:

<latexit sha1_base64="kqYCupqATh/epZ4CkHtEzP+iAkI=">AAACJHicbZDNSgMxFIUz9a/Wv6pLN8EitJthRgqKIBTduKxgbaFTSibNtKGZJCQZpYx9Fze+ihsXiuLCjc9i2s5CWy+EfJxzL8k9oWRUG8/7cnJLyyura/n1wsbm1vZOcXfvVotEYdLAggnVCpEmjHLSMNQw0pKKoDhkpBkOLyd+844oTQW/MSNJOjHqcxpRjIyVusWzejkNVAwTOa6cT8mocTlQA/EQJBIpJe4DhXifkYDNrkytuN1iyXO9acFF8DMogazq3eJ70BM4iQk3mCGt274nTSdFylDMyLgQJJpIhIeoT9oWOYqJ7qTTHcfwyCo9GAllDzdwqv6eSFGs9SgObWeMzEDPexPxP6+dmOi0k1IuE0M4nj0UJQwaASeBwR5VBBs2soCwovavEA+QQtjYWAs2BH9+5UVoHrt+1fX962qpdpHlkQcH4BCUgQ9OQA1cgTpoAAwewTN4BW/Ok/PifDifs9ack83sgz/lfP8ADVOlkw==</latexit>

P (up) = tr(⇢| "ih").
<latexit sha1_base64="80DsCSnr5AxNDThbliXINd3Horw=">AAAB7XicbVBNSwMxEJ2tX7V+VT16CRbB07IRQY9FLx4ruLbQLiWbZtvQbLIkWaEs/Q1ePCiIV/+PN/+NabsHbX0w8Hhvhpl5cSa4sUHw7VXW1jc2t6rbtZ3dvf2D+uHRo1G5piykSijdiYlhgksWWm4F62SakTQWrB2Pb2d++4lpw5V8sJOMRSkZSp5wSqyTwp4eKb9fbwR+MAdaJbgkDSjR6te/egNF85RJSwUxpouDzEYF0ZZTwaa1Xm5YRuiYDFnXUUlSZqJifuwUnTllgBKlXUmL5urviYKkxkzS2HWmxI7MsjcT//O6uU2uo4LLLLdM0sWiJBfIKjT7HA24ZtSKiSOEau5uRXRENKHW5VNzIeDll1dJ+8LHlz7G95eN5k2ZRxVO4BTOAcMVNOEOWhACBQ7P8ApvnvRevHfvY9Fa8cqZY/gD7/MHI3KOuA==</latexit>⇢.



• What	is	a	state?	
It	is	the	thing	that	allows	us	to	determine,	for	all	possible	
measurements,	the	probabiliWes	of	the	possible	outcomes.

Generalized	probabilisWc	theories

• What	is	a	state	space?	
It	is	the	collecWon	of	all	states	that	a	system	could	
possibly	be	in,	closed	under	staGsGcal	mixtures.

even: !
odd: ⌧

� =
1

2
! +

1

2
⌧

QT:	Density	matrix		
							Measure	whether	spin	is	up	or	down:

<latexit sha1_base64="kqYCupqATh/epZ4CkHtEzP+iAkI=">AAACJHicbZDNSgMxFIUz9a/Wv6pLN8EitJthRgqKIBTduKxgbaFTSibNtKGZJCQZpYx9Fze+ihsXiuLCjc9i2s5CWy+EfJxzL8k9oWRUG8/7cnJLyyura/n1wsbm1vZOcXfvVotEYdLAggnVCpEmjHLSMNQw0pKKoDhkpBkOLyd+844oTQW/MSNJOjHqcxpRjIyVusWzejkNVAwTOa6cT8mocTlQA/EQJBIpJe4DhXifkYDNrkytuN1iyXO9acFF8DMogazq3eJ70BM4iQk3mCGt274nTSdFylDMyLgQJJpIhIeoT9oWOYqJ7qTTHcfwyCo9GAllDzdwqv6eSFGs9SgObWeMzEDPexPxP6+dmOi0k1IuE0M4nj0UJQwaASeBwR5VBBs2soCwovavEA+QQtjYWAs2BH9+5UVoHrt+1fX962qpdpHlkQcH4BCUgQ9OQA1cgTpoAAwewTN4BW/Ok/PifDifs9ack83sgz/lfP8ADVOlkw==</latexit>

P (up) = tr(⇢| "ih").
<latexit sha1_base64="80DsCSnr5AxNDThbliXINd3Horw=">AAAB7XicbVBNSwMxEJ2tX7V+VT16CRbB07IRQY9FLx4ruLbQLiWbZtvQbLIkWaEs/Q1ePCiIV/+PN/+NabsHbX0w8Hhvhpl5cSa4sUHw7VXW1jc2t6rbtZ3dvf2D+uHRo1G5piykSijdiYlhgksWWm4F62SakTQWrB2Pb2d++4lpw5V8sJOMRSkZSp5wSqyTwp4eKb9fbwR+MAdaJbgkDSjR6te/egNF85RJSwUxpouDzEYF0ZZTwaa1Xm5YRuiYDFnXUUlSZqJifuwUnTllgBKlXUmL5urviYKkxkzS2HWmxI7MsjcT//O6uU2uo4LLLLdM0sWiJBfIKjT7HA24ZtSKiSOEau5uRXRENKHW5VNzIeDll1dJ+8LHlz7G95eN5k2ZRxVO4BTOAcMVNOEOWhACBQ7P8ApvnvRevHfvY9Fa8cqZY/gD7/MHI3KOuA==</latexit>⇢.



• What	is	a	state?	
It	is	the	thing	that	allows	us	to	determine,	for	all	possible	
measurements,	the	probabiliWes	of	the	possible	outcomes.

Generalized	probabilisWc	theories

• What	is	a	state	space?	
It	is	the	collecWon	of	all	states	that	a	system	could	
possibly	be	in,	closed	under	staGsGcal	mixtures.

even: !
odd: ⌧
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⌧

QT:	Density	matrix		
							Measure	whether	spin	is	up	or	down:

<latexit sha1_base64="kqYCupqATh/epZ4CkHtEzP+iAkI=">AAACJHicbZDNSgMxFIUz9a/Wv6pLN8EitJthRgqKIBTduKxgbaFTSibNtKGZJCQZpYx9Fze+ihsXiuLCjc9i2s5CWy+EfJxzL8k9oWRUG8/7cnJLyyura/n1wsbm1vZOcXfvVotEYdLAggnVCpEmjHLSMNQw0pKKoDhkpBkOLyd+844oTQW/MSNJOjHqcxpRjIyVusWzejkNVAwTOa6cT8mocTlQA/EQJBIpJe4DhXifkYDNrkytuN1iyXO9acFF8DMogazq3eJ70BM4iQk3mCGt274nTSdFylDMyLgQJJpIhIeoT9oWOYqJ7qTTHcfwyCo9GAllDzdwqv6eSFGs9SgObWeMzEDPexPxP6+dmOi0k1IuE0M4nj0UJQwaASeBwR5VBBs2soCwovavEA+QQtjYWAs2BH9+5UVoHrt+1fX962qpdpHlkQcH4BCUgQ9OQA1cgTpoAAwewTN4BW/Ok/PifDifs9ack83sgz/lfP8ADVOlkw==</latexit>

P (up) = tr(⇢| "ih").
<latexit sha1_base64="80DsCSnr5AxNDThbliXINd3Horw=">AAAB7XicbVBNSwMxEJ2tX7V+VT16CRbB07IRQY9FLx4ruLbQLiWbZtvQbLIkWaEs/Q1ePCiIV/+PN/+NabsHbX0w8Hhvhpl5cSa4sUHw7VXW1jc2t6rbtZ3dvf2D+uHRo1G5piykSijdiYlhgksWWm4F62SakTQWrB2Pb2d++4lpw5V8sJOMRSkZSp5wSqyTwp4eKb9fbwR+MAdaJbgkDSjR6te/egNF85RJSwUxpouDzEYF0ZZTwaa1Xm5YRuiYDFnXUUlSZqJifuwUnTllgBKlXUmL5urviYKkxkzS2HWmxI7MsjcT//O6uU2uo4LLLLdM0sWiJBfIKjT7HA24ZtSKiSOEau5uRXRENKHW5VNzIeDll1dJ+8LHlz7G95eN5k2ZRxVO4BTOAcMVNOEOWhACBQ7P8ApvnvRevHfvY9Fa8cqZY/gD7/MHI3KOuA==</latexit>⇢.

Ω
!1

!2convex



• What	is	a	state?	
It	is	the	thing	that	allows	us	to	determine,	for	all	possible	
measurements,	the	probabiliWes	of	the	possible	outcomes.

Generalized	probabilisWc	theories

• What	is	a	state	space?	
It	is	the	collecWon	of	all	states	that	a	system	could	
possibly	be	in,	closed	under	staGsGcal	mixtures.

QT:	Density	matrix		
							Measure	whether	spin	is	up	or	down:

<latexit sha1_base64="kqYCupqATh/epZ4CkHtEzP+iAkI=">AAACJHicbZDNSgMxFIUz9a/Wv6pLN8EitJthRgqKIBTduKxgbaFTSibNtKGZJCQZpYx9Fze+ihsXiuLCjc9i2s5CWy+EfJxzL8k9oWRUG8/7cnJLyyura/n1wsbm1vZOcXfvVotEYdLAggnVCpEmjHLSMNQw0pKKoDhkpBkOLyd+844oTQW/MSNJOjHqcxpRjIyVusWzejkNVAwTOa6cT8mocTlQA/EQJBIpJe4DhXifkYDNrkytuN1iyXO9acFF8DMogazq3eJ70BM4iQk3mCGt274nTSdFylDMyLgQJJpIhIeoT9oWOYqJ7qTTHcfwyCo9GAllDzdwqv6eSFGs9SgObWeMzEDPexPxP6+dmOi0k1IuE0M4nj0UJQwaASeBwR5VBBs2soCwovavEA+QQtjYWAs2BH9+5UVoHrt+1fX962qpdpHlkQcH4BCUgQ9OQA1cgTpoAAwewTN4BW/Ok/PifDifs9ack83sgz/lfP8ADVOlkw==</latexit>

P (up) = tr(⇢| "ih").
<latexit sha1_base64="80DsCSnr5AxNDThbliXINd3Horw=">AAAB7XicbVBNSwMxEJ2tX7V+VT16CRbB07IRQY9FLx4ruLbQLiWbZtvQbLIkWaEs/Q1ePCiIV/+PN/+NabsHbX0w8Hhvhpl5cSa4sUHw7VXW1jc2t6rbtZ3dvf2D+uHRo1G5piykSijdiYlhgksWWm4F62SakTQWrB2Pb2d++4lpw5V8sJOMRSkZSp5wSqyTwp4eKb9fbwR+MAdaJbgkDSjR6te/egNF85RJSwUxpouDzEYF0ZZTwaa1Xm5YRuiYDFnXUUlSZqJifuwUnTllgBKlXUmL5urviYKkxkzS2HWmxI7MsjcT//O6uU2uo4LLLLdM0sWiJBfIKjT7HA24ZtSKiSOEau5uRXRENKHW5VNzIeDll1dJ+8LHlz7G95eN5k2ZRxVO4BTOAcMVNOEOWhACBQ7P8ApvnvRevHfvY9Fa8cqZY/gD7/MHI3KOuA==</latexit>⇢.

Ω
!1

!2

QT:
<latexit sha1_base64="0uc4pHpQB7Jg/+l02L/tMnpSoUw="></latexit>

⌦ = {⇢ 2 HN (C) | tr(⇢) = 1, ⇢ � 0}.

convex



• What	is	a	state?	
It	is	the	thing	that	allows	us	to	determine,	for	all	possible	
measurements,	the	probabiliWes	of	the	possible	outcomes.

Generalized	probabilisWc	theories

• What	is	a	state	space?	
It	is	the	collecWon	of	all	states	that	a	system	could	
possibly	be	in,	closed	under	staGsGcal	mixtures.

QT:	Density	matrix		
							Measure	whether	spin	is	up	or	down:

<latexit sha1_base64="kqYCupqATh/epZ4CkHtEzP+iAkI=">AAACJHicbZDNSgMxFIUz9a/Wv6pLN8EitJthRgqKIBTduKxgbaFTSibNtKGZJCQZpYx9Fze+ihsXiuLCjc9i2s5CWy+EfJxzL8k9oWRUG8/7cnJLyyura/n1wsbm1vZOcXfvVotEYdLAggnVCpEmjHLSMNQw0pKKoDhkpBkOLyd+844oTQW/MSNJOjHqcxpRjIyVusWzejkNVAwTOa6cT8mocTlQA/EQJBIpJe4DhXifkYDNrkytuN1iyXO9acFF8DMogazq3eJ70BM4iQk3mCGt274nTSdFylDMyLgQJJpIhIeoT9oWOYqJ7qTTHcfwyCo9GAllDzdwqv6eSFGs9SgObWeMzEDPexPxP6+dmOi0k1IuE0M4nj0UJQwaASeBwR5VBBs2soCwovavEA+QQtjYWAs2BH9+5UVoHrt+1fX962qpdpHlkQcH4BCUgQ9OQA1cgTpoAAwewTN4BW/Ok/PifDifs9ack83sgz/lfP8ADVOlkw==</latexit>

P (up) = tr(⇢| "ih").
<latexit sha1_base64="80DsCSnr5AxNDThbliXINd3Horw=">AAAB7XicbVBNSwMxEJ2tX7V+VT16CRbB07IRQY9FLx4ruLbQLiWbZtvQbLIkWaEs/Q1ePCiIV/+PN/+NabsHbX0w8Hhvhpl5cSa4sUHw7VXW1jc2t6rbtZ3dvf2D+uHRo1G5piykSijdiYlhgksWWm4F62SakTQWrB2Pb2d++4lpw5V8sJOMRSkZSp5wSqyTwp4eKb9fbwR+MAdaJbgkDSjR6te/egNF85RJSwUxpouDzEYF0ZZTwaa1Xm5YRuiYDFnXUUlSZqJifuwUnTllgBKlXUmL5urviYKkxkzS2HWmxI7MsjcT//O6uU2uo4LLLLdM0sWiJBfIKjT7HA24ZtSKiSOEau5uRXRENKHW5VNzIeDll1dJ+8LHlz7G95eN5k2ZRxVO4BTOAcMVNOEOWhACBQ7P8ApvnvRevHfvY9Fa8cqZY/gD7/MHI3KOuA==</latexit>⇢.

Ω
!1

!2

QT:
<latexit sha1_base64="0uc4pHpQB7Jg/+l02L/tMnpSoUw="></latexit>

⌦ = {⇢ 2 HN (C) | tr(⇢) = 1, ⇢ � 0}.

CPT:
<latexit sha1_base64="EtVPggItS4QzmPMY3cvEB3A62WY="></latexit>

⌦ = {(p1, . . . , pN ) | pi � 0,
X

i

pi = 1}.

convex



• What	is	a	transformaGon?	
Maps	an	incoming	state	to	an	outgoing	state,	must	be	linear.	
T	is	reversible	if												is	also	a	transformaWon.

Generalized	probabilisWc	theories

Ω
!1

!2convex

<latexit sha1_base64="DEOVLSvp5adCTzPtX91ZZl1bpIE=">AAAB7XicbVBNSwMxEJ2tX7V+VT16CRbBi2VXinosePFYoV/QriWbZtvYbLIkWaEs/Q9ePCji1f/jzX9jtt2Dtj4YeLw3w8y8IOZMG9f9dgpr6xubW8Xt0s7u3v5B+fCorWWiCG0RyaXqBlhTzgRtGWY47caK4ijgtBNMbjO/80SVZlI0zTSmfoRHgoWMYGOldvMhvfBmg3LFrbpzoFXi5aQCORqD8ld/KEkSUWEIx1r3PDc2foqVYYTTWamfaBpjMsEj2rNU4IhqP51fO0NnVhmiUCpbwqC5+nsixZHW0yiwnRE2Y73sZeJ/Xi8x4Y2fMhEnhgqyWBQmHBmJstfRkClKDJ9agoli9lZExlhhYmxAJRuCt/zyKmlfVr2rau2+VqnX8ziKcAKncA4eXEMd7qABLSDwCM/wCm+OdF6cd+dj0Vpw8plj+APn8wcEqY7F</latexit>

T�1

<latexit sha1_base64="+xZdS2dyVFxhkI7up7MZ+1nqbtU=">AAAB+nicbVDLSgNBEJyNrxhfGz16GQxCvIRdCepFCHjxGCEvyC5hdjJJhsxjmZmNhDWf4sWDIl79Em/+jZNkD5pY0FBUddPdFcWMauN5305uY3Nreye/W9jbPzg8covHLS0ThUkTSyZVJ0KaMCpI01DDSCdWBPGIkXY0vpv77QlRmkrRMNOYhBwNBR1QjIyVem6xUQ4kJ0N0cRtMkIpHtOeWvIq3AFwnfkZKIEO9534FfYkTToTBDGnd9b3YhClShmJGZoUg0SRGeIyGpGupQJzoMF2cPoPnVunDgVS2hIEL9fdEirjWUx7ZTo7MSK96c/E/r5uYwU2YUhEnhgi8XDRIGDQSznOAfaoINmxqCcKK2lshHiGFsLFpFWwI/urL66R1WfGvKtWHaqlWy+LIg1NwBsrAB9egBu5BHTQBBo/gGbyCN+fJeXHenY9la87JZk7AHzifP4Vok4k=</latexit>

T (!) = '



• What	is	a	transformaGon?	
Maps	an	incoming	state	to	an	outgoing	state,	must	be	linear.	
T	is	reversible	if												is	also	a	transformaWon.

Generalized	probabilisWc	theories

QT:	Completely	posiWve,	trace-non-increasing	maps.		
							Reversible	transformaWons:	unitary	maps,

Ω
!1

!2convex

<latexit sha1_base64="DEOVLSvp5adCTzPtX91ZZl1bpIE=">AAAB7XicbVBNSwMxEJ2tX7V+VT16CRbBi2VXinosePFYoV/QriWbZtvYbLIkWaEs/Q9ePCji1f/jzX9jtt2Dtj4YeLw3w8y8IOZMG9f9dgpr6xubW8Xt0s7u3v5B+fCorWWiCG0RyaXqBlhTzgRtGWY47caK4ijgtBNMbjO/80SVZlI0zTSmfoRHgoWMYGOldvMhvfBmg3LFrbpzoFXi5aQCORqD8ld/KEkSUWEIx1r3PDc2foqVYYTTWamfaBpjMsEj2rNU4IhqP51fO0NnVhmiUCpbwqC5+nsixZHW0yiwnRE2Y73sZeJ/Xi8x4Y2fMhEnhgqyWBQmHBmJstfRkClKDJ9agoli9lZExlhhYmxAJRuCt/zyKmlfVr2rau2+VqnX8ziKcAKncA4eXEMd7qABLSDwCM/wCm+OdF6cd+dj0Vpw8plj+APn8wcEqY7F</latexit>

T�1

<latexit sha1_base64="+xZdS2dyVFxhkI7up7MZ+1nqbtU=">AAAB+nicbVDLSgNBEJyNrxhfGz16GQxCvIRdCepFCHjxGCEvyC5hdjJJhsxjmZmNhDWf4sWDIl79Em/+jZNkD5pY0FBUddPdFcWMauN5305uY3Nreye/W9jbPzg8covHLS0ThUkTSyZVJ0KaMCpI01DDSCdWBPGIkXY0vpv77QlRmkrRMNOYhBwNBR1QjIyVem6xUQ4kJ0N0cRtMkIpHtOeWvIq3AFwnfkZKIEO9534FfYkTToTBDGnd9b3YhClShmJGZoUg0SRGeIyGpGupQJzoMF2cPoPnVunDgVS2hIEL9fdEirjWUx7ZTo7MSK96c/E/r5uYwU2YUhEnhgi8XDRIGDQSznOAfaoINmxqCcKK2lshHiGFsLFpFWwI/urL66R1WfGvKtWHaqlWy+LIg1NwBsrAB9egBu5BHTQBBo/gGbyCN+fJeXHenY9la87JZk7AHzifP4Vok4k=</latexit>

T (!) = '

<latexit sha1_base64="W7TYHEQ1k8XGa3LI/8fgka/WBBY=">AAACBXicbVBPS8MwHE3nvzn/VT3qITgET6WVoR4HXjxOsNtgrSNN0y4saUuSCqPs4sWv4sWDIl79Dt78NqZbD7r5IPDy3u9H8l6QMSqVbX8btZXVtfWN+mZja3tnd8/cP+jKNBeYuDhlqegHSBJGE+IqqhjpZ4IgHjDSC8bXpd97IELSNLlTk4z4HMUJjShGSktD89gTo9TjKJMqhW55ge69F6I4JsIamk3bsmeAy8SpSBNU6AzNLy9Mcc5JojBDUg4cO1N+gYSimJFpw8slyRAeo5gMNE0QJ9IvZimm8FQrIYxSoU+i4Ez9vVEgLuWEB3qSIzWSi14p/ucNchVd+QVNslyRBM8finIGdeKyEhhSQbBiE00QFlT/FeIREggrXVxDl+AsRl4m3XPLubBat61mu13VUQdH4AScAQdcgja4AR3gAgwewTN4BW/Gk/FivBsf89GaUe0cgj8wPn8AAH6YQA==</latexit>

⇢ 7! U⇢U †.



• What	is	a	transformaGon?	
Maps	an	incoming	state	to	an	outgoing	state,	must	be	linear.	
T	is	reversible	if												is	also	a	transformaWon.

Generalized	probabilisWc	theories

QT:	Completely	posiWve,	trace-non-increasing	maps.		
							Reversible	transformaWons:	unitary	maps,

Ω
!1

!2convex

<latexit sha1_base64="DEOVLSvp5adCTzPtX91ZZl1bpIE=">AAAB7XicbVBNSwMxEJ2tX7V+VT16CRbBi2VXinosePFYoV/QriWbZtvYbLIkWaEs/Q9ePCji1f/jzX9jtt2Dtj4YeLw3w8y8IOZMG9f9dgpr6xubW8Xt0s7u3v5B+fCorWWiCG0RyaXqBlhTzgRtGWY47caK4ijgtBNMbjO/80SVZlI0zTSmfoRHgoWMYGOldvMhvfBmg3LFrbpzoFXi5aQCORqD8ld/KEkSUWEIx1r3PDc2foqVYYTTWamfaBpjMsEj2rNU4IhqP51fO0NnVhmiUCpbwqC5+nsixZHW0yiwnRE2Y73sZeJ/Xi8x4Y2fMhEnhgqyWBQmHBmJstfRkClKDJ9agoli9lZExlhhYmxAJRuCt/zyKmlfVr2rau2+VqnX8ziKcAKncA4eXEMd7qABLSDwCM/wCm+OdF6cd+dj0Vpw8plj+APn8wcEqY7F</latexit>

T�1

<latexit sha1_base64="+xZdS2dyVFxhkI7up7MZ+1nqbtU=">AAAB+nicbVDLSgNBEJyNrxhfGz16GQxCvIRdCepFCHjxGCEvyC5hdjJJhsxjmZmNhDWf4sWDIl79Em/+jZNkD5pY0FBUddPdFcWMauN5305uY3Nreye/W9jbPzg8covHLS0ThUkTSyZVJ0KaMCpI01DDSCdWBPGIkXY0vpv77QlRmkrRMNOYhBwNBR1QjIyVem6xUQ4kJ0N0cRtMkIpHtOeWvIq3AFwnfkZKIEO9534FfYkTToTBDGnd9b3YhClShmJGZoUg0SRGeIyGpGupQJzoMF2cPoPnVunDgVS2hIEL9fdEirjWUx7ZTo7MSK96c/E/r5uYwU2YUhEnhgi8XDRIGDQSznOAfaoINmxqCcKK2lshHiGFsLFpFWwI/urL66R1WfGvKtWHaqlWy+LIg1NwBsrAB9egBu5BHTQBBo/gGbyCN+fJeXHenY9la87JZk7AHzifP4Vok4k=</latexit>

T (!) = '

<latexit sha1_base64="W7TYHEQ1k8XGa3LI/8fgka/WBBY=">AAACBXicbVBPS8MwHE3nvzn/VT3qITgET6WVoR4HXjxOsNtgrSNN0y4saUuSCqPs4sWv4sWDIl79Dt78NqZbD7r5IPDy3u9H8l6QMSqVbX8btZXVtfWN+mZja3tnd8/cP+jKNBeYuDhlqegHSBJGE+IqqhjpZ4IgHjDSC8bXpd97IELSNLlTk4z4HMUJjShGSktD89gTo9TjKJMqhW55ge69F6I4JsIamk3bsmeAy8SpSBNU6AzNLy9Mcc5JojBDUg4cO1N+gYSimJFpw8slyRAeo5gMNE0QJ9IvZimm8FQrIYxSoU+i4Ez9vVEgLuWEB3qSIzWSi14p/ucNchVd+QVNslyRBM8finIGdeKyEhhSQbBiE00QFlT/FeIREggrXVxDl+AsRl4m3XPLubBat61mu13VUQdH4AScAQdcgja4AR3gAgwewTN4BW/Gk/FivBsf89GaUe0cgj8wPn8AAH6YQA==</latexit>

⇢ 7! U⇢U †.

• How	to	describe	measurements?	
By	a	collecWon	of	linear	funcWonals	
such	that	the	probability	of	outcome	i	is

<latexit sha1_base64="bDRJV5AQbc3uRy36V7pf87oglEU=">AAAB+3icbZDNSgMxFIUz9a/Wv1qXboJFcFHKTCnqsuDGZQXbCu0wZDJ32tBMMiQZsZS+ihsXirj1Rdz5NqbtLLT1QODj3Hu5NydMOdPGdb+dwsbm1vZOcbe0t39weFQ+rnS1zBSFDpVcqoeQaOBMQMcww+EhVUCSkEMvHN/M671HUJpJcW8mKfgJGQoWM0qMtYJyBQKvBkGjNuCRNNqiNatu3V0Ir4OXQxXlagflr0EkaZaAMJQTrfuemxp/SpRhlMOsNMg0pISOyRD6FgVJQPvTxe0zfG6dCMdS2ScMXri/J6Yk0XqShLYzIWakV2tz879aPzPxtT9lIs0MCLpcFGccG4nnQeCIKaCGTywQqpi9FdMRUYQaG1fJhuCtfnkduo26d1lv3jWrrVYeRxGdojN0gTx0hVroFrVRB1H0hJ7RK3pzZs6L8+58LFsLTj5zgv7I+fwBncGTiQ==</latexit>e1, e2, . . . , en
<latexit sha1_base64="35+Q17tNxC6qQ2xeZztGchCqG0I=">AAAB83icbVBNS8NAEN3Ur1q/qh69LBahXkIiRT0WvHisYD+gCWWznbRLdzdhdyOU0L/hxYMiXv0z3vw3btsctPXBwOO9GWbmRSln2njet1Pa2Nza3invVvb2Dw6PqscnHZ1kikKbJjxRvYho4ExC2zDDoZcqICLi0I0md3O/+wRKs0Q+mmkKoSAjyWJGibFSAANWDxIBI3LpDqo1z/UWwOvEL0gNFWgNql/BMKGZAGkoJ1r3fS81YU6UYZTDrBJkGlJCJ2QEfUslEaDDfHHzDF9YZYjjRNmSBi/U3xM5EVpPRWQ7BTFjverNxf+8fmbi2zBnMs0MSLpcFGccmwTPA8BDpoAaPrWEUMXsrZiOiSLU2JgqNgR/9eV10rly/Wu38dCoNZtFHGV0hs5RHfnoBjXRPWqhNqIoRc/oFb05mfPivDsfy9aSU8ycoj9wPn8ACxSRCg==</latexit>

ei(!).



• What	is	a	transformaGon?	
Maps	an	incoming	state	to	an	outgoing	state,	must	be	linear.	
T	is	reversible	if												is	also	a	transformaWon.

Generalized	probabilisWc	theories

QT:	Completely	posiWve,	trace-non-increasing	maps.		
							Reversible	transformaWons:	unitary	maps,

Ω
!1

!2convex

<latexit sha1_base64="DEOVLSvp5adCTzPtX91ZZl1bpIE=">AAAB7XicbVBNSwMxEJ2tX7V+VT16CRbBi2VXinosePFYoV/QriWbZtvYbLIkWaEs/Q9ePCji1f/jzX9jtt2Dtj4YeLw3w8y8IOZMG9f9dgpr6xubW8Xt0s7u3v5B+fCorWWiCG0RyaXqBlhTzgRtGWY47caK4ijgtBNMbjO/80SVZlI0zTSmfoRHgoWMYGOldvMhvfBmg3LFrbpzoFXi5aQCORqD8ld/KEkSUWEIx1r3PDc2foqVYYTTWamfaBpjMsEj2rNU4IhqP51fO0NnVhmiUCpbwqC5+nsixZHW0yiwnRE2Y73sZeJ/Xi8x4Y2fMhEnhgqyWBQmHBmJstfRkClKDJ9agoli9lZExlhhYmxAJRuCt/zyKmlfVr2rau2+VqnX8ziKcAKncA4eXEMd7qABLSDwCM/wCm+OdF6cd+dj0Vpw8plj+APn8wcEqY7F</latexit>

T�1

<latexit sha1_base64="+xZdS2dyVFxhkI7up7MZ+1nqbtU=">AAAB+nicbVDLSgNBEJyNrxhfGz16GQxCvIRdCepFCHjxGCEvyC5hdjJJhsxjmZmNhDWf4sWDIl79Em/+jZNkD5pY0FBUddPdFcWMauN5305uY3Nreye/W9jbPzg8covHLS0ThUkTSyZVJ0KaMCpI01DDSCdWBPGIkXY0vpv77QlRmkrRMNOYhBwNBR1QjIyVem6xUQ4kJ0N0cRtMkIpHtOeWvIq3AFwnfkZKIEO9534FfYkTToTBDGnd9b3YhClShmJGZoUg0SRGeIyGpGupQJzoMF2cPoPnVunDgVS2hIEL9fdEirjWUx7ZTo7MSK96c/E/r5uYwU2YUhEnhgi8XDRIGDQSznOAfaoINmxqCcKK2lshHiGFsLFpFWwI/urL66R1WfGvKtWHaqlWy+LIg1NwBsrAB9egBu5BHTQBBo/gGbyCN+fJeXHenY9la87JZk7AHzifP4Vok4k=</latexit>

T (!) = '

<latexit sha1_base64="W7TYHEQ1k8XGa3LI/8fgka/WBBY=">AAACBXicbVBPS8MwHE3nvzn/VT3qITgET6WVoR4HXjxOsNtgrSNN0y4saUuSCqPs4sWv4sWDIl79Dt78NqZbD7r5IPDy3u9H8l6QMSqVbX8btZXVtfWN+mZja3tnd8/cP+jKNBeYuDhlqegHSBJGE+IqqhjpZ4IgHjDSC8bXpd97IELSNLlTk4z4HMUJjShGSktD89gTo9TjKJMqhW55ge69F6I4JsIamk3bsmeAy8SpSBNU6AzNLy9Mcc5JojBDUg4cO1N+gYSimJFpw8slyRAeo5gMNE0QJ9IvZimm8FQrIYxSoU+i4Ez9vVEgLuWEB3qSIzWSi14p/ucNchVd+QVNslyRBM8finIGdeKyEhhSQbBiE00QFlT/FeIREggrXVxDl+AsRl4m3XPLubBat61mu13VUQdH4AScAQdcgja4AR3gAgwewTN4BW/Gk/FivBsf89GaUe0cgj8wPn8AAH6YQA==</latexit>

⇢ 7! U⇢U †.

• How	to	describe	measurements?	
By	a	collecWon	of	linear	funcWonals	
such	that	the	probability	of	outcome	i	is

<latexit sha1_base64="bDRJV5AQbc3uRy36V7pf87oglEU=">AAAB+3icbZDNSgMxFIUz9a/Wv1qXboJFcFHKTCnqsuDGZQXbCu0wZDJ32tBMMiQZsZS+ihsXirj1Rdz5NqbtLLT1QODj3Hu5NydMOdPGdb+dwsbm1vZOcbe0t39weFQ+rnS1zBSFDpVcqoeQaOBMQMcww+EhVUCSkEMvHN/M671HUJpJcW8mKfgJGQoWM0qMtYJyBQKvBkGjNuCRNNqiNatu3V0Ir4OXQxXlagflr0EkaZaAMJQTrfuemxp/SpRhlMOsNMg0pISOyRD6FgVJQPvTxe0zfG6dCMdS2ScMXri/J6Yk0XqShLYzIWakV2tz879aPzPxtT9lIs0MCLpcFGccG4nnQeCIKaCGTywQqpi9FdMRUYQaG1fJhuCtfnkduo26d1lv3jWrrVYeRxGdojN0gTx0hVroFrVRB1H0hJ7RK3pzZs6L8+58LFsLTj5zgv7I+fwBncGTiQ==</latexit>e1, e2, . . . , en
<latexit sha1_base64="35+Q17tNxC6qQ2xeZztGchCqG0I=">AAAB83icbVBNS8NAEN3Ur1q/qh69LBahXkIiRT0WvHisYD+gCWWznbRLdzdhdyOU0L/hxYMiXv0z3vw3btsctPXBwOO9GWbmRSln2njet1Pa2Nza3invVvb2Dw6PqscnHZ1kikKbJjxRvYho4ExC2zDDoZcqICLi0I0md3O/+wRKs0Q+mmkKoSAjyWJGibFSAANWDxIBI3LpDqo1z/UWwOvEL0gNFWgNql/BMKGZAGkoJ1r3fS81YU6UYZTDrBJkGlJCJ2QEfUslEaDDfHHzDF9YZYjjRNmSBi/U3xM5EVpPRWQ7BTFjverNxf+8fmbi2zBnMs0MSLpcFGccmwTPA8BDpoAaPrWEUMXsrZiOiSLU2JgqNgR/9eV10rly/Wu38dCoNZtFHGV0hs5RHfnoBjXRPWqhNqIoRc/oFb05mfPivDsfy9aSU8ycoj9wPn8ACxSRCg==</latexit>

ei(!).

QT:	POVMs	(posiWve	operator-valued	measures),
<latexit sha1_base64="NfCPEtepyHYJZjYhv4K5i4bOpD0=">AAACCXicbVBNS8NAEN3Ur1q/oh69LBahXkoiRb0IBRE8VrAf0ISw2U7bpbtJ2N0IJfTqxb/ixYMiXv0H3vw3btsctPXBwOO9GWbmhQlnSjvOt1VYWV1b3yhulra2d3b37P2DlopTSaFJYx7LTkgUcBZBUzPNoZNIICLk0A5H11O//QBSsTi61+MEfEEGEeszSrSRAhtDwCpeLGBATq8yTwqs5aRyE7BcqwZ22ak6M+Bl4uakjHI0AvvL68U0FRBpyolSXddJtJ8RqRnlMCl5qYKE0BEZQNfQiAhQfjb7ZIJPjNLD/ViaijSeqb8nMiKUGovQdAqih2rRm4r/ed1U9y/9jEVJqiGi80X9lGMd42ksuMckUM3HhhAqmbkV0yGRhGoTXsmE4C6+vExaZ1X3vFq7q5Xr9TyOIjpCx6iCXHSB6ugWNVATUfSIntErerOerBfr3fqYtxasfOYQ/YH1+QP3Z5k8</latexit>

ei(!) = tr(Ei!).
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FIG. 6: The set of pure states in Q3 is connected, but for the
cylinder the pure states form two circles.

FIG. 7: This is now the convex hull of a single space curve,
but one cannot inscribe copies of the classical set ∆2 in it.

we consider the space curve

�x(t) =
�
cos(t) cos(3t), cos(t) sin(3t), − sin(t)

�T
. (16)

Note that the curve is closed, �x(t) = �x(t + 2π), and be-
longs to the unit sphere, ||�x(t)|| = 1. Moreover

||�x(t)− �x(t+ 1
32π)|| =

√
3 (17)

for every value of t. Hence every point �x(t) belongs to
an equilateral triangle with vertices at

�x(t), �x(t+ 1
32π), and �x(t+ 2

32π) .

They span a plane including the z-axis for all times t.
During the time ∆t = 2π

3 this plane makes a full turn
about the z-axis, while the triangle rotates by the angle
2π/3 within the plane—so the triangle has returned to a
congruent position. The curve �x(t) is shown in Fig. 8 a)
together with exemplary positions of the rotating trian-
gle, and Fig. 8 b) shows its convex hull C. This convex
hull is symmetric under reflections in the (x-y) and (x-z)

FIG. 8: a) The space curve �x(t) modelling pure quantum
states is obtained by rotating an equilateral triangle according
to Eq. (16) —three positions of the triangle are shown); b)
The convex hull C of the curve models the set of all quantum
states.

planes. Since the set of pure states is connected this is
our best model so far of the set of quantum pure states,
although the likeness is not perfect.

It is interesting to think a bit more about the boundary
of C. There are three flat faces, two triangular ones and
one rectangular. The remaining part of the boundary
consists of ruled surfaces: they are curved, but contain
one dimensional faces (straight lines). The boundary of
the set shown in Fig. 7 has similar properties. The ruled
surfaces of C have an analogue in the boundary of the
set of quantum states Q3, we have already noted that a
generic point in the boundary of Q3 belongs to a copy of
Q2 (the Bloch ball), arising as the intersection of Q3 with
a hyperplane. The flat pieces of C have no analogues in
the boundary of Q3, apart from Bloch balls (rank two)
and pure states (rank one) no other faces exist.

Still this model is not perfect: Its set of pure states
has self-intersections. Although it is created by rotating
a triangle, the triangles are not cross-sections of C. It
is not true that every point on the boundary belongs
to a face that touches the largest inscribed sphere, as
it happens for the set of quantum states [17]. Indeed its
boundary is not quite what we want it to be, in particular
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can be regarded as determining Alice’s and Bob’s outcomes. But Bell’s Theorem (Bell,
1964) tells us that the statistics of some measurements on some entangled states are
inconsistent with such a (suitably formalized) notion of hidden variables, unless those
variables are allowed to exert nonlocal influence. This guarantees that Alice’s and
Bob’s key is secure in such cases, as long as there is no superluminal signalling be-
tween their devices and Eve. The conclusion holds even if Alice and Bob have no idea
about the inner workings of their devices — or, in the worst possible case, have bought
these devices from Eve. This intuition can indeed be made mathematically rigorous,
and has led to the fascinating field of device-independent cryptography (Barrett, Hardy,
Kent (2005)) and randomness expansion (Colbeck (2006), Colbeck and Kent (2011),
Pironio et al. (2010)).
The preconception that Quantum Foundations research is somehow motivated by

the desire to return to a classical worldview is also sometimes arising in the con-
text of question (ii) above. It is true that the perhaps better known instance of this
question asks whether QT would somehow break down and become classical in the
macroscopic regime: for example, spontaneous collapse models (Ghirardi, Rimini, and
Weber (1986), Bassi et al. (2013)) try to account for the emergence of a classical
world from quantum mechanics via dynamical modifications of the Schödinger equa-
tion. However, a fascinating complementary development in Quantum Foundations
research — the one that these lectures will be focusing on — is to explore the exact
opposite: could nature be even “more crazy” than quantum? Could physics allow for
even stronger-than-quantum-correlations, produce more involved interference patterns
than allowed by QT, or enable even more magic technology than what we currently
consider possible? If classical physics is an approximation of quantum physics, could
quantum physics be an approximation of something even more general?
As we will see in the course of these lectures, the answer to these questions is “yes”:

nature could in principle be “more crazy”. The main insight will be that QT is just
one instance of a large class of probabilistic theories : theories that allow us to describe
probabilities of measurement outcomes and their correlations over time and space.
Another example is “classical probability theory” (CPT) as defined below, but there
are many other ones that are equally consistent.
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other
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FIG. 1: Left: the “landscape” of probabilistic theories. QT is for quantum theory and CPT
for classical probability theory (as defined later). Right: as a suggestive analogy (see main
text), the “landscape of theories of (spacetime) geometry”.

As we will see, not only is there a simple and beautiful mathematical formalism that
allows us to describe all such theories, but the new approach to QT “from the outside”
provides a very illuminating perspective on QT itself: it allows us to understand
which features are uniquely quantum and which others are just general properties of
probabilistic theories. Moreover, it gives us the right mathematical tools to describe
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FIG. 6: The set of pure states in Q3 is connected, but for the
cylinder the pure states form two circles.

FIG. 7: This is now the convex hull of a single space curve,
but one cannot inscribe copies of the classical set ∆2 in it.

we consider the space curve

�x(t) =
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cos(t) cos(3t), cos(t) sin(3t), − sin(t)
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. (16)

Note that the curve is closed, �x(t) = �x(t + 2π), and be-
longs to the unit sphere, ||�x(t)|| = 1. Moreover

||�x(t)− �x(t+ 1
32π)|| =

√
3 (17)

for every value of t. Hence every point �x(t) belongs to
an equilateral triangle with vertices at

�x(t), �x(t+ 1
32π), and �x(t+ 2

32π) .

They span a plane including the z-axis for all times t.
During the time ∆t = 2π

3 this plane makes a full turn
about the z-axis, while the triangle rotates by the angle
2π/3 within the plane—so the triangle has returned to a
congruent position. The curve �x(t) is shown in Fig. 8 a)
together with exemplary positions of the rotating trian-
gle, and Fig. 8 b) shows its convex hull C. This convex
hull is symmetric under reflections in the (x-y) and (x-z)

FIG. 8: a) The space curve �x(t) modelling pure quantum
states is obtained by rotating an equilateral triangle according
to Eq. (16) —three positions of the triangle are shown); b)
The convex hull C of the curve models the set of all quantum
states.

planes. Since the set of pure states is connected this is
our best model so far of the set of quantum pure states,
although the likeness is not perfect.

It is interesting to think a bit more about the boundary
of C. There are three flat faces, two triangular ones and
one rectangular. The remaining part of the boundary
consists of ruled surfaces: they are curved, but contain
one dimensional faces (straight lines). The boundary of
the set shown in Fig. 7 has similar properties. The ruled
surfaces of C have an analogue in the boundary of the
set of quantum states Q3, we have already noted that a
generic point in the boundary of Q3 belongs to a copy of
Q2 (the Bloch ball), arising as the intersection of Q3 with
a hyperplane. The flat pieces of C have no analogues in
the boundary of Q3, apart from Bloch balls (rank two)
and pure states (rank one) no other faces exist.

Still this model is not perfect: Its set of pure states
has self-intersections. Although it is created by rotating
a triangle, the triangles are not cross-sections of C. It
is not true that every point on the boundary belongs
to a face that touches the largest inscribed sphere, as
it happens for the set of quantum states [17]. Indeed its
boundary is not quite what we want it to be, in particular
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can be regarded as determining Alice’s and Bob’s outcomes. But Bell’s Theorem (Bell,
1964) tells us that the statistics of some measurements on some entangled states are
inconsistent with such a (suitably formalized) notion of hidden variables, unless those
variables are allowed to exert nonlocal influence. This guarantees that Alice’s and
Bob’s key is secure in such cases, as long as there is no superluminal signalling be-
tween their devices and Eve. The conclusion holds even if Alice and Bob have no idea
about the inner workings of their devices — or, in the worst possible case, have bought
these devices from Eve. This intuition can indeed be made mathematically rigorous,
and has led to the fascinating field of device-independent cryptography (Barrett, Hardy,
Kent (2005)) and randomness expansion (Colbeck (2006), Colbeck and Kent (2011),
Pironio et al. (2010)).
The preconception that Quantum Foundations research is somehow motivated by

the desire to return to a classical worldview is also sometimes arising in the con-
text of question (ii) above. It is true that the perhaps better known instance of this
question asks whether QT would somehow break down and become classical in the
macroscopic regime: for example, spontaneous collapse models (Ghirardi, Rimini, and
Weber (1986), Bassi et al. (2013)) try to account for the emergence of a classical
world from quantum mechanics via dynamical modifications of the Schödinger equa-
tion. However, a fascinating complementary development in Quantum Foundations
research — the one that these lectures will be focusing on — is to explore the exact
opposite: could nature be even “more crazy” than quantum? Could physics allow for
even stronger-than-quantum-correlations, produce more involved interference patterns
than allowed by QT, or enable even more magic technology than what we currently
consider possible? If classical physics is an approximation of quantum physics, could
quantum physics be an approximation of something even more general?
As we will see in the course of these lectures, the answer to these questions is “yes”:

nature could in principle be “more crazy”. The main insight will be that QT is just
one instance of a large class of probabilistic theories : theories that allow us to describe
probabilities of measurement outcomes and their correlations over time and space.
Another example is “classical probability theory” (CPT) as defined below, but there
are many other ones that are equally consistent.
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FIG. 1: Left: the “landscape” of probabilistic theories. QT is for quantum theory and CPT
for classical probability theory (as defined later). Right: as a suggestive analogy (see main
text), the “landscape of theories of (spacetime) geometry”.

As we will see, not only is there a simple and beautiful mathematical formalism that
allows us to describe all such theories, but the new approach to QT “from the outside”
provides a very illuminating perspective on QT itself: it allows us to understand
which features are uniquely quantum and which others are just general properties of
probabilistic theories. Moreover, it gives us the right mathematical tools to describe
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Does information play a significant role in the foundations of physics? Information is the abstraction that
allows us to refer to the states of systems when we choose to ignore the systems themselves. This is only
possible in very particular frameworks, like in classical or quantum theory, or more generally, whenever
there exists an information unit such that the state of any system can be reversibly encoded in a sufficient
number of such units. In this work we show how the abstract formalism of quantum theory can be deduced
solely from the existence of an information unit with suitable properties, together with two further natural
assumptions: the continuity and reversibility of dynamics, and the possibility of characterizing the state of
a composite system by local measurements. This constitutes a new set of postulates for quantum theory
with a simple and direct physical meaning, like the ones of special relativity or thermodynamics, and it
articulates a strong connection between physics and information.

I. INTRODUCTION

Quantum theory (QT) provides the foundation on top of
which most of our physical theories and our understanding
of nature sits. This peculiarly important role contrasts with
our limited understanding of QT itself, and the lack of con-
sensus among physicists about what this theory is saying
about how nature works. Particularly, the standard postu-
lates of QT are expressed in abstract mathematical terms
involving Hilbert spaces and operators acting on them, and
lack a clear physical meaning. In other physical theories,
like special relativity or thermodynamics, the formalism can
be derived from postulates having a direct physical mean-
ing, often in terms of the possibility or impossibility of cer-
tain tasks. In this work we show that this is also possible
for QT.

The importance of this goal is reflected by the long his-
tory of research on alternative axiomatizations of QT, which
goes back to Birkhoff and von Neumann [1–3]. More re-
cently, initiated by Hardy’s work [4], and influenced by the
perspective of quantum information theory, there has been
a wave of contributions taking a more physical and less
mathematical approach [4–8]. These reconstructions of
QT constitute a big achievement because they are based
on postulates having a more physical meaning. However
some of these meanings are not very direct, and a lot of
formalism has to be introduced in order to state them. In
this work we derive finite-dimensional QT from four postu-
lates having a clear and direct physical meaning, which can
be stated easily and without the need of heavy formalism.
Also, contrary to [5] we write all our assumptions explicitly.

We introduce a postulate named Existence of an In-
formation Unit, which essentially states that there is only
one type of information within the theory. Consequently,
any physical process can be simulated with a suitably pro-
grammed general purpose simulator. Since the input and
output of these simulations are not necessarily classical,
this postulate is a stronger version of the Church-Turing-
Deutsch Principle (stated in [9]). On the other hand, it is
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FIG. 1: Encoder. Coding is an ideal physical transformation
which maps the unknown state ω of an arbitrary system to an
n-gbit state in a reversible way, and leaves the initial system
in a reference state 0. Reversibility means that there is an-
other ideal physical transformation, decoding, which undoes
the above, bringing the arbitrary system back to its original
state.

strictly weaker than the Subspace Axiom, introduced in [4]
and used in [5] and [6]. An alternative way to read this
postulate is that, at some level, the dynamics of any sys-
tem is substrate-independent. Within theories satisfying
the Existence of an Information Unit one can refer to states,
dynamics and measurements abstractly, without specifying
the type of system they pertain to; and this is exploited by
quantum information scientists, who design algorithms and
protocols at an abstract level, without considering whether
they will be implemented with light, atoms or any other type
of physical substrate.

More precisely, Existence of an Information Unit states
that there is a type of system, the generalized bit or gbit,
such that the state of any other system can be reversibly
encoded in a sufficient number of gbits (see Fig. 1). The
reversibility of the encoding implies a correspondence be-
tween the states of any system and the states of a multi-
gbit system (or an appropriate subspace). This correspon-
dence also extends to dynamics and measurements: if a
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FIG. 2. Sketch of Thought experiment 1; inside the
lab, Freya interacts with some system, causing her
to be duplicated into two identical copies. Wigner
asks her which side of the room she finds herself in,
whereupon the slower copy to respond is destroyed,
leaving just one copy of Freya left in the lab.

of absoluteness for this scenario, without an account of personal
identity that elucidates a real, singular, persisting referent.

We can adopt strategies from philosophers, as discussed in Ap-
pendix VB, in order to make sense of the situation. For example,
by Parfit’s anti-realist account of personal identity [29], Wigner’s
statement may be interpreted along the lines of “The Freya who
matters to me was absolutely on the right side of the room”. Al-
ternatively, Lewis [31] (whose ontology of persons resembles four-
dimensional, potentially overlapping spacetime “worms”) might in-
terpret Wigner’s claim to say something like “The Freya who in-
formed me that she was on the right side of the room was absolutely
on the right of the room”. Or Sider [32] (with a person ontology
composed of three-dimensional “person-stages”) may instead argue
“The Freya who existed instantaneously at the completion of the
experiment was absolutely on the right side of the room”. How-
ever, a statement that just refers to “Freya” without a specific
account of identity, is ambiguous in its referent, and provides an
incomplete description of the experiment. Moreover, the possibil-
ity for two Freyas may even constitute a loophole in the LF no-go
theorem, as suggested by Kent [25].

Let us argue slightly more formally. Consider the physicist
Wigner who believes that Ego Absolutism is true, and who ob-
serves that Freya is being prepared for an experiment (which will
turn out to implement Thought Experiment 1). Wigner, however,
is not aware of all the details of the experiment; in particular, the
closed laboratory is to some extent a “black box” for him, so that
he does not have a complete description of what goes on in it. In
particular, he may not know about the duplication process. Then,
formally, Wigner will think that there is a variable (perhaps called
c) which will describe Freya’s thoughts (and observations) during
the experiment. His subjective uncertainty about the outcome will
lead Wigner to treat this as random variable, which will take ei-
ther one value or another, c = cL or c = cR, because this is what
variables do in probability theory and hence in classical physics.
Moreover, the value of this variable is absolute in the sense that we
can think of it as belonging to a larger set of facts of the physical
world, described e.g. by a collection of random variables that have a joint distribution in Kolmogorov’s sense. How-
ever, this description is not valid in Thought Experiment 1: there is no random variable c of this kind. The particular
intervention that occurs in the black box disrupts the usual notion of probability space that Wigner assumes, rendering
statements like “the probability that c = cR is p” undefined, because c becomes undefined. Following Kent [25], we
might describe it as there being two random variables c1 and c2 instead, describing the thoughts of the two Freyas.

Next, let us consider another, similar thought experiment, now including “merging” (c.f. [28]) to explore an analo-
gous operation to the unitary reversal posited by LF experiments. This time, we consider just Freya and her thoughts
and beliefs around an experiment.

Thought Experiment 2. We now imagine a second experiment that we could in principle perform classically
on an initial observer, Freya. We refer to Freya at the start of the experiment as Freya0 in order to distinguish
her from subsequent versions of herself. Freya0 is duplicated, after which one copy (FreyaB) will wake up in a
blue room, and the other (FreyaG) in a green room. Upon awakening, each copy observes which colour room they
find themselves in. Then, the two copies are put back to sleep and the memories of their respective experiences
erased. They are then merged back together into a singular Freya, who wakes up again in the starting lab, with
no recollection of being in either colour room.

As in Thought Experiment 1, the interventions in the experiment run us into problems concerning personal identity.
Freya, reflecting on the experiment, would surely believe herself to be the same person that arrived at the lab to be
duplicated, since she has su�cient physical and psychological continuity with Freya0. However, she has no recollection
of waking in either blue or green rooms, therefore she cannot identify herself solely with either FreyaB or FreyaG.
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Does information play a significant role in the foundations of physics? Information is the abstraction that
allows us to refer to the states of systems when we choose to ignore the systems themselves. This is only
possible in very particular frameworks, like in classical or quantum theory, or more generally, whenever
there exists an information unit such that the state of any system can be reversibly encoded in a sufficient
number of such units. In this work we show how the abstract formalism of quantum theory can be deduced
solely from the existence of an information unit with suitable properties, together with two further natural
assumptions: the continuity and reversibility of dynamics, and the possibility of characterizing the state of
a composite system by local measurements. This constitutes a new set of postulates for quantum theory
with a simple and direct physical meaning, like the ones of special relativity or thermodynamics, and it
articulates a strong connection between physics and information.

I. INTRODUCTION

Quantum theory (QT) provides the foundation on top of
which most of our physical theories and our understanding
of nature sits. This peculiarly important role contrasts with
our limited understanding of QT itself, and the lack of con-
sensus among physicists about what this theory is saying
about how nature works. Particularly, the standard postu-
lates of QT are expressed in abstract mathematical terms
involving Hilbert spaces and operators acting on them, and
lack a clear physical meaning. In other physical theories,
like special relativity or thermodynamics, the formalism can
be derived from postulates having a direct physical mean-
ing, often in terms of the possibility or impossibility of cer-
tain tasks. In this work we show that this is also possible
for QT.

The importance of this goal is reflected by the long his-
tory of research on alternative axiomatizations of QT, which
goes back to Birkhoff and von Neumann [1–3]. More re-
cently, initiated by Hardy’s work [4], and influenced by the
perspective of quantum information theory, there has been
a wave of contributions taking a more physical and less
mathematical approach [4–8]. These reconstructions of
QT constitute a big achievement because they are based
on postulates having a more physical meaning. However
some of these meanings are not very direct, and a lot of
formalism has to be introduced in order to state them. In
this work we derive finite-dimensional QT from four postu-
lates having a clear and direct physical meaning, which can
be stated easily and without the need of heavy formalism.
Also, contrary to [5] we write all our assumptions explicitly.

We introduce a postulate named Existence of an In-
formation Unit, which essentially states that there is only
one type of information within the theory. Consequently,
any physical process can be simulated with a suitably pro-
grammed general purpose simulator. Since the input and
output of these simulations are not necessarily classical,
this postulate is a stronger version of the Church-Turing-
Deutsch Principle (stated in [9]). On the other hand, it is
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FIG. 1: Encoder. Coding is an ideal physical transformation
which maps the unknown state ω of an arbitrary system to an
n-gbit state in a reversible way, and leaves the initial system
in a reference state 0. Reversibility means that there is an-
other ideal physical transformation, decoding, which undoes
the above, bringing the arbitrary system back to its original
state.

strictly weaker than the Subspace Axiom, introduced in [4]
and used in [5] and [6]. An alternative way to read this
postulate is that, at some level, the dynamics of any sys-
tem is substrate-independent. Within theories satisfying
the Existence of an Information Unit one can refer to states,
dynamics and measurements abstractly, without specifying
the type of system they pertain to; and this is exploited by
quantum information scientists, who design algorithms and
protocols at an abstract level, without considering whether
they will be implemented with light, atoms or any other type
of physical substrate.

More precisely, Existence of an Information Unit states
that there is a type of system, the generalized bit or gbit,
such that the state of any other system can be reversibly
encoded in a sufficient number of gbits (see Fig. 1). The
reversibility of the encoding implies a correspondence be-
tween the states of any system and the states of a multi-
gbit system (or an appropriate subspace). This correspon-
dence also extends to dynamics and measurements: if a
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FIG. 2. Sketch of Thought experiment 1; inside the
lab, Freya interacts with some system, causing her
to be duplicated into two identical copies. Wigner
asks her which side of the room she finds herself in,
whereupon the slower copy to respond is destroyed,
leaving just one copy of Freya left in the lab.

of absoluteness for this scenario, without an account of personal
identity that elucidates a real, singular, persisting referent.

We can adopt strategies from philosophers, as discussed in Ap-
pendix VB, in order to make sense of the situation. For example,
by Parfit’s anti-realist account of personal identity [29], Wigner’s
statement may be interpreted along the lines of “The Freya who
matters to me was absolutely on the right side of the room”. Al-
ternatively, Lewis [31] (whose ontology of persons resembles four-
dimensional, potentially overlapping spacetime “worms”) might in-
terpret Wigner’s claim to say something like “The Freya who in-
formed me that she was on the right side of the room was absolutely
on the right of the room”. Or Sider [32] (with a person ontology
composed of three-dimensional “person-stages”) may instead argue
“The Freya who existed instantaneously at the completion of the
experiment was absolutely on the right side of the room”. How-
ever, a statement that just refers to “Freya” without a specific
account of identity, is ambiguous in its referent, and provides an
incomplete description of the experiment. Moreover, the possibil-
ity for two Freyas may even constitute a loophole in the LF no-go
theorem, as suggested by Kent [25].

Let us argue slightly more formally. Consider the physicist
Wigner who believes that Ego Absolutism is true, and who ob-
serves that Freya is being prepared for an experiment (which will
turn out to implement Thought Experiment 1). Wigner, however,
is not aware of all the details of the experiment; in particular, the
closed laboratory is to some extent a “black box” for him, so that
he does not have a complete description of what goes on in it. In
particular, he may not know about the duplication process. Then,
formally, Wigner will think that there is a variable (perhaps called
c) which will describe Freya’s thoughts (and observations) during
the experiment. His subjective uncertainty about the outcome will
lead Wigner to treat this as random variable, which will take ei-
ther one value or another, c = cL or c = cR, because this is what
variables do in probability theory and hence in classical physics.
Moreover, the value of this variable is absolute in the sense that we
can think of it as belonging to a larger set of facts of the physical
world, described e.g. by a collection of random variables that have a joint distribution in Kolmogorov’s sense. How-
ever, this description is not valid in Thought Experiment 1: there is no random variable c of this kind. The particular
intervention that occurs in the black box disrupts the usual notion of probability space that Wigner assumes, rendering
statements like “the probability that c = cR is p” undefined, because c becomes undefined. Following Kent [25], we
might describe it as there being two random variables c1 and c2 instead, describing the thoughts of the two Freyas.

Next, let us consider another, similar thought experiment, now including “merging” (c.f. [28]) to explore an analo-
gous operation to the unitary reversal posited by LF experiments. This time, we consider just Freya and her thoughts
and beliefs around an experiment.

Thought Experiment 2. We now imagine a second experiment that we could in principle perform classically
on an initial observer, Freya. We refer to Freya at the start of the experiment as Freya0 in order to distinguish
her from subsequent versions of herself. Freya0 is duplicated, after which one copy (FreyaB) will wake up in a
blue room, and the other (FreyaG) in a green room. Upon awakening, each copy observes which colour room they
find themselves in. Then, the two copies are put back to sleep and the memories of their respective experiences
erased. They are then merged back together into a singular Freya, who wakes up again in the starting lab, with
no recollection of being in either colour room.

As in Thought Experiment 1, the interventions in the experiment run us into problems concerning personal identity.
Freya, reflecting on the experiment, would surely believe herself to be the same person that arrived at the lab to be
duplicated, since she has su�cient physical and psychological continuity with Freya0. However, she has no recollection
of waking in either blue or green rooms, therefore she cannot identify herself solely with either FreyaB or FreyaG.
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serves that Freya is being prepared for an experiment (which will
turn out to implement Thought Experiment 1). Wigner, however,
is not aware of all the details of the experiment; in particular, the
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he does not have a complete description of what goes on in it. In
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formally, Wigner will think that there is a variable (perhaps called
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and beliefs around an experiment.
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As in Thought Experiment 1, the interventions in the experiment run us into problems concerning personal identity.
Freya, reflecting on the experiment, would surely believe herself to be the same person that arrived at the lab to be
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I WHAT KIND OF “QUANTUM FOUNDATIONS”?

can be regarded as determining Alice’s and Bob’s outcomes. But Bell’s Theorem (Bell,
1964) tells us that the statistics of some measurements on some entangled states are
inconsistent with such a (suitably formalized) notion of hidden variables, unless those
variables are allowed to exert nonlocal influence. This guarantees that Alice’s and
Bob’s key is secure in such cases, as long as there is no superluminal signalling be-
tween their devices and Eve. The conclusion holds even if Alice and Bob have no idea
about the inner workings of their devices — or, in the worst possible case, have bought
these devices from Eve. This intuition can indeed be made mathematically rigorous,
and has led to the fascinating field of device-independent cryptography (Barrett, Hardy,
Kent (2005)) and randomness expansion (Colbeck (2006), Colbeck and Kent (2011),
Pironio et al. (2010)).
The preconception that Quantum Foundations research is somehow motivated by

the desire to return to a classical worldview is also sometimes arising in the con-
text of question (ii) above. It is true that the perhaps better known instance of this
question asks whether QT would somehow break down and become classical in the
macroscopic regime: for example, spontaneous collapse models (Ghirardi, Rimini, and
Weber (1986), Bassi et al. (2013)) try to account for the emergence of a classical
world from quantum mechanics via dynamical modifications of the Schödinger equa-
tion. However, a fascinating complementary development in Quantum Foundations
research — the one that these lectures will be focusing on — is to explore the exact
opposite: could nature be even “more crazy” than quantum? Could physics allow for
even stronger-than-quantum-correlations, produce more involved interference patterns
than allowed by QT, or enable even more magic technology than what we currently
consider possible? If classical physics is an approximation of quantum physics, could
quantum physics be an approximation of something even more general?
As we will see in the course of these lectures, the answer to these questions is “yes”:

nature could in principle be “more crazy”. The main insight will be that QT is just
one instance of a large class of probabilistic theories : theories that allow us to describe
probabilities of measurement outcomes and their correlations over time and space.
Another example is “classical probability theory” (CPT) as defined below, but there
are many other ones that are equally consistent.

QT CPT

operator-algebraic theories

“boxworld”

other
theories

Euclidean

physically realized

hyperbolic

other
theories

Minkowski

FIG. 1: Left: the “landscape” of probabilistic theories. QT is for quantum theory and CPT
for classical probability theory (as defined later). Right: as a suggestive analogy (see main
text), the “landscape of theories of (spacetime) geometry”.

As we will see, not only is there a simple and beautiful mathematical formalism that
allows us to describe all such theories, but the new approach to QT “from the outside”
provides a very illuminating perspective on QT itself: it allows us to understand
which features are uniquely quantum and which others are just general properties of
probabilistic theories. Moreover, it gives us the right mathematical tools to describe

3

QT
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can be regarded as determining Alice’s and Bob’s outcomes. But Bell’s Theorem (Bell,
1964) tells us that the statistics of some measurements on some entangled states are
inconsistent with such a (suitably formalized) notion of hidden variables, unless those
variables are allowed to exert nonlocal influence. This guarantees that Alice’s and
Bob’s key is secure in such cases, as long as there is no superluminal signalling be-
tween their devices and Eve. The conclusion holds even if Alice and Bob have no idea
about the inner workings of their devices — or, in the worst possible case, have bought
these devices from Eve. This intuition can indeed be made mathematically rigorous,
and has led to the fascinating field of device-independent cryptography (Barrett, Hardy,
Kent (2005)) and randomness expansion (Colbeck (2006), Colbeck and Kent (2011),
Pironio et al. (2010)).
The preconception that Quantum Foundations research is somehow motivated by

the desire to return to a classical worldview is also sometimes arising in the con-
text of question (ii) above. It is true that the perhaps better known instance of this
question asks whether QT would somehow break down and become classical in the
macroscopic regime: for example, spontaneous collapse models (Ghirardi, Rimini, and
Weber (1986), Bassi et al. (2013)) try to account for the emergence of a classical
world from quantum mechanics via dynamical modifications of the Schödinger equa-
tion. However, a fascinating complementary development in Quantum Foundations
research — the one that these lectures will be focusing on — is to explore the exact
opposite: could nature be even “more crazy” than quantum? Could physics allow for
even stronger-than-quantum-correlations, produce more involved interference patterns
than allowed by QT, or enable even more magic technology than what we currently
consider possible? If classical physics is an approximation of quantum physics, could
quantum physics be an approximation of something even more general?
As we will see in the course of these lectures, the answer to these questions is “yes”:

nature could in principle be “more crazy”. The main insight will be that QT is just
one instance of a large class of probabilistic theories : theories that allow us to describe
probabilities of measurement outcomes and their correlations over time and space.
Another example is “classical probability theory” (CPT) as defined below, but there
are many other ones that are equally consistent.
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FIG. 1: Left: the “landscape” of probabilistic theories. QT is for quantum theory and CPT
for classical probability theory (as defined later). Right: as a suggestive analogy (see main
text), the “landscape of theories of (spacetime) geometry”.

As we will see, not only is there a simple and beautiful mathematical formalism that
allows us to describe all such theories, but the new approach to QT “from the outside”
provides a very illuminating perspective on QT itself: it allows us to understand
which features are uniquely quantum and which others are just general properties of
probabilistic theories. Moreover, it gives us the right mathematical tools to describe
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Figure 1. General experimental setup. From left to right, there are the
preparation, transformation and measurement devices. As soon as the release
button is pressed, the preparation device outputs a physical system in the state
specified by the knobs. The next device performs the transformation specified by
its knobs (which in particular can ‘do nothing’). The device on the right carries
out the measurement specified by its knobs, and the outcome (x or x̄) is indicated
by the corresponding light.
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This framework assumes that at some level there is a classical reality, where it makes
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measurements and counting the relative frequencies of outcomes. These are the primary
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can be regarded as determining Alice’s and Bob’s outcomes. But Bell’s Theorem (Bell,
1964) tells us that the statistics of some measurements on some entangled states are
inconsistent with such a (suitably formalized) notion of hidden variables, unless those
variables are allowed to exert nonlocal influence. This guarantees that Alice’s and
Bob’s key is secure in such cases, as long as there is no superluminal signalling be-
tween their devices and Eve. The conclusion holds even if Alice and Bob have no idea
about the inner workings of their devices — or, in the worst possible case, have bought
these devices from Eve. This intuition can indeed be made mathematically rigorous,
and has led to the fascinating field of device-independent cryptography (Barrett, Hardy,
Kent (2005)) and randomness expansion (Colbeck (2006), Colbeck and Kent (2011),
Pironio et al. (2010)).
The preconception that Quantum Foundations research is somehow motivated by

the desire to return to a classical worldview is also sometimes arising in the con-
text of question (ii) above. It is true that the perhaps better known instance of this
question asks whether QT would somehow break down and become classical in the
macroscopic regime: for example, spontaneous collapse models (Ghirardi, Rimini, and
Weber (1986), Bassi et al. (2013)) try to account for the emergence of a classical
world from quantum mechanics via dynamical modifications of the Schödinger equa-
tion. However, a fascinating complementary development in Quantum Foundations
research — the one that these lectures will be focusing on — is to explore the exact
opposite: could nature be even “more crazy” than quantum? Could physics allow for
even stronger-than-quantum-correlations, produce more involved interference patterns
than allowed by QT, or enable even more magic technology than what we currently
consider possible? If classical physics is an approximation of quantum physics, could
quantum physics be an approximation of something even more general?
As we will see in the course of these lectures, the answer to these questions is “yes”:

nature could in principle be “more crazy”. The main insight will be that QT is just
one instance of a large class of probabilistic theories : theories that allow us to describe
probabilities of measurement outcomes and their correlations over time and space.
Another example is “classical probability theory” (CPT) as defined below, but there
are many other ones that are equally consistent.
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text), the “landscape of theories of (spacetime) geometry”.

As we will see, not only is there a simple and beautiful mathematical formalism that
allows us to describe all such theories, but the new approach to QT “from the outside”
provides a very illuminating perspective on QT itself: it allows us to understand
which features are uniquely quantum and which others are just general properties of
probabilistic theories. Moreover, it gives us the right mathematical tools to describe
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Does information play a significant role in the foundations of physics? Information is the abstraction that
allows us to refer to the states of systems when we choose to ignore the systems themselves. This is only
possible in very particular frameworks, like in classical or quantum theory, or more generally, whenever
there exists an information unit such that the state of any system can be reversibly encoded in a sufficient
number of such units. In this work we show how the abstract formalism of quantum theory can be deduced
solely from the existence of an information unit with suitable properties, together with two further natural
assumptions: the continuity and reversibility of dynamics, and the possibility of characterizing the state of
a composite system by local measurements. This constitutes a new set of postulates for quantum theory
with a simple and direct physical meaning, like the ones of special relativity or thermodynamics, and it
articulates a strong connection between physics and information.

I. INTRODUCTION

Quantum theory (QT) provides the foundation on top of
which most of our physical theories and our understanding
of nature sits. This peculiarly important role contrasts with
our limited understanding of QT itself, and the lack of con-
sensus among physicists about what this theory is saying
about how nature works. Particularly, the standard postu-
lates of QT are expressed in abstract mathematical terms
involving Hilbert spaces and operators acting on them, and
lack a clear physical meaning. In other physical theories,
like special relativity or thermodynamics, the formalism can
be derived from postulates having a direct physical mean-
ing, often in terms of the possibility or impossibility of cer-
tain tasks. In this work we show that this is also possible
for QT.

The importance of this goal is reflected by the long his-
tory of research on alternative axiomatizations of QT, which
goes back to Birkhoff and von Neumann [1–3]. More re-
cently, initiated by Hardy’s work [4], and influenced by the
perspective of quantum information theory, there has been
a wave of contributions taking a more physical and less
mathematical approach [4–8]. These reconstructions of
QT constitute a big achievement because they are based
on postulates having a more physical meaning. However
some of these meanings are not very direct, and a lot of
formalism has to be introduced in order to state them. In
this work we derive finite-dimensional QT from four postu-
lates having a clear and direct physical meaning, which can
be stated easily and without the need of heavy formalism.
Also, contrary to [5] we write all our assumptions explicitly.

We introduce a postulate named Existence of an In-
formation Unit, which essentially states that there is only
one type of information within the theory. Consequently,
any physical process can be simulated with a suitably pro-
grammed general purpose simulator. Since the input and
output of these simulations are not necessarily classical,
this postulate is a stronger version of the Church-Turing-
Deutsch Principle (stated in [9]). On the other hand, it is
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FIG. 1: Encoder. Coding is an ideal physical transformation
which maps the unknown state ω of an arbitrary system to an
n-gbit state in a reversible way, and leaves the initial system
in a reference state 0. Reversibility means that there is an-
other ideal physical transformation, decoding, which undoes
the above, bringing the arbitrary system back to its original
state.

strictly weaker than the Subspace Axiom, introduced in [4]
and used in [5] and [6]. An alternative way to read this
postulate is that, at some level, the dynamics of any sys-
tem is substrate-independent. Within theories satisfying
the Existence of an Information Unit one can refer to states,
dynamics and measurements abstractly, without specifying
the type of system they pertain to; and this is exploited by
quantum information scientists, who design algorithms and
protocols at an abstract level, without considering whether
they will be implemented with light, atoms or any other type
of physical substrate.

More precisely, Existence of an Information Unit states
that there is a type of system, the generalized bit or gbit,
such that the state of any other system can be reversibly
encoded in a sufficient number of gbits (see Fig. 1). The
reversibility of the encoding implies a correspondence be-
tween the states of any system and the states of a multi-
gbit system (or an appropriate subspace). This correspon-
dence also extends to dynamics and measurements: if a
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I. INTRODUCTION

Quantum theory (QT) provides the foundation on top of
which most of our physical theories and our understanding
of nature sits. This peculiarly important role contrasts with
our limited understanding of QT itself, and the lack of con-
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about how nature works. Particularly, the standard postu-
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tain tasks. In this work we show that this is also possible
for QT.

The importance of this goal is reflected by the long his-
tory of research on alternative axiomatizations of QT, which
goes back to Birkhoff and von Neumann [1–3]. More re-
cently, initiated by Hardy’s work [4], and influenced by the
perspective of quantum information theory, there has been
a wave of contributions taking a more physical and less
mathematical approach [4–8]. These reconstructions of
QT constitute a big achievement because they are based
on postulates having a more physical meaning. However
some of these meanings are not very direct, and a lot of
formalism has to be introduced in order to state them. In
this work we derive finite-dimensional QT from four postu-
lates having a clear and direct physical meaning, which can
be stated easily and without the need of heavy formalism.
Also, contrary to [5] we write all our assumptions explicitly.

We introduce a postulate named Existence of an In-
formation Unit, which essentially states that there is only
one type of information within the theory. Consequently,
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grammed general purpose simulator. Since the input and
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strictly weaker than the Subspace Axiom, introduced in [4]
and used in [5] and [6]. An alternative way to read this
postulate is that, at some level, the dynamics of any sys-
tem is substrate-independent. Within theories satisfying
the Existence of an Information Unit one can refer to states,
dynamics and measurements abstractly, without specifying
the type of system they pertain to; and this is exploited by
quantum information scientists, who design algorithms and
protocols at an abstract level, without considering whether
they will be implemented with light, atoms or any other type
of physical substrate.

More precisely, Existence of an Information Unit states
that there is a type of system, the generalized bit or gbit,
such that the state of any other system can be reversibly
encoded in a sufficient number of gbits (see Fig. 1). The
reversibility of the encoding implies a correspondence be-
tween the states of any system and the states of a multi-
gbit system (or an appropriate subspace). This correspon-
dence also extends to dynamics and measurements: if a
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which most of our physical theories and our understanding
of nature sits. This peculiarly important role contrasts with
our limited understanding of QT itself, and the lack of con-
sensus among physicists about what this theory is saying
about how nature works. Particularly, the standard postu-
lates of QT are expressed in abstract mathematical terms
involving Hilbert spaces and operators acting on them, and
lack a clear physical meaning. In other physical theories,
like special relativity or thermodynamics, the formalism can
be derived from postulates having a direct physical mean-
ing, often in terms of the possibility or impossibility of cer-
tain tasks. In this work we show that this is also possible
for QT.

The importance of this goal is reflected by the long his-
tory of research on alternative axiomatizations of QT, which
goes back to Birkhoff and von Neumann [1–3]. More re-
cently, initiated by Hardy’s work [4], and influenced by the
perspective of quantum information theory, there has been
a wave of contributions taking a more physical and less
mathematical approach [4–8]. These reconstructions of
QT constitute a big achievement because they are based
on postulates having a more physical meaning. However
some of these meanings are not very direct, and a lot of
formalism has to be introduced in order to state them. In
this work we derive finite-dimensional QT from four postu-
lates having a clear and direct physical meaning, which can
be stated easily and without the need of heavy formalism.
Also, contrary to [5] we write all our assumptions explicitly.

We introduce a postulate named Existence of an In-
formation Unit, which essentially states that there is only
one type of information within the theory. Consequently,
any physical process can be simulated with a suitably pro-
grammed general purpose simulator. Since the input and
output of these simulations are not necessarily classical,
this postulate is a stronger version of the Church-Turing-
Deutsch Principle (stated in [9]). On the other hand, it is
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FIG. 1: Encoder. Coding is an ideal physical transformation
which maps the unknown state ω of an arbitrary system to an
n-gbit state in a reversible way, and leaves the initial system
in a reference state 0. Reversibility means that there is an-
other ideal physical transformation, decoding, which undoes
the above, bringing the arbitrary system back to its original
state.

strictly weaker than the Subspace Axiom, introduced in [4]
and used in [5] and [6]. An alternative way to read this
postulate is that, at some level, the dynamics of any sys-
tem is substrate-independent. Within theories satisfying
the Existence of an Information Unit one can refer to states,
dynamics and measurements abstractly, without specifying
the type of system they pertain to; and this is exploited by
quantum information scientists, who design algorithms and
protocols at an abstract level, without considering whether
they will be implemented with light, atoms or any other type
of physical substrate.

More precisely, Existence of an Information Unit states
that there is a type of system, the generalized bit or gbit,
such that the state of any other system can be reversibly
encoded in a sufficient number of gbits (see Fig. 1). The
reversibility of the encoding implies a correspondence be-
tween the states of any system and the states of a multi-
gbit system (or an appropriate subspace). This correspon-
dence also extends to dynamics and measurements: if a
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Does information play a significant role in the foundations of physics? Information is the abstraction that
allows us to refer to the states of systems when we choose to ignore the systems themselves. This is only
possible in very particular frameworks, like in classical or quantum theory, or more generally, whenever
there exists an information unit such that the state of any system can be reversibly encoded in a sufficient
number of such units. In this work we show how the abstract formalism of quantum theory can be deduced
solely from the existence of an information unit with suitable properties, together with two further natural
assumptions: the continuity and reversibility of dynamics, and the possibility of characterizing the state of
a composite system by local measurements. This constitutes a new set of postulates for quantum theory
with a simple and direct physical meaning, like the ones of special relativity or thermodynamics, and it
articulates a strong connection between physics and information.

I. INTRODUCTION

Quantum theory (QT) provides the foundation on top of
which most of our physical theories and our understanding
of nature sits. This peculiarly important role contrasts with
our limited understanding of QT itself, and the lack of con-
sensus among physicists about what this theory is saying
about how nature works. Particularly, the standard postu-
lates of QT are expressed in abstract mathematical terms
involving Hilbert spaces and operators acting on them, and
lack a clear physical meaning. In other physical theories,
like special relativity or thermodynamics, the formalism can
be derived from postulates having a direct physical mean-
ing, often in terms of the possibility or impossibility of cer-
tain tasks. In this work we show that this is also possible
for QT.

The importance of this goal is reflected by the long his-
tory of research on alternative axiomatizations of QT, which
goes back to Birkhoff and von Neumann [1–3]. More re-
cently, initiated by Hardy’s work [4], and influenced by the
perspective of quantum information theory, there has been
a wave of contributions taking a more physical and less
mathematical approach [4–8]. These reconstructions of
QT constitute a big achievement because they are based
on postulates having a more physical meaning. However
some of these meanings are not very direct, and a lot of
formalism has to be introduced in order to state them. In
this work we derive finite-dimensional QT from four postu-
lates having a clear and direct physical meaning, which can
be stated easily and without the need of heavy formalism.
Also, contrary to [5] we write all our assumptions explicitly.

We introduce a postulate named Existence of an In-
formation Unit, which essentially states that there is only
one type of information within the theory. Consequently,
any physical process can be simulated with a suitably pro-
grammed general purpose simulator. Since the input and
output of these simulations are not necessarily classical,
this postulate is a stronger version of the Church-Turing-
Deutsch Principle (stated in [9]). On the other hand, it is
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FIG. 1: Encoder. Coding is an ideal physical transformation
which maps the unknown state ω of an arbitrary system to an
n-gbit state in a reversible way, and leaves the initial system
in a reference state 0. Reversibility means that there is an-
other ideal physical transformation, decoding, which undoes
the above, bringing the arbitrary system back to its original
state.

strictly weaker than the Subspace Axiom, introduced in [4]
and used in [5] and [6]. An alternative way to read this
postulate is that, at some level, the dynamics of any sys-
tem is substrate-independent. Within theories satisfying
the Existence of an Information Unit one can refer to states,
dynamics and measurements abstractly, without specifying
the type of system they pertain to; and this is exploited by
quantum information scientists, who design algorithms and
protocols at an abstract level, without considering whether
they will be implemented with light, atoms or any other type
of physical substrate.

More precisely, Existence of an Information Unit states
that there is a type of system, the generalized bit or gbit,
such that the state of any other system can be reversibly
encoded in a sufficient number of gbits (see Fig. 1). The
reversibility of the encoding implies a correspondence be-
tween the states of any system and the states of a multi-
gbit system (or an appropriate subspace). This correspon-
dence also extends to dynamics and measurements: if a
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which most of our physical theories and our understanding
of nature sits. This peculiarly important role contrasts with
our limited understanding of QT itself, and the lack of con-
sensus among physicists about what this theory is saying
about how nature works. Particularly, the standard postu-
lates of QT are expressed in abstract mathematical terms
involving Hilbert spaces and operators acting on them, and
lack a clear physical meaning. In other physical theories,
like special relativity or thermodynamics, the formalism can
be derived from postulates having a direct physical mean-
ing, often in terms of the possibility or impossibility of cer-
tain tasks. In this work we show that this is also possible
for QT.

The importance of this goal is reflected by the long his-
tory of research on alternative axiomatizations of QT, which
goes back to Birkhoff and von Neumann [1–3]. More re-
cently, initiated by Hardy’s work [4], and influenced by the
perspective of quantum information theory, there has been
a wave of contributions taking a more physical and less
mathematical approach [4–8]. These reconstructions of
QT constitute a big achievement because they are based
on postulates having a more physical meaning. However
some of these meanings are not very direct, and a lot of
formalism has to be introduced in order to state them. In
this work we derive finite-dimensional QT from four postu-
lates having a clear and direct physical meaning, which can
be stated easily and without the need of heavy formalism.
Also, contrary to [5] we write all our assumptions explicitly.

We introduce a postulate named Existence of an In-
formation Unit, which essentially states that there is only
one type of information within the theory. Consequently,
any physical process can be simulated with a suitably pro-
grammed general purpose simulator. Since the input and
output of these simulations are not necessarily classical,
this postulate is a stronger version of the Church-Turing-
Deutsch Principle (stated in [9]). On the other hand, it is
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the above, bringing the arbitrary system back to its original
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strictly weaker than the Subspace Axiom, introduced in [4]
and used in [5] and [6]. An alternative way to read this
postulate is that, at some level, the dynamics of any sys-
tem is substrate-independent. Within theories satisfying
the Existence of an Information Unit one can refer to states,
dynamics and measurements abstractly, without specifying
the type of system they pertain to; and this is exploited by
quantum information scientists, who design algorithms and
protocols at an abstract level, without considering whether
they will be implemented with light, atoms or any other type
of physical substrate.

More precisely, Existence of an Information Unit states
that there is a type of system, the generalized bit or gbit,
such that the state of any other system can be reversibly
encoded in a sufficient number of gbits (see Fig. 1). The
reversibility of the encoding implies a correspondence be-
tween the states of any system and the states of a multi-
gbit system (or an appropriate subspace). This correspon-
dence also extends to dynamics and measurements: if a
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Theorem.	If	Postulates	1-4	hold,	then	the	state	space	of	n	ubits	is
<latexit sha1_base64="sBoKbDYfiEZaS4YI5baBH1tJIjE="></latexit>

⌦ = {⇢ 2 H2n(C) | tr(⇢) = 1, ⇢ � 0},
and	the	reversible	transformaWons	are	the	unitaries,

<latexit sha1_base64="9YKm/FM76eSjgb0FMqubjvnOTmI=">AAACBnicbVBPS8MwHE3nvzn/VT3qITgET6OVgR4HXjxOsG6w1pGmaReWpCVJhVF28eJX8eJBQbz6Gbz5bUy3HnTzQeDlvd+P5L0wY1Rpx/m2aiura+sb9c3G1vbO7p69f3Cn0lxi4uGUpbIfIkUYFcTTVDPSzyRBPGSkF46vSr/3QKSiqbjVk4wEHCWCxhQjbaShfezLUepzlCmdQq+8QO/ej1CSENka2k2n5cwAl4lbkSao0B3aX36U4pwToTFDSg1cJ9NBgaSmmJFpw88VyRAeo4QMDBWIExUUsxRTeGqUCMapNEdoOFN/bxSIKzXhoZnkSI/UoleK/3mDXMeXQUFFlmsi8PyhOGfQJC4rgRGVBGs2MQRhSc1fIR4hibA2xTVMCe5i5GXSO2+57Zbr3rSbnU7VRx0cgRNwBlxwATrgGnSBBzB4BM/gFbxZT9aL9W59zEdrVrVzCP7A+vwBndmYcA==</latexit>

⇢ 7! U⇢U †.
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a composite system by local measurements. This constitutes a new set of postulates for quantum theory
with a simple and direct physical meaning, like the ones of special relativity or thermodynamics, and it
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I. INTRODUCTION

Quantum theory (QT) provides the foundation on top of
which most of our physical theories and our understanding
of nature sits. This peculiarly important role contrasts with
our limited understanding of QT itself, and the lack of con-
sensus among physicists about what this theory is saying
about how nature works. Particularly, the standard postu-
lates of QT are expressed in abstract mathematical terms
involving Hilbert spaces and operators acting on them, and
lack a clear physical meaning. In other physical theories,
like special relativity or thermodynamics, the formalism can
be derived from postulates having a direct physical mean-
ing, often in terms of the possibility or impossibility of cer-
tain tasks. In this work we show that this is also possible
for QT.

The importance of this goal is reflected by the long his-
tory of research on alternative axiomatizations of QT, which
goes back to Birkhoff and von Neumann [1–3]. More re-
cently, initiated by Hardy’s work [4], and influenced by the
perspective of quantum information theory, there has been
a wave of contributions taking a more physical and less
mathematical approach [4–8]. These reconstructions of
QT constitute a big achievement because they are based
on postulates having a more physical meaning. However
some of these meanings are not very direct, and a lot of
formalism has to be introduced in order to state them. In
this work we derive finite-dimensional QT from four postu-
lates having a clear and direct physical meaning, which can
be stated easily and without the need of heavy formalism.
Also, contrary to [5] we write all our assumptions explicitly.

We introduce a postulate named Existence of an In-
formation Unit, which essentially states that there is only
one type of information within the theory. Consequently,
any physical process can be simulated with a suitably pro-
grammed general purpose simulator. Since the input and
output of these simulations are not necessarily classical,
this postulate is a stronger version of the Church-Turing-
Deutsch Principle (stated in [9]). On the other hand, it is
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FIG. 1: Encoder. Coding is an ideal physical transformation
which maps the unknown state ω of an arbitrary system to an
n-gbit state in a reversible way, and leaves the initial system
in a reference state 0. Reversibility means that there is an-
other ideal physical transformation, decoding, which undoes
the above, bringing the arbitrary system back to its original
state.

strictly weaker than the Subspace Axiom, introduced in [4]
and used in [5] and [6]. An alternative way to read this
postulate is that, at some level, the dynamics of any sys-
tem is substrate-independent. Within theories satisfying
the Existence of an Information Unit one can refer to states,
dynamics and measurements abstractly, without specifying
the type of system they pertain to; and this is exploited by
quantum information scientists, who design algorithms and
protocols at an abstract level, without considering whether
they will be implemented with light, atoms or any other type
of physical substrate.

More precisely, Existence of an Information Unit states
that there is a type of system, the generalized bit or gbit,
such that the state of any other system can be reversibly
encoded in a sufficient number of gbits (see Fig. 1). The
reversibility of the encoding implies a correspondence be-
tween the states of any system and the states of a multi-
gbit system (or an appropriate subspace). This correspon-
dence also extends to dynamics and measurements: if a
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⇢ 7! U⇢U †.

• No	assumpWons	on	complex	numbers,	operators,	algebras,	…	were	made.	
• Drop	“conWnuous”	in	Postulate	1	->	obtain	classical	probability	theory.
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IV QUANTUM THEORY FROM SIMPLE PRINCIPLES

must be linearly equivalent to Ω1. But this set contains infinitely many states, whereas
Ω1 contains only a single state. This is a contradiction.
We thus conclude that Ω2 must roughly look like the convex set in the right of

Figure 11. Formally, this means that all of its boundary points must be pure states.
Let us now additionally invoke the postulate of Continuous Reversibility and show the
following:

Lemma 24. The state space Ω2 is equivalent to a Euclidean unit ball of some dimen-
sion.

In other words, we will now derive the fact that a quantum bit is described by
the Bloch ball. However, we will not (yet) be able to say that this ball must be
three-dimensional.
Let us start by defining what one may call the “maximally mixed state” of Ω2:

pick any pure state ω ∈ Ω2, and define µ :=
∫

T2
Tω dT ; that is, we integrate over

the invariant (Haar) measure of the group of reversible transformations T2 (group
averaging). It follows that Tµ = µ for all T ∈ T2, and it is easy to check that µ is in
fact the unique state with this property.

FIG. 12: Left: The definition of Bloch vectors embeds the normalized states into a linear
space (of one dimension less than the linear space on which the state cone lives). Right: If
any point on the sphere does not correspond to a valid state, then this contradicts the strict
convexity of Ω2.

For states ω ∈ Ω2, we define the corresponding “Bloch vector” "ω := ω − µ (see
Figure 12). Hence, Tω = ϕ if and only if T "ω = "ϕ, and "µ = 0. Then T2 acts on the
linear space that contains the Bloch vectors. Now we can use a well-known trick from
group representation theory (Simon 1996), and construct an invariant inner product.
Namely, if “·” is an arbitrary inner product on the space of Bloch vectors, then we
can define

〈"x, "y〉 = α

∫

T2

(T"x) · (T"y) dT,

where α > 0 is some normalization constant to be fixed soon. It follows that 〈T"x, T"y〉 =
〈"x, "y〉 for all T ∈ T2. This tells us that we can choose coordinates in the Bloch space
such that the T are orthogonal matrices. Moreover, if ω and ϕ are arbitrary pure
states, then, due to Continuous Reversibility, there is some transformation T ∈ T2
such that Tω = ϕ. Thus

‖"ϕ‖2 = 〈"ϕ, "ϕ〉 = 〈T "ω, T "ω〉 = 〈"ω, "ω〉 = ‖"ω‖2.

34

Group	rep.	theory:	can	reparametrize	space	such	that	transformaWons	are	
																rotaWons.	Then,	pure	states	lie	on	unit	sphere	(of	some	dim.	d).
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〈"x, "y〉 for all T ∈ T2. This tells us that we can choose coordinates in the Bloch space
such that the T are orthogonal matrices. Moreover, if ω and ϕ are arbitrary pure
states, then, due to Continuous Reversibility, there is some transformation T ∈ T2
such that Tω = ϕ. Thus

‖"ϕ‖2 = 〈"ϕ, "ϕ〉 = 〈T "ω, T "ω〉 = 〈"ω, "ω〉 = ‖"ω‖2.
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Group	rep.	theory:	can	reparametrize	space	such	that	transformaWons	are	
																rotaWons.	Then,	pure	states	lie	on	unit	sphere	(of	some	dim.	d).

If	full	ball:	can	encode	one	bit	by	preparing	
																			state	or	anWpodal	state.	That’s	all.
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Example:	why	are	ubits	balls?

•	Postulate	1:	ConWnuous	reversibility.

•	Postulate	4:	No	simultaneous	
																											encoding.

IV QUANTUM THEORY FROM SIMPLE PRINCIPLES

must be linearly equivalent to Ω1. But this set contains infinitely many states, whereas
Ω1 contains only a single state. This is a contradiction.
We thus conclude that Ω2 must roughly look like the convex set in the right of

Figure 11. Formally, this means that all of its boundary points must be pure states.
Let us now additionally invoke the postulate of Continuous Reversibility and show the
following:

Lemma 24. The state space Ω2 is equivalent to a Euclidean unit ball of some dimen-
sion.

In other words, we will now derive the fact that a quantum bit is described by
the Bloch ball. However, we will not (yet) be able to say that this ball must be
three-dimensional.
Let us start by defining what one may call the “maximally mixed state” of Ω2:

pick any pure state ω ∈ Ω2, and define µ :=
∫

T2
Tω dT ; that is, we integrate over

the invariant (Haar) measure of the group of reversible transformations T2 (group
averaging). It follows that Tµ = µ for all T ∈ T2, and it is easy to check that µ is in
fact the unique state with this property.

FIG. 12: Left: The definition of Bloch vectors embeds the normalized states into a linear
space (of one dimension less than the linear space on which the state cone lives). Right: If
any point on the sphere does not correspond to a valid state, then this contradicts the strict
convexity of Ω2.

For states ω ∈ Ω2, we define the corresponding “Bloch vector” "ω := ω − µ (see
Figure 12). Hence, Tω = ϕ if and only if T "ω = "ϕ, and "µ = 0. Then T2 acts on the
linear space that contains the Bloch vectors. Now we can use a well-known trick from
group representation theory (Simon 1996), and construct an invariant inner product.
Namely, if “·” is an arbitrary inner product on the space of Bloch vectors, then we
can define

〈"x, "y〉 = α

∫

T2

(T"x) · (T"y) dT,

where α > 0 is some normalization constant to be fixed soon. It follows that 〈T"x, T"y〉 =
〈"x, "y〉 for all T ∈ T2. This tells us that we can choose coordinates in the Bloch space
such that the T are orthogonal matrices. Moreover, if ω and ϕ are arbitrary pure
states, then, due to Continuous Reversibility, there is some transformation T ∈ T2
such that Tω = ϕ. Thus

‖"ϕ‖2 = 〈"ϕ, "ϕ〉 = 〈T "ω, T "ω〉 = 〈"ω, "ω〉 = ‖"ω‖2.

34

Group	rep.	theory:	can	reparametrize	space	such	that	transformaWons	are	
																rotaWons.	Then,	pure	states	lie	on	unit	sphere	(of	some	dim.	d).

If	full	ball:	can	encode	one	bit	by	preparing	
																			state	or	anWpodal	state.	That’s	all.
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If	not	full	ball:	can	encode	one	bit	and	a	licle	more	by	
																										preparing	state	or	one	of	anWpodal	states.

IV QUANTUM THEORY FROM SIMPLE PRINCIPLES

must be linearly equivalent to Ω1. But this set contains infinitely many states, whereas
Ω1 contains only a single state. This is a contradiction.
We thus conclude that Ω2 must roughly look like the convex set in the right of

Figure 11. Formally, this means that all of its boundary points must be pure states.
Let us now additionally invoke the postulate of Continuous Reversibility and show the
following:

Lemma 24. The state space Ω2 is equivalent to a Euclidean unit ball of some dimen-
sion.

In other words, we will now derive the fact that a quantum bit is described by
the Bloch ball. However, we will not (yet) be able to say that this ball must be
three-dimensional.
Let us start by defining what one may call the “maximally mixed state” of Ω2:

pick any pure state ω ∈ Ω2, and define µ :=
∫

T2
Tω dT ; that is, we integrate over

the invariant (Haar) measure of the group of reversible transformations T2 (group
averaging). It follows that Tµ = µ for all T ∈ T2, and it is easy to check that µ is in
fact the unique state with this property.

FIG. 12: Left: The definition of Bloch vectors embeds the normalized states into a linear
space (of one dimension less than the linear space on which the state cone lives). Right: If
any point on the sphere does not correspond to a valid state, then this contradicts the strict
convexity of Ω2.

For states ω ∈ Ω2, we define the corresponding “Bloch vector” "ω := ω − µ (see
Figure 12). Hence, Tω = ϕ if and only if T "ω = "ϕ, and "µ = 0. Then T2 acts on the
linear space that contains the Bloch vectors. Now we can use a well-known trick from
group representation theory (Simon 1996), and construct an invariant inner product.
Namely, if “·” is an arbitrary inner product on the space of Bloch vectors, then we
can define

〈"x, "y〉 = α

∫

T2

(T"x) · (T"y) dT,

where α > 0 is some normalization constant to be fixed soon. It follows that 〈T"x, T"y〉 =
〈"x, "y〉 for all T ∈ T2. This tells us that we can choose coordinates in the Bloch space
such that the T are orthogonal matrices. Moreover, if ω and ϕ are arbitrary pure
states, then, due to Continuous Reversibility, there is some transformation T ∈ T2
such that Tω = ϕ. Thus

‖"ϕ‖2 = 〈"ϕ, "ϕ〉 = 〈T "ω, T "ω〉 = 〈"ω, "ω〉 = ‖"ω‖2.
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Example:	why	are	ubits	balls?

•	Postulate	1:	ConWnuous	reversibility.

•	Postulate	4:	No	simultaneous	
																											encoding.

IV QUANTUM THEORY FROM SIMPLE PRINCIPLES

must be linearly equivalent to Ω1. But this set contains infinitely many states, whereas
Ω1 contains only a single state. This is a contradiction.
We thus conclude that Ω2 must roughly look like the convex set in the right of

Figure 11. Formally, this means that all of its boundary points must be pure states.
Let us now additionally invoke the postulate of Continuous Reversibility and show the
following:

Lemma 24. The state space Ω2 is equivalent to a Euclidean unit ball of some dimen-
sion.

In other words, we will now derive the fact that a quantum bit is described by
the Bloch ball. However, we will not (yet) be able to say that this ball must be
three-dimensional.
Let us start by defining what one may call the “maximally mixed state” of Ω2:

pick any pure state ω ∈ Ω2, and define µ :=
∫

T2
Tω dT ; that is, we integrate over

the invariant (Haar) measure of the group of reversible transformations T2 (group
averaging). It follows that Tµ = µ for all T ∈ T2, and it is easy to check that µ is in
fact the unique state with this property.

FIG. 12: Left: The definition of Bloch vectors embeds the normalized states into a linear
space (of one dimension less than the linear space on which the state cone lives). Right: If
any point on the sphere does not correspond to a valid state, then this contradicts the strict
convexity of Ω2.

For states ω ∈ Ω2, we define the corresponding “Bloch vector” "ω := ω − µ (see
Figure 12). Hence, Tω = ϕ if and only if T "ω = "ϕ, and "µ = 0. Then T2 acts on the
linear space that contains the Bloch vectors. Now we can use a well-known trick from
group representation theory (Simon 1996), and construct an invariant inner product.
Namely, if “·” is an arbitrary inner product on the space of Bloch vectors, then we
can define

〈"x, "y〉 = α

∫

T2

(T"x) · (T"y) dT,

where α > 0 is some normalization constant to be fixed soon. It follows that 〈T"x, T"y〉 =
〈"x, "y〉 for all T ∈ T2. This tells us that we can choose coordinates in the Bloch space
such that the T are orthogonal matrices. Moreover, if ω and ϕ are arbitrary pure
states, then, due to Continuous Reversibility, there is some transformation T ∈ T2
such that Tω = ϕ. Thus

‖"ϕ‖2 = 〈"ϕ, "ϕ〉 = 〈T "ω, T "ω〉 = 〈"ω, "ω〉 = ‖"ω‖2.

34

Group	rep.	theory:	can	reparametrize	space	such	that	transformaWons	are	
																rotaWons.	Then,	pure	states	lie	on	unit	sphere	(of	some	dim.	d).

If	full	ball:	can	encode	one	bit	by	preparing	
																			state	or	anWpodal	state.	That’s	all.
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If	not	full	ball:	can	encode	one	bit	and	a	licle	more	by	
																										preparing	state	or	one	of	anWpodal	states.

Violates	Postulate	4.

IV QUANTUM THEORY FROM SIMPLE PRINCIPLES

must be linearly equivalent to Ω1. But this set contains infinitely many states, whereas
Ω1 contains only a single state. This is a contradiction.
We thus conclude that Ω2 must roughly look like the convex set in the right of

Figure 11. Formally, this means that all of its boundary points must be pure states.
Let us now additionally invoke the postulate of Continuous Reversibility and show the
following:

Lemma 24. The state space Ω2 is equivalent to a Euclidean unit ball of some dimen-
sion.

In other words, we will now derive the fact that a quantum bit is described by
the Bloch ball. However, we will not (yet) be able to say that this ball must be
three-dimensional.
Let us start by defining what one may call the “maximally mixed state” of Ω2:

pick any pure state ω ∈ Ω2, and define µ :=
∫

T2
Tω dT ; that is, we integrate over

the invariant (Haar) measure of the group of reversible transformations T2 (group
averaging). It follows that Tµ = µ for all T ∈ T2, and it is easy to check that µ is in
fact the unique state with this property.

FIG. 12: Left: The definition of Bloch vectors embeds the normalized states into a linear
space (of one dimension less than the linear space on which the state cone lives). Right: If
any point on the sphere does not correspond to a valid state, then this contradicts the strict
convexity of Ω2.

For states ω ∈ Ω2, we define the corresponding “Bloch vector” "ω := ω − µ (see
Figure 12). Hence, Tω = ϕ if and only if T "ω = "ϕ, and "µ = 0. Then T2 acts on the
linear space that contains the Bloch vectors. Now we can use a well-known trick from
group representation theory (Simon 1996), and construct an invariant inner product.
Namely, if “·” is an arbitrary inner product on the space of Bloch vectors, then we
can define

〈"x, "y〉 = α

∫

T2

(T"x) · (T"y) dT,

where α > 0 is some normalization constant to be fixed soon. It follows that 〈T"x, T"y〉 =
〈"x, "y〉 for all T ∈ T2. This tells us that we can choose coordinates in the Bloch space
such that the T are orthogonal matrices. Moreover, if ω and ϕ are arbitrary pure
states, then, due to Continuous Reversibility, there is some transformation T ∈ T2
such that Tω = ϕ. Thus

‖"ϕ‖2 = 〈"ϕ, "ϕ〉 = 〈T "ω, T "ω〉 = 〈"ω, "ω〉 = ‖"ω‖2.
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the state space, the authors conjectured that interest-
ing multipartite reversible dynamics is possible for such
systems. In contrast to quantum theory, this m-partite
dynamics would not be decomposable into two-gbit in-
teractions. While tomographic locality has not been as-
sumed in [19], it is an important first step to verify their
conjecture under this additional assumption. In fact, it
has been argued in [47] that in the context of spacetime
physics (the Bloch balls are interpreted in [19] as car-
rying some sort of d-dimensional spin degrees of free-
dom), tomographic locality is to be expected due to ar-
guments from group representation theory.

This gives us another, independent motivation to ask
the main question of this paper: if d 6= 3 and n is any
finite number of gbits, then what are the possible theories that
satisfy the assumptions of Subsection II B?

III. MAIN RESULT

The main result of this work is an answer to the ques-
tion posed at the end of the previous section:

Theorem 1. Consider a theory of n gbits, where single gbits
are described by a (d � 2)-dimensional Bloch ball state space,
subject to the single-gbit transformation group SO(d). As
described above, let us assume no-signalling, tomographic lo-
cality, and that the global transformations form a closed con-
tinuous matrix group G.

If d 6= 3, then necessarily G = Gloc, i.e. the only possible
gates are (independent combinations of) single-gbit gates. No
transformation can correlate gbits that are initially uncorre-
lated; hence not even classical computation is possible.

We will now prove this result for the case d � 4. The
proof in the d = 2 case uses similar techniques, but dif-
fers in several details for group-theoretic reasons. It will
hence be deferred to the appendix.

As a first step, we will consider the generators of
global transformations and show that there exists at
least one that is of a certain normal form. This part of
the proof is valid for all dimensions d � 2.

A. Generator normal form for all dimensions d � 2

Let G 2 G be a transformation of the composite sys-
tem. Suppose we prepare the n gbits initially in states
with Bloch vectors ~a1, . . . ,~an, evolve the resulting prod-
uct state via G, and perform a final local n-gbit measure-
ment with Bloch vectors ~b1, . . . ,~bn. The probability that
the all the n outcomes on the n gbits are “yes” is

2
�nv(~b1,~b2, . . . ,~bn)

>Gv(~a1,~a2, . . . ,~an) 2 [0, 1].

Let us consider a group element G = e✏X with X 2 g
(the corresponding Lie algebra) and " 2 R and expand:

v(~b1, . . . ,~bn)
>
⇣
1+✏X+

✏2

2
X2+O(✏3)

⌘
v(~a1, . . . ,~an) 2 [0, 2n].

From now on we restrict ourselves to unit length Bloch
vectors, i.e. |~ai| = |~bj | = 1 for all i, j. We obtain

C[~a1] := v(�~a1,~b2, ...,~bn)>Xv(~a1,~a2, . . . ,~an) = 0

since the zeroth order is zero which is a local mini-
mum as a function of ✏ (see Figure 2 for an interpreta-
tion). Thus the second order contribution has to be non-
negative:

v(�~a1,~b2, . . . ,~bn)>X2v(~a1,~a2, . . . ,~an) � 0,

or more generally with the role of the qubits exchanged,

v(~b1, . . . ,~bk�1,�~ak,~bk+1, . . .~bn)
>X2v(~a1, . . . ,~an) � 0.

(1)
Other first and second order constraints are

~a1

~a2

~a3

~a4

e"X
�~a1

~b4

~b3

~b2

FIG. 2. We are using configurations like this one to derive con-
straints on the generators X 2 g. In the special case " = 0,
the transformation exp("X) reduces to the identity. Hence, if
we prepare the first wire in the (pure) state with Bloch vector
~a1, and perform a final measurement of that wire with Bloch
vector �~a1, the corresponding outcome will have probabil-
ity zero, regardless of which local measurements we choose
for the other wires. But probability zero is a local minimum,
which implies that the derivative of this probability with re-
spect to " must be zero (yielding C[~a1] = 0), and the second
derivative must be non-negative (yielding constraint (1) in the
case k = 1).

v(~a1,~a2, . . . ,~an)
>Xv(~a1,~a2, . . . ,~an) = 0, (2)

v(~a1,~a2, . . . ,~an)
>X2v(~a1,~a2, . . . ,~an)  0 (3)

for analogous reasons as above. For fixed Bloch vectors
~a2, . . . ,~an,~b2, . . . ,~bn, define W↵

� as
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0
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and C[�~ei] = 0 implies W 0
0
�W i

0
+W 0

i �W i
i = 0. Thus,

W i
i = W 0

0
and W i

0
= W 0

i for all i � 1. Since the vectors✓
1

~a

◆
linearly span all of Rd+1, we get

Xi ↵2 ... ↵n
i �2 ... �n

= X0 ↵2 ... ↵n
0 �2 ... �n

, (5)

Xi ↵2 ... ↵n
0 �2 ... �n

= X0 ↵2 ... ↵n
i �2 ... �n

(6)
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the state space, the authors conjectured that interest-
ing multipartite reversible dynamics is possible for such
systems. In contrast to quantum theory, this m-partite
dynamics would not be decomposable into two-gbit in-
teractions. While tomographic locality has not been as-
sumed in [19], it is an important first step to verify their
conjecture under this additional assumption. In fact, it
has been argued in [47] that in the context of spacetime
physics (the Bloch balls are interpreted in [19] as car-
rying some sort of d-dimensional spin degrees of free-
dom), tomographic locality is to be expected due to ar-
guments from group representation theory.

This gives us another, independent motivation to ask
the main question of this paper: if d 6= 3 and n is any
finite number of gbits, then what are the possible theories that
satisfy the assumptions of Subsection II B?

III. MAIN RESULT

The main result of this work is an answer to the ques-
tion posed at the end of the previous section:

Theorem 1. Consider a theory of n gbits, where single gbits
are described by a (d � 2)-dimensional Bloch ball state space,
subject to the single-gbit transformation group SO(d). As
described above, let us assume no-signalling, tomographic lo-
cality, and that the global transformations form a closed con-
tinuous matrix group G.

If d 6= 3, then necessarily G = Gloc, i.e. the only possible
gates are (independent combinations of) single-gbit gates. No
transformation can correlate gbits that are initially uncorre-
lated; hence not even classical computation is possible.

We will now prove this result for the case d � 4. The
proof in the d = 2 case uses similar techniques, but dif-
fers in several details for group-theoretic reasons. It will
hence be deferred to the appendix.

As a first step, we will consider the generators of
global transformations and show that there exists at
least one that is of a certain normal form. This part of
the proof is valid for all dimensions d � 2.

A. Generator normal form for all dimensions d � 2

Let G 2 G be a transformation of the composite sys-
tem. Suppose we prepare the n gbits initially in states
with Bloch vectors ~a1, . . . ,~an, evolve the resulting prod-
uct state via G, and perform a final local n-gbit measure-
ment with Bloch vectors ~b1, . . . ,~bn. The probability that
the all the n outcomes on the n gbits are “yes” is

2
�nv(~b1,~b2, . . . ,~bn)

>Gv(~a1,~a2, . . . ,~an) 2 [0, 1].

Let us consider a group element G = e✏X with X 2 g
(the corresponding Lie algebra) and " 2 R and expand:

v(~b1, . . . ,~bn)
>
⇣
1+✏X+

✏2

2
X2+O(✏3)

⌘
v(~a1, . . . ,~an) 2 [0, 2n].

From now on we restrict ourselves to unit length Bloch
vectors, i.e. |~ai| = |~bj | = 1 for all i, j. We obtain

C[~a1] := v(�~a1,~b2, ...,~bn)>Xv(~a1,~a2, . . . ,~an) = 0

since the zeroth order is zero which is a local mini-
mum as a function of ✏ (see Figure 2 for an interpreta-
tion). Thus the second order contribution has to be non-
negative:

v(�~a1,~b2, . . . ,~bn)>X2v(~a1,~a2, . . . ,~an) � 0,

or more generally with the role of the qubits exchanged,

v(~b1, . . . ,~bk�1,�~ak,~bk+1, . . .~bn)
>X2v(~a1, . . . ,~an) � 0.

(1)
Other first and second order constraints are
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FIG. 2. We are using configurations like this one to derive con-
straints on the generators X 2 g. In the special case " = 0,
the transformation exp("X) reduces to the identity. Hence, if
we prepare the first wire in the (pure) state with Bloch vector
~a1, and perform a final measurement of that wire with Bloch
vector �~a1, the corresponding outcome will have probabil-
ity zero, regardless of which local measurements we choose
for the other wires. But probability zero is a local minimum,
which implies that the derivative of this probability with re-
spect to " must be zero (yielding C[~a1] = 0), and the second
derivative must be non-negative (yielding constraint (1) in the
case k = 1).

v(~a1,~a2, . . . ,~an)
>Xv(~a1,~a2, . . . ,~an) = 0, (2)

v(~a1,~a2, . . . ,~an)
>X2v(~a1,~a2, . . . ,~an)  0 (3)

for analogous reasons as above. For fixed Bloch vectors
~a2, . . . ,~an,~b2, . . . ,~bn, define W↵
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the state space, the authors conjectured that interest-
ing multipartite reversible dynamics is possible for such
systems. In contrast to quantum theory, this m-partite
dynamics would not be decomposable into two-gbit in-
teractions. While tomographic locality has not been as-
sumed in [19], it is an important first step to verify their
conjecture under this additional assumption. In fact, it
has been argued in [47] that in the context of spacetime
physics (the Bloch balls are interpreted in [19] as car-
rying some sort of d-dimensional spin degrees of free-
dom), tomographic locality is to be expected due to ar-
guments from group representation theory.

This gives us another, independent motivation to ask
the main question of this paper: if d 6= 3 and n is any
finite number of gbits, then what are the possible theories that
satisfy the assumptions of Subsection II B?

III. MAIN RESULT

The main result of this work is an answer to the ques-
tion posed at the end of the previous section:

Theorem 1. Consider a theory of n gbits, where single gbits
are described by a (d � 2)-dimensional Bloch ball state space,
subject to the single-gbit transformation group SO(d). As
described above, let us assume no-signalling, tomographic lo-
cality, and that the global transformations form a closed con-
tinuous matrix group G.

If d 6= 3, then necessarily G = Gloc, i.e. the only possible
gates are (independent combinations of) single-gbit gates. No
transformation can correlate gbits that are initially uncorre-
lated; hence not even classical computation is possible.

We will now prove this result for the case d � 4. The
proof in the d = 2 case uses similar techniques, but dif-
fers in several details for group-theoretic reasons. It will
hence be deferred to the appendix.

As a first step, we will consider the generators of
global transformations and show that there exists at
least one that is of a certain normal form. This part of
the proof is valid for all dimensions d � 2.

A. Generator normal form for all dimensions d � 2

Let G 2 G be a transformation of the composite sys-
tem. Suppose we prepare the n gbits initially in states
with Bloch vectors ~a1, . . . ,~an, evolve the resulting prod-
uct state via G, and perform a final local n-gbit measure-
ment with Bloch vectors ~b1, . . . ,~bn. The probability that
the all the n outcomes on the n gbits are “yes” is

2
�nv(~b1,~b2, . . . ,~bn)

>Gv(~a1,~a2, . . . ,~an) 2 [0, 1].

Let us consider a group element G = e✏X with X 2 g
(the corresponding Lie algebra) and " 2 R and expand:

v(~b1, . . . ,~bn)
>
⇣
1+✏X+

✏2

2
X2+O(✏3)

⌘
v(~a1, . . . ,~an) 2 [0, 2n].

From now on we restrict ourselves to unit length Bloch
vectors, i.e. |~ai| = |~bj | = 1 for all i, j. We obtain

C[~a1] := v(�~a1,~b2, ...,~bn)>Xv(~a1,~a2, . . . ,~an) = 0

since the zeroth order is zero which is a local mini-
mum as a function of ✏ (see Figure 2 for an interpreta-
tion). Thus the second order contribution has to be non-
negative:

v(�~a1,~b2, . . . ,~bn)>X2v(~a1,~a2, . . . ,~an) � 0,

or more generally with the role of the qubits exchanged,

v(~b1, . . . ,~bk�1,�~ak,~bk+1, . . .~bn)
>X2v(~a1, . . . ,~an) � 0.

(1)
Other first and second order constraints are
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FIG. 2. We are using configurations like this one to derive con-
straints on the generators X 2 g. In the special case " = 0,
the transformation exp("X) reduces to the identity. Hence, if
we prepare the first wire in the (pure) state with Bloch vector
~a1, and perform a final measurement of that wire with Bloch
vector �~a1, the corresponding outcome will have probabil-
ity zero, regardless of which local measurements we choose
for the other wires. But probability zero is a local minimum,
which implies that the derivative of this probability with re-
spect to " must be zero (yielding C[~a1] = 0), and the second
derivative must be non-negative (yielding constraint (1) in the
case k = 1).

v(~a1,~a2, . . . ,~an)
>Xv(~a1,~a2, . . . ,~an) = 0, (2)

v(~a1,~a2, . . . ,~an)
>X2v(~a1,~a2, . . . ,~an)  0 (3)

for analogous reasons as above. For fixed Bloch vectors
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the state space, the authors conjectured that interest-
ing multipartite reversible dynamics is possible for such
systems. In contrast to quantum theory, this m-partite
dynamics would not be decomposable into two-gbit in-
teractions. While tomographic locality has not been as-
sumed in [19], it is an important first step to verify their
conjecture under this additional assumption. In fact, it
has been argued in [47] that in the context of spacetime
physics (the Bloch balls are interpreted in [19] as car-
rying some sort of d-dimensional spin degrees of free-
dom), tomographic locality is to be expected due to ar-
guments from group representation theory.

This gives us another, independent motivation to ask
the main question of this paper: if d 6= 3 and n is any
finite number of gbits, then what are the possible theories that
satisfy the assumptions of Subsection II B?

III. MAIN RESULT

The main result of this work is an answer to the ques-
tion posed at the end of the previous section:

Theorem 1. Consider a theory of n gbits, where single gbits
are described by a (d � 2)-dimensional Bloch ball state space,
subject to the single-gbit transformation group SO(d). As
described above, let us assume no-signalling, tomographic lo-
cality, and that the global transformations form a closed con-
tinuous matrix group G.

If d 6= 3, then necessarily G = Gloc, i.e. the only possible
gates are (independent combinations of) single-gbit gates. No
transformation can correlate gbits that are initially uncorre-
lated; hence not even classical computation is possible.

We will now prove this result for the case d � 4. The
proof in the d = 2 case uses similar techniques, but dif-
fers in several details for group-theoretic reasons. It will
hence be deferred to the appendix.

As a first step, we will consider the generators of
global transformations and show that there exists at
least one that is of a certain normal form. This part of
the proof is valid for all dimensions d � 2.

A. Generator normal form for all dimensions d � 2

Let G 2 G be a transformation of the composite sys-
tem. Suppose we prepare the n gbits initially in states
with Bloch vectors ~a1, . . . ,~an, evolve the resulting prod-
uct state via G, and perform a final local n-gbit measure-
ment with Bloch vectors ~b1, . . . ,~bn. The probability that
the all the n outcomes on the n gbits are “yes” is

2
�nv(~b1,~b2, . . . ,~bn)

>Gv(~a1,~a2, . . . ,~an) 2 [0, 1].

Let us consider a group element G = e✏X with X 2 g
(the corresponding Lie algebra) and " 2 R and expand:

v(~b1, . . . ,~bn)
>
⇣
1+✏X+

✏2

2
X2+O(✏3)

⌘
v(~a1, . . . ,~an) 2 [0, 2n].

From now on we restrict ourselves to unit length Bloch
vectors, i.e. |~ai| = |~bj | = 1 for all i, j. We obtain

C[~a1] := v(�~a1,~b2, ...,~bn)>Xv(~a1,~a2, . . . ,~an) = 0

since the zeroth order is zero which is a local mini-
mum as a function of ✏ (see Figure 2 for an interpreta-
tion). Thus the second order contribution has to be non-
negative:

v(�~a1,~b2, . . . ,~bn)>X2v(~a1,~a2, . . . ,~an) � 0,

or more generally with the role of the qubits exchanged,

v(~b1, . . . ,~bk�1,�~ak,~bk+1, . . .~bn)
>X2v(~a1, . . . ,~an) � 0.

(1)
Other first and second order constraints are

~a1

~a2

~a3

~a4

e"X
�~a1

~b4

~b3

~b2

FIG. 2. We are using configurations like this one to derive con-
straints on the generators X 2 g. In the special case " = 0,
the transformation exp("X) reduces to the identity. Hence, if
we prepare the first wire in the (pure) state with Bloch vector
~a1, and perform a final measurement of that wire with Bloch
vector �~a1, the corresponding outcome will have probabil-
ity zero, regardless of which local measurements we choose
for the other wires. But probability zero is a local minimum,
which implies that the derivative of this probability with re-
spect to " must be zero (yielding C[~a1] = 0), and the second
derivative must be non-negative (yielding constraint (1) in the
case k = 1).

v(~a1,~a2, . . . ,~an)
>Xv(~a1,~a2, . . . ,~an) = 0, (2)

v(~a1,~a2, . . . ,~an)
>X2v(~a1,~a2, . . . ,~an)  0 (3)

for analogous reasons as above. For fixed Bloch vectors
~a2, . . . ,~an,~b2, . . . ,~bn, define W↵

� as
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0
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0
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i = 0. Thus,

W i
i = W 0

0
and W i

0
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i for all i � 1. Since the vectors✓
1

~a

◆
linearly span all of Rd+1, we get

Xi ↵2 ... ↵n
i �2 ... �n

= X0 ↵2 ... ↵n
0 �2 ... �n

, (5)

Xi ↵2 ... ↵n
0 �2 ... �n

= X0 ↵2 ... ↵n
i �2 ... �n

(6)

For																this	gives	probability	zero,	which	must	be	a	local	minimum.
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the state space, the authors conjectured that interest-
ing multipartite reversible dynamics is possible for such
systems. In contrast to quantum theory, this m-partite
dynamics would not be decomposable into two-gbit in-
teractions. While tomographic locality has not been as-
sumed in [19], it is an important first step to verify their
conjecture under this additional assumption. In fact, it
has been argued in [47] that in the context of spacetime
physics (the Bloch balls are interpreted in [19] as car-
rying some sort of d-dimensional spin degrees of free-
dom), tomographic locality is to be expected due to ar-
guments from group representation theory.

This gives us another, independent motivation to ask
the main question of this paper: if d 6= 3 and n is any
finite number of gbits, then what are the possible theories that
satisfy the assumptions of Subsection II B?

III. MAIN RESULT

The main result of this work is an answer to the ques-
tion posed at the end of the previous section:

Theorem 1. Consider a theory of n gbits, where single gbits
are described by a (d � 2)-dimensional Bloch ball state space,
subject to the single-gbit transformation group SO(d). As
described above, let us assume no-signalling, tomographic lo-
cality, and that the global transformations form a closed con-
tinuous matrix group G.

If d 6= 3, then necessarily G = Gloc, i.e. the only possible
gates are (independent combinations of) single-gbit gates. No
transformation can correlate gbits that are initially uncorre-
lated; hence not even classical computation is possible.

We will now prove this result for the case d � 4. The
proof in the d = 2 case uses similar techniques, but dif-
fers in several details for group-theoretic reasons. It will
hence be deferred to the appendix.

As a first step, we will consider the generators of
global transformations and show that there exists at
least one that is of a certain normal form. This part of
the proof is valid for all dimensions d � 2.

A. Generator normal form for all dimensions d � 2

Let G 2 G be a transformation of the composite sys-
tem. Suppose we prepare the n gbits initially in states
with Bloch vectors ~a1, . . . ,~an, evolve the resulting prod-
uct state via G, and perform a final local n-gbit measure-
ment with Bloch vectors ~b1, . . . ,~bn. The probability that
the all the n outcomes on the n gbits are “yes” is

2
�nv(~b1,~b2, . . . ,~bn)

>Gv(~a1,~a2, . . . ,~an) 2 [0, 1].

Let us consider a group element G = e✏X with X 2 g
(the corresponding Lie algebra) and " 2 R and expand:

v(~b1, . . . ,~bn)
>
⇣
1+✏X+

✏2

2
X2+O(✏3)

⌘
v(~a1, . . . ,~an) 2 [0, 2n].

From now on we restrict ourselves to unit length Bloch
vectors, i.e. |~ai| = |~bj | = 1 for all i, j. We obtain

C[~a1] := v(�~a1,~b2, ...,~bn)>Xv(~a1,~a2, . . . ,~an) = 0

since the zeroth order is zero which is a local mini-
mum as a function of ✏ (see Figure 2 for an interpreta-
tion). Thus the second order contribution has to be non-
negative:

v(�~a1,~b2, . . . ,~bn)>X2v(~a1,~a2, . . . ,~an) � 0,

or more generally with the role of the qubits exchanged,

v(~b1, . . . ,~bk�1,�~ak,~bk+1, . . .~bn)
>X2v(~a1, . . . ,~an) � 0.

(1)
Other first and second order constraints are
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FIG. 2. We are using configurations like this one to derive con-
straints on the generators X 2 g. In the special case " = 0,
the transformation exp("X) reduces to the identity. Hence, if
we prepare the first wire in the (pure) state with Bloch vector
~a1, and perform a final measurement of that wire with Bloch
vector �~a1, the corresponding outcome will have probabil-
ity zero, regardless of which local measurements we choose
for the other wires. But probability zero is a local minimum,
which implies that the derivative of this probability with re-
spect to " must be zero (yielding C[~a1] = 0), and the second
derivative must be non-negative (yielding constraint (1) in the
case k = 1).

v(~a1,~a2, . . . ,~an)
>Xv(~a1,~a2, . . . ,~an) = 0, (2)

v(~a1,~a2, . . . ,~an)
>X2v(~a1,~a2, . . . ,~an)  0 (3)

for analogous reasons as above. For fixed Bloch vectors
~a2, . . . ,~an,~b2, . . . ,~bn, define W↵

� as
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✓
1
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The equation C[~ei] = 0 implies W 0

0
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0
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i = 0,

and C[�~ei] = 0 implies W 0
0
�W i

0
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i = 0. Thus,

W i
i = W 0

0
and W i

0
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i for all i � 1. Since the vectors✓
1

~a

◆
linearly span all of Rd+1, we get

Xi ↵2 ... ↵n
i �2 ... �n

= X0 ↵2 ... ↵n
0 �2 ... �n

, (5)

Xi ↵2 ... ↵n
0 �2 ... �n

= X0 ↵2 ... ↵n
i �2 ... �n

(6)

For																this	gives	probability	zero,	which	must	be	a	local	minimum.
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QT	is	a	theory	of	probability	(belief,	knowledge	or	informaWon).

The	complete	Hilbert	space	formalism	—	including	the	use	of	complex	
numbers,	operators,	and	state	update	rules	—	follows	from	a	few	
simple	informaWon-theoreWc	/	probabilisWc	principles.

• Collapse:	Bayesian	updaWng.	
• Time	evoluGon:	correlaWon	with	idealized	clock	variables.	
• SuperposiGon	principle:	not	a	principle,	but	a	mathemaWcal	accident
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What	does	this	tell	us	now?



QT	is	a	theory	of	probability	(belief,	knowledge	or	informaWon).

The	complete	Hilbert	space	formalism	—	including	the	use	of	complex	
numbers,	operators,	and	state	update	rules	—	follows	from	a	few	
simple	informaWon-theoreWc	/	probabilisWc	principles.

• Collapse:	Bayesian	updaWng.	
• Time	evoluGon:	correlaWon	with	idealized	clock	variables.	
• SuperposiGon	principle:	not	a	principle,	but	a	mathemaWcal	accident

<latexit sha1_base64="DvdGXSeP9AOFR8Hb+0f5aOjGvwc=">AAACLHicdVDLSgMxFM3UV62vqks3g0VwVWakqMtiNy4rOG2hU8ud9HYamskMSUYobT/Ijb8iiAuLuPU7TB8LbfVAyOGcc0nuCRLOlHaciZVZW9/Y3Mpu53Z29/YP8odHNRWnkqJHYx7LRgAKORPoaaY5NhKJEAUc60G/MvXrjygVi8W9HiTYiiAUrMsoaCO185WRnyjmSxAhR5/PL6OM/AgSpWPb+y/gPfgdCEOUxXa+4BSdGexV4i5IgSxQbedf/U5M0wiFphyUarpOoltDkJpRjuOcnypMgPYhxKahAiJUreFs2bF9ZpSO3Y2lOULbM/XnxBAipQZRYJIR6J5a9qbiX14z1d3r1pCJJNUo6PyhbsptU8K0ObvDJFLNB4YAlcz81aY9kEC16TdnSnCXV14ltYuie1ks3ZUK5ZtFHVlyQk7JOXHJFSmTW1IlHqHkibyQdzKxnq0368P6nEcz1mLmmPyC9fUNjaKqNg==</latexit>

| ih | 7! U | ih |U†.

Challenge	to	Evereaans:	start	with	a	landscape	of	“theories	of	many	
worlds”,	write	down	a	few	simple	principles	of	some	kind,	and	prove	
that	QT	is	the	unique	many-worlds-like	theory	that	saWsfies	those.

A.	Koberinski	and	MM,	arXiv:1707.05602
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Does information play a significant role in the foundations of physics? Information is the abstraction that
allows us to refer to the states of systems when we choose to ignore the systems themselves. This is only
possible in very particular frameworks, like in classical or quantum theory, or more generally, whenever
there exists an information unit such that the state of any system can be reversibly encoded in a sufficient
number of such units. In this work we show how the abstract formalism of quantum theory can be deduced
solely from the existence of an information unit with suitable properties, together with two further natural
assumptions: the continuity and reversibility of dynamics, and the possibility of characterizing the state of
a composite system by local measurements. This constitutes a new set of postulates for quantum theory
with a simple and direct physical meaning, like the ones of special relativity or thermodynamics, and it
articulates a strong connection between physics and information.

I. INTRODUCTION

Quantum theory (QT) provides the foundation on top of
which most of our physical theories and our understanding
of nature sits. This peculiarly important role contrasts with
our limited understanding of QT itself, and the lack of con-
sensus among physicists about what this theory is saying
about how nature works. Particularly, the standard postu-
lates of QT are expressed in abstract mathematical terms
involving Hilbert spaces and operators acting on them, and
lack a clear physical meaning. In other physical theories,
like special relativity or thermodynamics, the formalism can
be derived from postulates having a direct physical mean-
ing, often in terms of the possibility or impossibility of cer-
tain tasks. In this work we show that this is also possible
for QT.

The importance of this goal is reflected by the long his-
tory of research on alternative axiomatizations of QT, which
goes back to Birkhoff and von Neumann [1–3]. More re-
cently, initiated by Hardy’s work [4], and influenced by the
perspective of quantum information theory, there has been
a wave of contributions taking a more physical and less
mathematical approach [4–8]. These reconstructions of
QT constitute a big achievement because they are based
on postulates having a more physical meaning. However
some of these meanings are not very direct, and a lot of
formalism has to be introduced in order to state them. In
this work we derive finite-dimensional QT from four postu-
lates having a clear and direct physical meaning, which can
be stated easily and without the need of heavy formalism.
Also, contrary to [5] we write all our assumptions explicitly.

We introduce a postulate named Existence of an In-
formation Unit, which essentially states that there is only
one type of information within the theory. Consequently,
any physical process can be simulated with a suitably pro-
grammed general purpose simulator. Since the input and
output of these simulations are not necessarily classical,
this postulate is a stronger version of the Church-Turing-
Deutsch Principle (stated in [9]). On the other hand, it is
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FIG. 1: Encoder. Coding is an ideal physical transformation
which maps the unknown state ω of an arbitrary system to an
n-gbit state in a reversible way, and leaves the initial system
in a reference state 0. Reversibility means that there is an-
other ideal physical transformation, decoding, which undoes
the above, bringing the arbitrary system back to its original
state.

strictly weaker than the Subspace Axiom, introduced in [4]
and used in [5] and [6]. An alternative way to read this
postulate is that, at some level, the dynamics of any sys-
tem is substrate-independent. Within theories satisfying
the Existence of an Information Unit one can refer to states,
dynamics and measurements abstractly, without specifying
the type of system they pertain to; and this is exploited by
quantum information scientists, who design algorithms and
protocols at an abstract level, without considering whether
they will be implemented with light, atoms or any other type
of physical substrate.

More precisely, Existence of an Information Unit states
that there is a type of system, the generalized bit or gbit,
such that the state of any other system can be reversibly
encoded in a sufficient number of gbits (see Fig. 1). The
reversibility of the encoding implies a correspondence be-
tween the states of any system and the states of a multi-
gbit system (or an appropriate subspace). This correspon-
dence also extends to dynamics and measurements: if a
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FIG. 2. Sketch of Thought experiment 1; inside the
lab, Freya interacts with some system, causing her
to be duplicated into two identical copies. Wigner
asks her which side of the room she finds herself in,
whereupon the slower copy to respond is destroyed,
leaving just one copy of Freya left in the lab.

of absoluteness for this scenario, without an account of personal
identity that elucidates a real, singular, persisting referent.

We can adopt strategies from philosophers, as discussed in Ap-
pendix VB, in order to make sense of the situation. For example,
by Parfit’s anti-realist account of personal identity [29], Wigner’s
statement may be interpreted along the lines of “The Freya who
matters to me was absolutely on the right side of the room”. Al-
ternatively, Lewis [31] (whose ontology of persons resembles four-
dimensional, potentially overlapping spacetime “worms”) might in-
terpret Wigner’s claim to say something like “The Freya who in-
formed me that she was on the right side of the room was absolutely
on the right of the room”. Or Sider [32] (with a person ontology
composed of three-dimensional “person-stages”) may instead argue
“The Freya who existed instantaneously at the completion of the
experiment was absolutely on the right side of the room”. How-
ever, a statement that just refers to “Freya” without a specific
account of identity, is ambiguous in its referent, and provides an
incomplete description of the experiment. Moreover, the possibil-
ity for two Freyas may even constitute a loophole in the LF no-go
theorem, as suggested by Kent [25].

Let us argue slightly more formally. Consider the physicist
Wigner who believes that Ego Absolutism is true, and who ob-
serves that Freya is being prepared for an experiment (which will
turn out to implement Thought Experiment 1). Wigner, however,
is not aware of all the details of the experiment; in particular, the
closed laboratory is to some extent a “black box” for him, so that
he does not have a complete description of what goes on in it. In
particular, he may not know about the duplication process. Then,
formally, Wigner will think that there is a variable (perhaps called
c) which will describe Freya’s thoughts (and observations) during
the experiment. His subjective uncertainty about the outcome will
lead Wigner to treat this as random variable, which will take ei-
ther one value or another, c = cL or c = cR, because this is what
variables do in probability theory and hence in classical physics.
Moreover, the value of this variable is absolute in the sense that we
can think of it as belonging to a larger set of facts of the physical
world, described e.g. by a collection of random variables that have a joint distribution in Kolmogorov’s sense. How-
ever, this description is not valid in Thought Experiment 1: there is no random variable c of this kind. The particular
intervention that occurs in the black box disrupts the usual notion of probability space that Wigner assumes, rendering
statements like “the probability that c = cR is p” undefined, because c becomes undefined. Following Kent [25], we
might describe it as there being two random variables c1 and c2 instead, describing the thoughts of the two Freyas.

Next, let us consider another, similar thought experiment, now including “merging” (c.f. [28]) to explore an analo-
gous operation to the unitary reversal posited by LF experiments. This time, we consider just Freya and her thoughts
and beliefs around an experiment.

Thought Experiment 2. We now imagine a second experiment that we could in principle perform classically
on an initial observer, Freya. We refer to Freya at the start of the experiment as Freya0 in order to distinguish
her from subsequent versions of herself. Freya0 is duplicated, after which one copy (FreyaB) will wake up in a
blue room, and the other (FreyaG) in a green room. Upon awakening, each copy observes which colour room they
find themselves in. Then, the two copies are put back to sleep and the memories of their respective experiences
erased. They are then merged back together into a singular Freya, who wakes up again in the starting lab, with
no recollection of being in either colour room.

As in Thought Experiment 1, the interventions in the experiment run us into problems concerning personal identity.
Freya, reflecting on the experiment, would surely believe herself to be the same person that arrived at the lab to be
duplicated, since she has su�cient physical and psychological continuity with Freya0. However, she has no recollection
of waking in either blue or green rooms, therefore she cannot identify herself solely with either FreyaB or FreyaG.
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FIG. 2. Sketch of Thought experiment 1; inside the
lab, Freya interacts with some system, causing her
to be duplicated into two identical copies. Wigner
asks her which side of the room she finds herself in,
whereupon the slower copy to respond is destroyed,
leaving just one copy of Freya left in the lab.

of absoluteness for this scenario, without an account of personal
identity that elucidates a real, singular, persisting referent.

We can adopt strategies from philosophers, as discussed in Ap-
pendix VB, in order to make sense of the situation. For example,
by Parfit’s anti-realist account of personal identity [29], Wigner’s
statement may be interpreted along the lines of “The Freya who
matters to me was absolutely on the right side of the room”. Al-
ternatively, Lewis [31] (whose ontology of persons resembles four-
dimensional, potentially overlapping spacetime “worms”) might in-
terpret Wigner’s claim to say something like “The Freya who in-
formed me that she was on the right side of the room was absolutely
on the right of the room”. Or Sider [32] (with a person ontology
composed of three-dimensional “person-stages”) may instead argue
“The Freya who existed instantaneously at the completion of the
experiment was absolutely on the right side of the room”. How-
ever, a statement that just refers to “Freya” without a specific
account of identity, is ambiguous in its referent, and provides an
incomplete description of the experiment. Moreover, the possibil-
ity for two Freyas may even constitute a loophole in the LF no-go
theorem, as suggested by Kent [25].

Let us argue slightly more formally. Consider the physicist
Wigner who believes that Ego Absolutism is true, and who ob-
serves that Freya is being prepared for an experiment (which will
turn out to implement Thought Experiment 1). Wigner, however,
is not aware of all the details of the experiment; in particular, the
closed laboratory is to some extent a “black box” for him, so that
he does not have a complete description of what goes on in it. In
particular, he may not know about the duplication process. Then,
formally, Wigner will think that there is a variable (perhaps called
c) which will describe Freya’s thoughts (and observations) during
the experiment. His subjective uncertainty about the outcome will
lead Wigner to treat this as random variable, which will take ei-
ther one value or another, c = cL or c = cR, because this is what
variables do in probability theory and hence in classical physics.
Moreover, the value of this variable is absolute in the sense that we
can think of it as belonging to a larger set of facts of the physical
world, described e.g. by a collection of random variables that have a joint distribution in Kolmogorov’s sense. How-
ever, this description is not valid in Thought Experiment 1: there is no random variable c of this kind. The particular
intervention that occurs in the black box disrupts the usual notion of probability space that Wigner assumes, rendering
statements like “the probability that c = cR is p” undefined, because c becomes undefined. Following Kent [25], we
might describe it as there being two random variables c1 and c2 instead, describing the thoughts of the two Freyas.

Next, let us consider another, similar thought experiment, now including “merging” (c.f. [28]) to explore an analo-
gous operation to the unitary reversal posited by LF experiments. This time, we consider just Freya and her thoughts
and beliefs around an experiment.

Thought Experiment 2. We now imagine a second experiment that we could in principle perform classically
on an initial observer, Freya. We refer to Freya at the start of the experiment as Freya0 in order to distinguish
her from subsequent versions of herself. Freya0 is duplicated, after which one copy (FreyaB) will wake up in a
blue room, and the other (FreyaG) in a green room. Upon awakening, each copy observes which colour room they
find themselves in. Then, the two copies are put back to sleep and the memories of their respective experiences
erased. They are then merged back together into a singular Freya, who wakes up again in the starting lab, with
no recollection of being in either colour room.

As in Thought Experiment 1, the interventions in the experiment run us into problems concerning personal identity.
Freya, reflecting on the experiment, would surely believe herself to be the same person that arrived at the lab to be
duplicated, since she has su�cient physical and psychological continuity with Freya0. However, she has no recollection
of waking in either blue or green rooms, therefore she cannot identify herself solely with either FreyaB or FreyaG.
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Does information play a significant role in the foundations of physics? Information is the abstraction that
allows us to refer to the states of systems when we choose to ignore the systems themselves. This is only
possible in very particular frameworks, like in classical or quantum theory, or more generally, whenever
there exists an information unit such that the state of any system can be reversibly encoded in a sufficient
number of such units. In this work we show how the abstract formalism of quantum theory can be deduced
solely from the existence of an information unit with suitable properties, together with two further natural
assumptions: the continuity and reversibility of dynamics, and the possibility of characterizing the state of
a composite system by local measurements. This constitutes a new set of postulates for quantum theory
with a simple and direct physical meaning, like the ones of special relativity or thermodynamics, and it
articulates a strong connection between physics and information.

I. INTRODUCTION

Quantum theory (QT) provides the foundation on top of
which most of our physical theories and our understanding
of nature sits. This peculiarly important role contrasts with
our limited understanding of QT itself, and the lack of con-
sensus among physicists about what this theory is saying
about how nature works. Particularly, the standard postu-
lates of QT are expressed in abstract mathematical terms
involving Hilbert spaces and operators acting on them, and
lack a clear physical meaning. In other physical theories,
like special relativity or thermodynamics, the formalism can
be derived from postulates having a direct physical mean-
ing, often in terms of the possibility or impossibility of cer-
tain tasks. In this work we show that this is also possible
for QT.

The importance of this goal is reflected by the long his-
tory of research on alternative axiomatizations of QT, which
goes back to Birkhoff and von Neumann [1–3]. More re-
cently, initiated by Hardy’s work [4], and influenced by the
perspective of quantum information theory, there has been
a wave of contributions taking a more physical and less
mathematical approach [4–8]. These reconstructions of
QT constitute a big achievement because they are based
on postulates having a more physical meaning. However
some of these meanings are not very direct, and a lot of
formalism has to be introduced in order to state them. In
this work we derive finite-dimensional QT from four postu-
lates having a clear and direct physical meaning, which can
be stated easily and without the need of heavy formalism.
Also, contrary to [5] we write all our assumptions explicitly.

We introduce a postulate named Existence of an In-
formation Unit, which essentially states that there is only
one type of information within the theory. Consequently,
any physical process can be simulated with a suitably pro-
grammed general purpose simulator. Since the input and
output of these simulations are not necessarily classical,
this postulate is a stronger version of the Church-Turing-
Deutsch Principle (stated in [9]). On the other hand, it is
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FIG. 1: Encoder. Coding is an ideal physical transformation
which maps the unknown state ω of an arbitrary system to an
n-gbit state in a reversible way, and leaves the initial system
in a reference state 0. Reversibility means that there is an-
other ideal physical transformation, decoding, which undoes
the above, bringing the arbitrary system back to its original
state.

strictly weaker than the Subspace Axiom, introduced in [4]
and used in [5] and [6]. An alternative way to read this
postulate is that, at some level, the dynamics of any sys-
tem is substrate-independent. Within theories satisfying
the Existence of an Information Unit one can refer to states,
dynamics and measurements abstractly, without specifying
the type of system they pertain to; and this is exploited by
quantum information scientists, who design algorithms and
protocols at an abstract level, without considering whether
they will be implemented with light, atoms or any other type
of physical substrate.

More precisely, Existence of an Information Unit states
that there is a type of system, the generalized bit or gbit,
such that the state of any other system can be reversibly
encoded in a sufficient number of gbits (see Fig. 1). The
reversibility of the encoding implies a correspondence be-
tween the states of any system and the states of a multi-
gbit system (or an appropriate subspace). This correspon-
dence also extends to dynamics and measurements: if a
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FIG. 2. Sketch of Thought experiment 1; inside the
lab, Freya interacts with some system, causing her
to be duplicated into two identical copies. Wigner
asks her which side of the room she finds herself in,
whereupon the slower copy to respond is destroyed,
leaving just one copy of Freya left in the lab.

of absoluteness for this scenario, without an account of personal
identity that elucidates a real, singular, persisting referent.

We can adopt strategies from philosophers, as discussed in Ap-
pendix VB, in order to make sense of the situation. For example,
by Parfit’s anti-realist account of personal identity [29], Wigner’s
statement may be interpreted along the lines of “The Freya who
matters to me was absolutely on the right side of the room”. Al-
ternatively, Lewis [31] (whose ontology of persons resembles four-
dimensional, potentially overlapping spacetime “worms”) might in-
terpret Wigner’s claim to say something like “The Freya who in-
formed me that she was on the right side of the room was absolutely
on the right of the room”. Or Sider [32] (with a person ontology
composed of three-dimensional “person-stages”) may instead argue
“The Freya who existed instantaneously at the completion of the
experiment was absolutely on the right side of the room”. How-
ever, a statement that just refers to “Freya” without a specific
account of identity, is ambiguous in its referent, and provides an
incomplete description of the experiment. Moreover, the possibil-
ity for two Freyas may even constitute a loophole in the LF no-go
theorem, as suggested by Kent [25].

Let us argue slightly more formally. Consider the physicist
Wigner who believes that Ego Absolutism is true, and who ob-
serves that Freya is being prepared for an experiment (which will
turn out to implement Thought Experiment 1). Wigner, however,
is not aware of all the details of the experiment; in particular, the
closed laboratory is to some extent a “black box” for him, so that
he does not have a complete description of what goes on in it. In
particular, he may not know about the duplication process. Then,
formally, Wigner will think that there is a variable (perhaps called
c) which will describe Freya’s thoughts (and observations) during
the experiment. His subjective uncertainty about the outcome will
lead Wigner to treat this as random variable, which will take ei-
ther one value or another, c = cL or c = cR, because this is what
variables do in probability theory and hence in classical physics.
Moreover, the value of this variable is absolute in the sense that we
can think of it as belonging to a larger set of facts of the physical
world, described e.g. by a collection of random variables that have a joint distribution in Kolmogorov’s sense. How-
ever, this description is not valid in Thought Experiment 1: there is no random variable c of this kind. The particular
intervention that occurs in the black box disrupts the usual notion of probability space that Wigner assumes, rendering
statements like “the probability that c = cR is p” undefined, because c becomes undefined. Following Kent [25], we
might describe it as there being two random variables c1 and c2 instead, describing the thoughts of the two Freyas.

Next, let us consider another, similar thought experiment, now including “merging” (c.f. [28]) to explore an analo-
gous operation to the unitary reversal posited by LF experiments. This time, we consider just Freya and her thoughts
and beliefs around an experiment.

Thought Experiment 2. We now imagine a second experiment that we could in principle perform classically
on an initial observer, Freya. We refer to Freya at the start of the experiment as Freya0 in order to distinguish
her from subsequent versions of herself. Freya0 is duplicated, after which one copy (FreyaB) will wake up in a
blue room, and the other (FreyaG) in a green room. Upon awakening, each copy observes which colour room they
find themselves in. Then, the two copies are put back to sleep and the memories of their respective experiences
erased. They are then merged back together into a singular Freya, who wakes up again in the starting lab, with
no recollection of being in either colour room.

As in Thought Experiment 1, the interventions in the experiment run us into problems concerning personal identity.
Freya, reflecting on the experiment, would surely believe herself to be the same person that arrived at the lab to be
duplicated, since she has su�cient physical and psychological continuity with Freya0. However, she has no recollection
of waking in either blue or green rooms, therefore she cannot identify herself solely with either FreyaB or FreyaG.
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FIG. 2. Sketch of Thought experiment 1; inside the
lab, Freya interacts with some system, causing her
to be duplicated into two identical copies. Wigner
asks her which side of the room she finds herself in,
whereupon the slower copy to respond is destroyed,
leaving just one copy of Freya left in the lab.

of absoluteness for this scenario, without an account of personal
identity that elucidates a real, singular, persisting referent.

We can adopt strategies from philosophers, as discussed in Ap-
pendix VB, in order to make sense of the situation. For example,
by Parfit’s anti-realist account of personal identity [29], Wigner’s
statement may be interpreted along the lines of “The Freya who
matters to me was absolutely on the right side of the room”. Al-
ternatively, Lewis [31] (whose ontology of persons resembles four-
dimensional, potentially overlapping spacetime “worms”) might in-
terpret Wigner’s claim to say something like “The Freya who in-
formed me that she was on the right side of the room was absolutely
on the right of the room”. Or Sider [32] (with a person ontology
composed of three-dimensional “person-stages”) may instead argue
“The Freya who existed instantaneously at the completion of the
experiment was absolutely on the right side of the room”. How-
ever, a statement that just refers to “Freya” without a specific
account of identity, is ambiguous in its referent, and provides an
incomplete description of the experiment. Moreover, the possibil-
ity for two Freyas may even constitute a loophole in the LF no-go
theorem, as suggested by Kent [25].

Let us argue slightly more formally. Consider the physicist
Wigner who believes that Ego Absolutism is true, and who ob-
serves that Freya is being prepared for an experiment (which will
turn out to implement Thought Experiment 1). Wigner, however,
is not aware of all the details of the experiment; in particular, the
closed laboratory is to some extent a “black box” for him, so that
he does not have a complete description of what goes on in it. In
particular, he may not know about the duplication process. Then,
formally, Wigner will think that there is a variable (perhaps called
c) which will describe Freya’s thoughts (and observations) during
the experiment. His subjective uncertainty about the outcome will
lead Wigner to treat this as random variable, which will take ei-
ther one value or another, c = cL or c = cR, because this is what
variables do in probability theory and hence in classical physics.
Moreover, the value of this variable is absolute in the sense that we
can think of it as belonging to a larger set of facts of the physical
world, described e.g. by a collection of random variables that have a joint distribution in Kolmogorov’s sense. How-
ever, this description is not valid in Thought Experiment 1: there is no random variable c of this kind. The particular
intervention that occurs in the black box disrupts the usual notion of probability space that Wigner assumes, rendering
statements like “the probability that c = cR is p” undefined, because c becomes undefined. Following Kent [25], we
might describe it as there being two random variables c1 and c2 instead, describing the thoughts of the two Freyas.

Next, let us consider another, similar thought experiment, now including “merging” (c.f. [28]) to explore an analo-
gous operation to the unitary reversal posited by LF experiments. This time, we consider just Freya and her thoughts
and beliefs around an experiment.

Thought Experiment 2. We now imagine a second experiment that we could in principle perform classically
on an initial observer, Freya. We refer to Freya at the start of the experiment as Freya0 in order to distinguish
her from subsequent versions of herself. Freya0 is duplicated, after which one copy (FreyaB) will wake up in a
blue room, and the other (FreyaG) in a green room. Upon awakening, each copy observes which colour room they
find themselves in. Then, the two copies are put back to sleep and the memories of their respective experiences
erased. They are then merged back together into a singular Freya, who wakes up again in the starting lab, with
no recollection of being in either colour room.

As in Thought Experiment 1, the interventions in the experiment run us into problems concerning personal identity.
Freya, reflecting on the experiment, would surely believe herself to be the same person that arrived at the lab to be
duplicated, since she has su�cient physical and psychological continuity with Freya0. However, she has no recollection
of waking in either blue or green rooms, therefore she cannot identify herself solely with either FreyaB or FreyaG.
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Recent	extended	(mulW-agent)	WF	scenarios:	
no-go	theorems	about	the	joint	existence	of	all	observaWons	of	all	agents.
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Argued	above:	
The	quantum	state	is	a	“catalog	of	probabiliGes”	of	future	observaGons	/	
experiences	of	some	agent	(not	necessarily	human	or	conscious).
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Recent	extended	(mulW-agent)	WF	scenarios:	
no-go	theorems	about	the	joint	existence	of	all	observaWons	of	all	agents.

Argued	above:	
The	quantum	state	is	a	“catalog	of	probabiliGes”	of	future	observaGons	/	
experiences	of	some	agent	(not	necessarily	human	or	conscious).

These	will	typically	not	“fit	together”	into	a	joint	descripWon.	The	“world”	
is	a	mosaic	of	the	(more	fundamental)	first-person	perspecWves.
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The	Frauchiger-Renner	Scenario

As indicated by the term Gedankenexperiment, we do not
claim that the experiment is technologically feasible, at least
not in the form presented here. Like other thought experi-
ments, its purpose is not to probe nature, but rather to
scrutinise the consistency of our currently best available
theories that describe nature—in this case quantum theory.
(One may compare this to, say, the Gedankenexperiment of
letting an observer cross the event horizon of a black hole.
Although we do not have the technology to carry out this
experiment, reasoning about it provides us with insights on
relativity theory.)

Before proceeding to the analysis of the experiment, a few
comments about its relation to earlier proposals are in order. In
the case where r= tails, agent F receives S prepared in state !j is:
The first part of the experiment, prior to the measurements
carried out by the agents W and W, is then equivalent to Wigner’s
original experiment as described in the section Introduction2.
Furthermore, adding to this the measurement of agent F’s lab by
agent W, one retrieves an extension of Wigner’s experiment
proposed by Deutsch6 (Fig. 1). The particular procedure of how
agent F prepares the spin S in the first step described in Box 1, as
well as the choice of measurements, is motivated by a
construction due to Hardy7,8, known as Hardy’s Paradox. The

setup considered here is also similar to a proposal by Brukner9,
who used a modification of Wigner’s argument to obtain a
strengthening of Bell’s theorem10 (cf. Discussion section).

Analysis of the Gedankenexperiment. We analyse the experi-
ment from the viewpoints of the four agents, F, F, W, and W, who
have access to different pieces of information (cf. Fig. 2). We
assume, however, that all agents are aware of the entire experi-
mental procedure as described in Box 1, and that they all employ
the same theory. One may thus think of the agents as computers
that, in addition to carrying out the steps of Box 1, are pro-
grammed to draw conclusions according to a given set of rules. In
the following, we specify these rules as assumptions (Boxes 2–4).

The first such assumption, Assumption (Q) is that any agent A
“uses quantum theory.” By this we mean that A may predict the
outcome of a measurement on any system S around him via the
quantum-mechanical Born rule. For our purposes, it suffices to
consider the special case where the state ψj iS that A assigns to S
lies in the image of only one of the measurement operators πt0

x ,
say the one with x= ξ. In this case, the Born rule asserts that the
outcome x equals ξ with certainty; see Box 2.

Crucially, S may be a large and complex system, even one that
itself contains agents. In fact, to start our analysis, we take the

S

n :10 n :20 n :30 n :40 tn :00

L

r = tails

r = tails

w ≠ ok

w = ok

w = ok

L

F

F

W

W
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w = ok

w = ok

z = + 1
2

z = + 1
2

Fig. 2 Illustration of the Gedankenexperiment. In each round n= 0, 1, 2, … of the experiment, agent F tosses a coin and, depending on the outcome r,
polarises a spin particle S in a particular direction. Agent F then measures the vertical polarisation z of S. Later, agents W and W measure the entire labs L
and L (where the latter includes S) to obtain outcomes w and w, respectively. For the analysis of the experiment, we assume that all agents are aware of the
entire procedure as specified in Box 1, but they are located at different places and therefore make different observations. Agent F, for instance, observes z
but has no direct access to r. She may however use quantum theory to draw conclusions about r

Box 1: Experimental procedure

The steps are repeated in rounds n = 0, 1, 2, … until the halting condition in the last step is satisfied. The numbers on the left indicate the timing of the
steps, and we assume that each step takes at most one unit of time. (For example, in round n= 0, agent F starts her measurement of S at time 0:10 and
completes it before time 0:11.) Definitions of the relevant state and measurement basis vectors are provided in Tables 1 and 2.

At n:00 Agent F invokes a randomness generator (based on the measurement of a quantum system R in state initj iR as defined in Table 1) that
outputs r= heads or r= tails with probabilities 1

3 and
2
3, respectively. She sets the spin S of a particle to #j iS if r= heads and to

!j iS!
ffiffiffiffiffiffiffi
1=2

p
#j iSþ "j iS

" #
if r= tails, and sends it to F.

At n:10 Agent F measures S w.r.t. the basis #j iS; "j iS
$ %

, recording the outcome z 2 # 1
2 ;þ

1
2

$ %
:

At n:20 Agent W measures lab L w.r.t. a basis containing the vector ok
&& '

L (defined in Table 2). If the outcome associated to this vector occurs he
announces w ¼ ok and else w ¼ fail.

At n:30 Agent W measures lab L w.r.t. a basis containing the vector okj iL (defined in Table 2). If the outcome associated to this vector occurs he
announces w= ok and else w= fail.

At n:40 If w ¼ ok and w= ok then the experiment is halted.
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quantum-mechanical Born rule. For our purposes, it suffices to
consider the special case where the state ψj iS that A assigns to S
lies in the image of only one of the measurement operators πt0

x ,
say the one with x= ξ. In this case, the Born rule asserts that the
outcome x equals ξ with certainty; see Box 2.

Crucially, S may be a large and complex system, even one that
itself contains agents. In fact, to start our analysis, we take the
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Fig. 2 Illustration of the Gedankenexperiment. In each round n= 0, 1, 2, … of the experiment, agent F tosses a coin and, depending on the outcome r,
polarises a spin particle S in a particular direction. Agent F then measures the vertical polarisation z of S. Later, agents W and W measure the entire labs L
and L (where the latter includes S) to obtain outcomes w and w, respectively. For the analysis of the experiment, we assume that all agents are aware of the
entire procedure as specified in Box 1, but they are located at different places and therefore make different observations. Agent F, for instance, observes z
but has no direct access to r. She may however use quantum theory to draw conclusions about r

Box 1: Experimental procedure

The steps are repeated in rounds n = 0, 1, 2, … until the halting condition in the last step is satisfied. The numbers on the left indicate the timing of the
steps, and we assume that each step takes at most one unit of time. (For example, in round n= 0, agent F starts her measurement of S at time 0:10 and
completes it before time 0:11.) Definitions of the relevant state and measurement basis vectors are provided in Tables 1 and 2.

At n:00 Agent F invokes a randomness generator (based on the measurement of a quantum system R in state initj iR as defined in Table 1) that
outputs r= heads or r= tails with probabilities 1

3 and
2
3, respectively. She sets the spin S of a particle to #j iS if r= heads and to

!j iS!
ffiffiffiffiffiffiffi
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At n:10 Agent F measures S w.r.t. the basis #j iS; "j iS
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, recording the outcome z 2 # 1
2 ;þ
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$ %
:

At n:20 Agent W measures lab L w.r.t. a basis containing the vector ok
&& '

L (defined in Table 2). If the outcome associated to this vector occurs he
announces w ¼ ok and else w ¼ fail.

At n:30 Agent W measures lab L w.r.t. a basis containing the vector okj iL (defined in Table 2). If the outcome associated to this vector occurs he
announces w= ok and else w= fail.

At n:40 If w ¼ ok and w= ok then the experiment is halted.
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accept that w simultaneously admits multiple values. For our
discussion below, it will be useful to introduce an explicit
assumption, termed Assumption (S), which disallows this; see
Box 4.

No-go theorem. The conclusion of the above analysis may be
phrased as a no-go theorem.

Theorem 1. Any theory that satisfies assumptions (Q), (C), and
(S) yields contradictory statements when applied to the
Gedankenexperiment of Box 1.

To illustrate the theorem, we consider in the following different
interpretations and modifications of quantum theory. Theorem 1
implies that any of them must violate either (Q), (C), or (S). This
yields a natural categorisation as shown in Table 4 and discussed
in the following subsections.

Theories that violate Assumption (Q). Assumption (Q) corre-
sponds to the quantum-mechanical Born rule. Since the
assumption is concerned with the special case of probability-1
predictions only, it is largely independent of interpretational
questions, such as the meaning of probabilities in general.
However, the nontrivial aspect of (Q) is that it regards the Born
rule as a universal law. That is, it demands that an agent A can
apply the rule to arbitrary systems S around her, including large
ones that may contain other agents. The specifier “around” is
crucial, though: Assumption (Q) does not demand that agent A

can describe herself as a quantum system. Such a requirement
would indeed be overly restrictive (see ref. 13) for it would
immediately rule out interpretations in the spirit of Copenhagen,
according to which the observed quantum system and the
observer must be distinct from each other14,15.

Assumption (Q) is manifestly violated by theories that
postulate a modification of standard quantum mechanics, such
as spontaneous16–20 and gravity-induced21–23 collapse models (cf.
24 for a review). These deviate from the standard theory already
on microscopic scales, although the effects of the deviation
typically only become noticeable in larger systems.

In some approaches to quantum mechanics, it is simply
postulated that large systems are “classical”, but the physical
mechanism that explains the absence of quantum features
remains unspecified25. In the view described in ref. 3, for
instance, the postulate says that measurement devices are infinite-
dimensional systems whereas observables are finite. This ensures
that coherent and incoherent superpositions in the state of a
measurement device are indistinguishable. Similarly, according to
the “ETH approach”26, the algebra of available observables is
time-dependent and does not allow one to distinguish coherent
from incoherent superpositions once a measurement has been
completed. General measurements on systems that count
themselves as measurement devices are thus ruled out. Another
example is the “CSM ontology”27, according to which measure-
ments must always be carried out in a “context”, which includes
the measurement devices. It is then postulated that this context
cannot itself be treated as a quantum system. Within all these
interpretations, the Born rule still holds “for all practical
purposes”, but is no longer a universally applicable law in the
sense of Assumption (Q) (see the discussion in ref. 4).

Another class of theories that violate (Q), although in a less
obvious manner, are particular “hidden-variable (HV) interpreta-
tions”28, with “Bohmian mechanics” as the most prominent
example29–31. According to the common understanding, Boh-
mian mechanics is a “theory of the universe” rather than a theory
about subsystems32. This means that agents who apply the theory
must in principle always take an outside perspective on the entire
universe, describing themselves as part of it. This outside
perspective is identical for all agents, which ensures consistency
and hence the validity of Assumption (C). However, because (S)
is satisfied, too, it follows from Theorem 1 that (Q) must be
violated (see the Methods section for more details).

Theories that violate Assumption (C). If a theory satisfies (Q)
and (S) then, by Theorem 1, it must violate (C). This conclusion
applies to a wide range of common readings of quantum
mechanics, including most variants of the Copenhagen

Box 4: Assumption (S)

Suppose that agent A has established that
Statement A(i): “I am certain that x= ξ at time t.”

Then agent A must necessarily deny that
Statement A(ii): “I am certain that x≠ ξ at time t.”

(C)

According to T

According to T

AA

A′ According to T

z = + 1
2

z = + 1
2

Fig. 3 Consistent reasoning as required by Assumption (C). If a theory T
(such as quantum theory) enables consistent reasoning (C) then it must
allow any agent A to promote the conclusions drawn by another agent A' to
his own conclusions, provided that A' has the same initial knowledge about
the experiment and reasons within the same theory T. A classical example
of such recursive reasoning is the muddy children puzzle (here T is just
standard logic; see ref. 11 for a detailed account). The idea of using a
physical theory T to describe agents who themselves use T has also
appeared in thermodynamics, notably in discussions around Maxwell's
demon12

Box 3: Assumption (C)

Suppose that agent A has established that
Statement A(i): “I am certain that agent A′, upon reasoning within the same theory as the one I am using, is certain that x= ξ at time t.”

Then agent A can conclude that
Statement A(ii): “I am certain that x= ξ at time t.”
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A	classical	thought	experiment	

M	copies	of	Freya	if	“Heads”	(M=2	for	now)

8

Thought Experiment 2. Imagine Freya and Wigner are to be put to sleep, and multiplied into N copies.
Each couple is distributed to one of N identical laboratories. In each laboratory, a fair coin is tossed, and if the
outcome is Heads, the copy of Freya (but not the copy of Wigner) is duplicated again. Then, all participants
are woken and asked to give their credence that the outcome of their lab’s coin toss was Tails. (We assume that
they cannot notice the presence/absence of an identical copy of Freya in the lab). This scenario is sketched in
Figure 3.

In fact, all participants are o!ered a bet: they can buy a ticket from a bookie for (2/3 → ω)$, where ω > 0 is
small, (say, for 66 cents) that wagers on the coin toss having shown Heads. It is natural to argue (see below) that
the credence that Freya should assign to Tails (which directly determines the maximum price 1→p she rationally
ought to be prepared to pay) is 1/3, whilst for Wigner it is 1/2: Freya should buy the ticket, but Wigner should
not.

Finally, all copies survive the experiment and are released. Everyone who has bought the ticket now receives
1$ if the outcome of their lab’s coin toss was indeed Tails. Freya and Wigner have been initially informed about
all the details of the experiment.

FIG. 3. Sketch of the setup of Thought Experiment 2; Freya and Wigner agree to an experiment in which they will be put to
sleep and multiplied into N copies, where N is large (here though, N = 2). For each lab, a fair coin is tossed. If the outcome is
Heads, the copy of Freya (but not of Wigner) in the corresponding lab is duplicated again. If the outcome is Tails, she is not.

Given that half as many copies of Freya will experience waking under the outcome Tails than the outcome Heads,
a given copy of Freya may assign a proportionately lower degree of belief that she is contained in the smaller group of
copies. There is significant disagreement in philosophical literature concerning whether the original Sleeping Beauty
ought to be a “Thirder” [38] or a “Halfer” [39], and depending on how you operationalise the setup [40], one may
take either position. Here, we follow the prescription of Elga [41] for the specific question asked in our Thought
Experiment: Elga would claim that Freya should assign a uniform probability distribution to self-locating as any copy
(see Appendix VD for an overview on Elga’s Principle of Indi!erence [38, 41], and Subsection III C, in which we
reevaluate this option more explicitly). Using the law of large numbers, there will almost surely be approximately
N copies of Freya who will experience a Heads-awakening, following the duplication process, whilst approximately
N/2 will experience a Tails-awakening (to first order in N). Hence, with high probability, approximately N/2 copies
of Freya will lose their wager of (2/3→ ε)$, whilst approximately N copies of Freya will have profited by (1/3 + ε)$.
The bet is therefore rational for any copy of Freya to accept for any ω > 0 (but not for negative ω) – thus setting
her credence for Tails as 1/3. Similarly, about N/2 copies of Wigner will lose their wager, while approximately N/2
copies will have profited. Accordingly, Elga’s principle implies the following diverging credences for Freya and Wigner
respectively:

PF (T ) ↑
N/2

N +N/2
=

1

3
, PW (T ) ↑ N/2

N/2 +N/2
=

1

2
, (2)

N	copies
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Experiment: Elga would claim that Freya should assign a uniform probability distribution to self-locating as any copy
(see Appendix VD for an overview on Elga’s Principle of Indi!erence [38, 41], and Subsection III C, in which we
reevaluate this option more explicitly). Using the law of large numbers, there will almost surely be approximately
N copies of Freya who will experience a Heads-awakening, following the duplication process, whilst approximately
N/2 will experience a Tails-awakening (to first order in N). Hence, with high probability, approximately N/2 copies
of Freya will lose their wager of (2/3→ ε)$, whilst approximately N copies of Freya will have profited by (1/3 + ε)$.
The bet is therefore rational for any copy of Freya to accept for any ω > 0 (but not for negative ω) – thus setting
her credence for Tails as 1/3. Similarly, about N/2 copies of Wigner will lose their wager, while approximately N/2
copies will have profited. Accordingly, Elga’s principle implies the following diverging credences for Freya and Wigner
respectively:

PF (T ) ↑
N/2
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=

1

3
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N/2 +N/2
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1
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Thought Experiment 2. Imagine Freya and Wigner are to be put to sleep, and multiplied into N copies.
Each couple is distributed to one of N identical laboratories. In each laboratory, a fair coin is tossed, and if the
outcome is Heads, the copy of Freya (but not the copy of Wigner) is duplicated again. Then, all participants
are woken and asked to give their credence that the outcome of their lab’s coin toss was Tails. (We assume that
they cannot notice the presence/absence of an identical copy of Freya in the lab). This scenario is sketched in
Figure 3.

In fact, all participants are o!ered a bet: they can buy a ticket from a bookie for (2/3 → ω)$, where ω > 0 is
small, (say, for 66 cents) that wagers on the coin toss having shown Heads. It is natural to argue (see below) that
the credence that Freya should assign to Tails (which directly determines the maximum price 1→p she rationally
ought to be prepared to pay) is 1/3, whilst for Wigner it is 1/2: Freya should buy the ticket, but Wigner should
not.

Finally, all copies survive the experiment and are released. Everyone who has bought the ticket now receives
1$ if the outcome of their lab’s coin toss was indeed Tails. Freya and Wigner have been initially informed about
all the details of the experiment.

FIG. 3. Sketch of the setup of Thought Experiment 2; Freya and Wigner agree to an experiment in which they will be put to
sleep and multiplied into N copies, where N is large (here though, N = 2). For each lab, a fair coin is tossed. If the outcome is
Heads, the copy of Freya (but not of Wigner) in the corresponding lab is duplicated again. If the outcome is Tails, she is not.

Given that half as many copies of Freya will experience waking under the outcome Tails than the outcome Heads,
a given copy of Freya may assign a proportionately lower degree of belief that she is contained in the smaller group of
copies. There is significant disagreement in philosophical literature concerning whether the original Sleeping Beauty
ought to be a “Thirder” [38] or a “Halfer” [39], and depending on how you operationalise the setup [40], one may
take either position. Here, we follow the prescription of Elga [41] for the specific question asked in our Thought
Experiment: Elga would claim that Freya should assign a uniform probability distribution to self-locating as any copy
(see Appendix VD for an overview on Elga’s Principle of Indi!erence [38, 41], and Subsection III C, in which we
reevaluate this option more explicitly). Using the law of large numbers, there will almost surely be approximately
N copies of Freya who will experience a Heads-awakening, following the duplication process, whilst approximately
N/2 will experience a Tails-awakening (to first order in N). Hence, with high probability, approximately N/2 copies
of Freya will lose their wager of (2/3→ ε)$, whilst approximately N copies of Freya will have profited by (1/3 + ε)$.
The bet is therefore rational for any copy of Freya to accept for any ω > 0 (but not for negative ω) – thus setting
her credence for Tails as 1/3. Similarly, about N/2 copies of Wigner will lose their wager, while approximately N/2
copies will have profited. Accordingly, Elga’s principle implies the following diverging credences for Freya and Wigner
respectively:
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accept that w simultaneously admits multiple values. For our
discussion below, it will be useful to introduce an explicit
assumption, termed Assumption (S), which disallows this; see
Box 4.

No-go theorem. The conclusion of the above analysis may be
phrased as a no-go theorem.

Theorem 1. Any theory that satisfies assumptions (Q), (C), and
(S) yields contradictory statements when applied to the
Gedankenexperiment of Box 1.

To illustrate the theorem, we consider in the following different
interpretations and modifications of quantum theory. Theorem 1
implies that any of them must violate either (Q), (C), or (S). This
yields a natural categorisation as shown in Table 4 and discussed
in the following subsections.

Theories that violate Assumption (Q). Assumption (Q) corre-
sponds to the quantum-mechanical Born rule. Since the
assumption is concerned with the special case of probability-1
predictions only, it is largely independent of interpretational
questions, such as the meaning of probabilities in general.
However, the nontrivial aspect of (Q) is that it regards the Born
rule as a universal law. That is, it demands that an agent A can
apply the rule to arbitrary systems S around her, including large
ones that may contain other agents. The specifier “around” is
crucial, though: Assumption (Q) does not demand that agent A

can describe herself as a quantum system. Such a requirement
would indeed be overly restrictive (see ref. 13) for it would
immediately rule out interpretations in the spirit of Copenhagen,
according to which the observed quantum system and the
observer must be distinct from each other14,15.

Assumption (Q) is manifestly violated by theories that
postulate a modification of standard quantum mechanics, such
as spontaneous16–20 and gravity-induced21–23 collapse models (cf.
24 for a review). These deviate from the standard theory already
on microscopic scales, although the effects of the deviation
typically only become noticeable in larger systems.

In some approaches to quantum mechanics, it is simply
postulated that large systems are “classical”, but the physical
mechanism that explains the absence of quantum features
remains unspecified25. In the view described in ref. 3, for
instance, the postulate says that measurement devices are infinite-
dimensional systems whereas observables are finite. This ensures
that coherent and incoherent superpositions in the state of a
measurement device are indistinguishable. Similarly, according to
the “ETH approach”26, the algebra of available observables is
time-dependent and does not allow one to distinguish coherent
from incoherent superpositions once a measurement has been
completed. General measurements on systems that count
themselves as measurement devices are thus ruled out. Another
example is the “CSM ontology”27, according to which measure-
ments must always be carried out in a “context”, which includes
the measurement devices. It is then postulated that this context
cannot itself be treated as a quantum system. Within all these
interpretations, the Born rule still holds “for all practical
purposes”, but is no longer a universally applicable law in the
sense of Assumption (Q) (see the discussion in ref. 4).

Another class of theories that violate (Q), although in a less
obvious manner, are particular “hidden-variable (HV) interpreta-
tions”28, with “Bohmian mechanics” as the most prominent
example29–31. According to the common understanding, Boh-
mian mechanics is a “theory of the universe” rather than a theory
about subsystems32. This means that agents who apply the theory
must in principle always take an outside perspective on the entire
universe, describing themselves as part of it. This outside
perspective is identical for all agents, which ensures consistency
and hence the validity of Assumption (C). However, because (S)
is satisfied, too, it follows from Theorem 1 that (Q) must be
violated (see the Methods section for more details).

Theories that violate Assumption (C). If a theory satisfies (Q)
and (S) then, by Theorem 1, it must violate (C). This conclusion
applies to a wide range of common readings of quantum
mechanics, including most variants of the Copenhagen

Box 4: Assumption (S)

Suppose that agent A has established that
Statement A(i): “I am certain that x= ξ at time t.”

Then agent A must necessarily deny that
Statement A(ii): “I am certain that x≠ ξ at time t.”

(C)

According to T

According to T

AA

A′ According to T

z = + 1
2

z = + 1
2

Fig. 3 Consistent reasoning as required by Assumption (C). If a theory T
(such as quantum theory) enables consistent reasoning (C) then it must
allow any agent A to promote the conclusions drawn by another agent A' to
his own conclusions, provided that A' has the same initial knowledge about
the experiment and reasons within the same theory T. A classical example
of such recursive reasoning is the muddy children puzzle (here T is just
standard logic; see ref. 11 for a detailed account). The idea of using a
physical theory T to describe agents who themselves use T has also
appeared in thermodynamics, notably in discussions around Maxwell's
demon12

Box 3: Assumption (C)

Suppose that agent A has established that
Statement A(i): “I am certain that agent A′, upon reasoning within the same theory as the one I am using, is certain that x= ξ at time t.”

Then agent A can conclude that
Statement A(ii): “I am certain that x= ξ at time t.”
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accept that w simultaneously admits multiple values. For our
discussion below, it will be useful to introduce an explicit
assumption, termed Assumption (S), which disallows this; see
Box 4.

No-go theorem. The conclusion of the above analysis may be
phrased as a no-go theorem.

Theorem 1. Any theory that satisfies assumptions (Q), (C), and
(S) yields contradictory statements when applied to the
Gedankenexperiment of Box 1.

To illustrate the theorem, we consider in the following different
interpretations and modifications of quantum theory. Theorem 1
implies that any of them must violate either (Q), (C), or (S). This
yields a natural categorisation as shown in Table 4 and discussed
in the following subsections.

Theories that violate Assumption (Q). Assumption (Q) corre-
sponds to the quantum-mechanical Born rule. Since the
assumption is concerned with the special case of probability-1
predictions only, it is largely independent of interpretational
questions, such as the meaning of probabilities in general.
However, the nontrivial aspect of (Q) is that it regards the Born
rule as a universal law. That is, it demands that an agent A can
apply the rule to arbitrary systems S around her, including large
ones that may contain other agents. The specifier “around” is
crucial, though: Assumption (Q) does not demand that agent A

can describe herself as a quantum system. Such a requirement
would indeed be overly restrictive (see ref. 13) for it would
immediately rule out interpretations in the spirit of Copenhagen,
according to which the observed quantum system and the
observer must be distinct from each other14,15.

Assumption (Q) is manifestly violated by theories that
postulate a modification of standard quantum mechanics, such
as spontaneous16–20 and gravity-induced21–23 collapse models (cf.
24 for a review). These deviate from the standard theory already
on microscopic scales, although the effects of the deviation
typically only become noticeable in larger systems.

In some approaches to quantum mechanics, it is simply
postulated that large systems are “classical”, but the physical
mechanism that explains the absence of quantum features
remains unspecified25. In the view described in ref. 3, for
instance, the postulate says that measurement devices are infinite-
dimensional systems whereas observables are finite. This ensures
that coherent and incoherent superpositions in the state of a
measurement device are indistinguishable. Similarly, according to
the “ETH approach”26, the algebra of available observables is
time-dependent and does not allow one to distinguish coherent
from incoherent superpositions once a measurement has been
completed. General measurements on systems that count
themselves as measurement devices are thus ruled out. Another
example is the “CSM ontology”27, according to which measure-
ments must always be carried out in a “context”, which includes
the measurement devices. It is then postulated that this context
cannot itself be treated as a quantum system. Within all these
interpretations, the Born rule still holds “for all practical
purposes”, but is no longer a universally applicable law in the
sense of Assumption (Q) (see the discussion in ref. 4).

Another class of theories that violate (Q), although in a less
obvious manner, are particular “hidden-variable (HV) interpreta-
tions”28, with “Bohmian mechanics” as the most prominent
example29–31. According to the common understanding, Boh-
mian mechanics is a “theory of the universe” rather than a theory
about subsystems32. This means that agents who apply the theory
must in principle always take an outside perspective on the entire
universe, describing themselves as part of it. This outside
perspective is identical for all agents, which ensures consistency
and hence the validity of Assumption (C). However, because (S)
is satisfied, too, it follows from Theorem 1 that (Q) must be
violated (see the Methods section for more details).

Theories that violate Assumption (C). If a theory satisfies (Q)
and (S) then, by Theorem 1, it must violate (C). This conclusion
applies to a wide range of common readings of quantum
mechanics, including most variants of the Copenhagen

Box 4: Assumption (S)

Suppose that agent A has established that
Statement A(i): “I am certain that x= ξ at time t.”

Then agent A must necessarily deny that
Statement A(ii): “I am certain that x≠ ξ at time t.”
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Fig. 3 Consistent reasoning as required by Assumption (C). If a theory T
(such as quantum theory) enables consistent reasoning (C) then it must
allow any agent A to promote the conclusions drawn by another agent A' to
his own conclusions, provided that A' has the same initial knowledge about
the experiment and reasons within the same theory T. A classical example
of such recursive reasoning is the muddy children puzzle (here T is just
standard logic; see ref. 11 for a detailed account). The idea of using a
physical theory T to describe agents who themselves use T has also
appeared in thermodynamics, notably in discussions around Maxwell's
demon12

Box 3: Assumption (C)

Suppose that agent A has established that
Statement A(i): “I am certain that agent A′, upon reasoning within the same theory as the one I am using, is certain that x= ξ at time t.”

Then agent A can conclude that
Statement A(ii): “I am certain that x= ξ at time t.”
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accept that w simultaneously admits multiple values. For our
discussion below, it will be useful to introduce an explicit
assumption, termed Assumption (S), which disallows this; see
Box 4.

No-go theorem. The conclusion of the above analysis may be
phrased as a no-go theorem.

Theorem 1. Any theory that satisfies assumptions (Q), (C), and
(S) yields contradictory statements when applied to the
Gedankenexperiment of Box 1.

To illustrate the theorem, we consider in the following different
interpretations and modifications of quantum theory. Theorem 1
implies that any of them must violate either (Q), (C), or (S). This
yields a natural categorisation as shown in Table 4 and discussed
in the following subsections.

Theories that violate Assumption (Q). Assumption (Q) corre-
sponds to the quantum-mechanical Born rule. Since the
assumption is concerned with the special case of probability-1
predictions only, it is largely independent of interpretational
questions, such as the meaning of probabilities in general.
However, the nontrivial aspect of (Q) is that it regards the Born
rule as a universal law. That is, it demands that an agent A can
apply the rule to arbitrary systems S around her, including large
ones that may contain other agents. The specifier “around” is
crucial, though: Assumption (Q) does not demand that agent A

can describe herself as a quantum system. Such a requirement
would indeed be overly restrictive (see ref. 13) for it would
immediately rule out interpretations in the spirit of Copenhagen,
according to which the observed quantum system and the
observer must be distinct from each other14,15.

Assumption (Q) is manifestly violated by theories that
postulate a modification of standard quantum mechanics, such
as spontaneous16–20 and gravity-induced21–23 collapse models (cf.
24 for a review). These deviate from the standard theory already
on microscopic scales, although the effects of the deviation
typically only become noticeable in larger systems.

In some approaches to quantum mechanics, it is simply
postulated that large systems are “classical”, but the physical
mechanism that explains the absence of quantum features
remains unspecified25. In the view described in ref. 3, for
instance, the postulate says that measurement devices are infinite-
dimensional systems whereas observables are finite. This ensures
that coherent and incoherent superpositions in the state of a
measurement device are indistinguishable. Similarly, according to
the “ETH approach”26, the algebra of available observables is
time-dependent and does not allow one to distinguish coherent
from incoherent superpositions once a measurement has been
completed. General measurements on systems that count
themselves as measurement devices are thus ruled out. Another
example is the “CSM ontology”27, according to which measure-
ments must always be carried out in a “context”, which includes
the measurement devices. It is then postulated that this context
cannot itself be treated as a quantum system. Within all these
interpretations, the Born rule still holds “for all practical
purposes”, but is no longer a universally applicable law in the
sense of Assumption (Q) (see the discussion in ref. 4).

Another class of theories that violate (Q), although in a less
obvious manner, are particular “hidden-variable (HV) interpreta-
tions”28, with “Bohmian mechanics” as the most prominent
example29–31. According to the common understanding, Boh-
mian mechanics is a “theory of the universe” rather than a theory
about subsystems32. This means that agents who apply the theory
must in principle always take an outside perspective on the entire
universe, describing themselves as part of it. This outside
perspective is identical for all agents, which ensures consistency
and hence the validity of Assumption (C). However, because (S)
is satisfied, too, it follows from Theorem 1 that (Q) must be
violated (see the Methods section for more details).

Theories that violate Assumption (C). If a theory satisfies (Q)
and (S) then, by Theorem 1, it must violate (C). This conclusion
applies to a wide range of common readings of quantum
mechanics, including most variants of the Copenhagen

Box 4: Assumption (S)

Suppose that agent A has established that
Statement A(i): “I am certain that x= ξ at time t.”

Then agent A must necessarily deny that
Statement A(ii): “I am certain that x≠ ξ at time t.”
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According to T
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A′ According to T
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Fig. 3 Consistent reasoning as required by Assumption (C). If a theory T
(such as quantum theory) enables consistent reasoning (C) then it must
allow any agent A to promote the conclusions drawn by another agent A' to
his own conclusions, provided that A' has the same initial knowledge about
the experiment and reasons within the same theory T. A classical example
of such recursive reasoning is the muddy children puzzle (here T is just
standard logic; see ref. 11 for a detailed account). The idea of using a
physical theory T to describe agents who themselves use T has also
appeared in thermodynamics, notably in discussions around Maxwell's
demon12

Box 3: Assumption (C)

Suppose that agent A has established that
Statement A(i): “I am certain that agent A′, upon reasoning within the same theory as the one I am using, is certain that x= ξ at time t.”

Then agent A can conclude that
Statement A(ii): “I am certain that x= ξ at time t.”
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Thought Experiment 2. Imagine Freya and Wigner are to be put to sleep, and multiplied into N copies.
Each couple is distributed to one of N identical laboratories. In each laboratory, a fair coin is tossed, and if the
outcome is Heads, the copy of Freya (but not the copy of Wigner) is duplicated again. Then, all participants
are woken and asked to give their credence that the outcome of their lab’s coin toss was Tails. (We assume that
they cannot notice the presence/absence of an identical copy of Freya in the lab). This scenario is sketched in
Figure 3.

In fact, all participants are o!ered a bet: they can buy a ticket from a bookie for (2/3 → ω)$, where ω > 0 is
small, (say, for 66 cents) that wagers on the coin toss having shown Heads. It is natural to argue (see below) that
the credence that Freya should assign to Tails (which directly determines the maximum price 1→p she rationally
ought to be prepared to pay) is 1/3, whilst for Wigner it is 1/2: Freya should buy the ticket, but Wigner should
not.

Finally, all copies survive the experiment and are released. Everyone who has bought the ticket now receives
1$ if the outcome of their lab’s coin toss was indeed Tails. Freya and Wigner have been initially informed about
all the details of the experiment.

FIG. 3. Sketch of the setup of Thought Experiment 2; Freya and Wigner agree to an experiment in which they will be put to
sleep and multiplied into N copies, where N is large (here though, N = 2). For each lab, a fair coin is tossed. If the outcome is
Heads, the copy of Freya (but not of Wigner) in the corresponding lab is duplicated again. If the outcome is Tails, she is not.

Given that half as many copies of Freya will experience waking under the outcome Tails than the outcome Heads,
a given copy of Freya may assign a proportionately lower degree of belief that she is contained in the smaller group of
copies. There is significant disagreement in philosophical literature concerning whether the original Sleeping Beauty
ought to be a “Thirder” [38] or a “Halfer” [39], and depending on how you operationalise the setup [40], one may
take either position. Here, we follow the prescription of Elga [41] for the specific question asked in our Thought
Experiment: Elga would claim that Freya should assign a uniform probability distribution to self-locating as any copy
(see Appendix VD for an overview on Elga’s Principle of Indi!erence [38, 41], and Subsection III C, in which we
reevaluate this option more explicitly). Using the law of large numbers, there will almost surely be approximately
N copies of Freya who will experience a Heads-awakening, following the duplication process, whilst approximately
N/2 will experience a Tails-awakening (to first order in N). Hence, with high probability, approximately N/2 copies
of Freya will lose their wager of (2/3→ ε)$, whilst approximately N copies of Freya will have profited by (1/3 + ε)$.
The bet is therefore rational for any copy of Freya to accept for any ω > 0 (but not for negative ω) – thus setting
her credence for Tails as 1/3. Similarly, about N/2 copies of Wigner will lose their wager, while approximately N/2
copies will have profited. Accordingly, Elga’s principle implies the following diverging credences for Freya and Wigner
respectively:

PF (T ) ↑
N/2

N +N/2
=

1

3
, PW (T ) ↑ N/2

N/2 +N/2
=

1

2
, (2)

N	



A	classical	thought	experiment	

Adam	Elga	(Princeton)

Elga’s	Principle	of	Indifference:	
Similar	centered	worlds	deserve	equal	credence.

Principle	CP	(probabilisGc	consistency)

accept that w simultaneously admits multiple values. For our
discussion below, it will be useful to introduce an explicit
assumption, termed Assumption (S), which disallows this; see
Box 4.

No-go theorem. The conclusion of the above analysis may be
phrased as a no-go theorem.

Theorem 1. Any theory that satisfies assumptions (Q), (C), and
(S) yields contradictory statements when applied to the
Gedankenexperiment of Box 1.

To illustrate the theorem, we consider in the following different
interpretations and modifications of quantum theory. Theorem 1
implies that any of them must violate either (Q), (C), or (S). This
yields a natural categorisation as shown in Table 4 and discussed
in the following subsections.

Theories that violate Assumption (Q). Assumption (Q) corre-
sponds to the quantum-mechanical Born rule. Since the
assumption is concerned with the special case of probability-1
predictions only, it is largely independent of interpretational
questions, such as the meaning of probabilities in general.
However, the nontrivial aspect of (Q) is that it regards the Born
rule as a universal law. That is, it demands that an agent A can
apply the rule to arbitrary systems S around her, including large
ones that may contain other agents. The specifier “around” is
crucial, though: Assumption (Q) does not demand that agent A

can describe herself as a quantum system. Such a requirement
would indeed be overly restrictive (see ref. 13) for it would
immediately rule out interpretations in the spirit of Copenhagen,
according to which the observed quantum system and the
observer must be distinct from each other14,15.

Assumption (Q) is manifestly violated by theories that
postulate a modification of standard quantum mechanics, such
as spontaneous16–20 and gravity-induced21–23 collapse models (cf.
24 for a review). These deviate from the standard theory already
on microscopic scales, although the effects of the deviation
typically only become noticeable in larger systems.

In some approaches to quantum mechanics, it is simply
postulated that large systems are “classical”, but the physical
mechanism that explains the absence of quantum features
remains unspecified25. In the view described in ref. 3, for
instance, the postulate says that measurement devices are infinite-
dimensional systems whereas observables are finite. This ensures
that coherent and incoherent superpositions in the state of a
measurement device are indistinguishable. Similarly, according to
the “ETH approach”26, the algebra of available observables is
time-dependent and does not allow one to distinguish coherent
from incoherent superpositions once a measurement has been
completed. General measurements on systems that count
themselves as measurement devices are thus ruled out. Another
example is the “CSM ontology”27, according to which measure-
ments must always be carried out in a “context”, which includes
the measurement devices. It is then postulated that this context
cannot itself be treated as a quantum system. Within all these
interpretations, the Born rule still holds “for all practical
purposes”, but is no longer a universally applicable law in the
sense of Assumption (Q) (see the discussion in ref. 4).

Another class of theories that violate (Q), although in a less
obvious manner, are particular “hidden-variable (HV) interpreta-
tions”28, with “Bohmian mechanics” as the most prominent
example29–31. According to the common understanding, Boh-
mian mechanics is a “theory of the universe” rather than a theory
about subsystems32. This means that agents who apply the theory
must in principle always take an outside perspective on the entire
universe, describing themselves as part of it. This outside
perspective is identical for all agents, which ensures consistency
and hence the validity of Assumption (C). However, because (S)
is satisfied, too, it follows from Theorem 1 that (Q) must be
violated (see the Methods section for more details).

Theories that violate Assumption (C). If a theory satisfies (Q)
and (S) then, by Theorem 1, it must violate (C). This conclusion
applies to a wide range of common readings of quantum
mechanics, including most variants of the Copenhagen

Box 4: Assumption (S)

Suppose that agent A has established that
Statement A(i): “I am certain that x= ξ at time t.”

Then agent A must necessarily deny that
Statement A(ii): “I am certain that x≠ ξ at time t.”
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z = + 1
2

z = + 1
2

Fig. 3 Consistent reasoning as required by Assumption (C). If a theory T
(such as quantum theory) enables consistent reasoning (C) then it must
allow any agent A to promote the conclusions drawn by another agent A' to
his own conclusions, provided that A' has the same initial knowledge about
the experiment and reasons within the same theory T. A classical example
of such recursive reasoning is the muddy children puzzle (here T is just
standard logic; see ref. 11 for a detailed account). The idea of using a
physical theory T to describe agents who themselves use T has also
appeared in thermodynamics, notably in discussions around Maxwell's
demon12

Box 3: Assumption (C)

Suppose that agent A has established that
Statement A(i): “I am certain that agent A′, upon reasoning within the same theory as the one I am using, is certain that x= ξ at time t.”

Then agent A can conclude that
Statement A(ii): “I am certain that x= ξ at time t.”
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accept that w simultaneously admits multiple values. For our
discussion below, it will be useful to introduce an explicit
assumption, termed Assumption (S), which disallows this; see
Box 4.

No-go theorem. The conclusion of the above analysis may be
phrased as a no-go theorem.

Theorem 1. Any theory that satisfies assumptions (Q), (C), and
(S) yields contradictory statements when applied to the
Gedankenexperiment of Box 1.

To illustrate the theorem, we consider in the following different
interpretations and modifications of quantum theory. Theorem 1
implies that any of them must violate either (Q), (C), or (S). This
yields a natural categorisation as shown in Table 4 and discussed
in the following subsections.

Theories that violate Assumption (Q). Assumption (Q) corre-
sponds to the quantum-mechanical Born rule. Since the
assumption is concerned with the special case of probability-1
predictions only, it is largely independent of interpretational
questions, such as the meaning of probabilities in general.
However, the nontrivial aspect of (Q) is that it regards the Born
rule as a universal law. That is, it demands that an agent A can
apply the rule to arbitrary systems S around her, including large
ones that may contain other agents. The specifier “around” is
crucial, though: Assumption (Q) does not demand that agent A

can describe herself as a quantum system. Such a requirement
would indeed be overly restrictive (see ref. 13) for it would
immediately rule out interpretations in the spirit of Copenhagen,
according to which the observed quantum system and the
observer must be distinct from each other14,15.

Assumption (Q) is manifestly violated by theories that
postulate a modification of standard quantum mechanics, such
as spontaneous16–20 and gravity-induced21–23 collapse models (cf.
24 for a review). These deviate from the standard theory already
on microscopic scales, although the effects of the deviation
typically only become noticeable in larger systems.

In some approaches to quantum mechanics, it is simply
postulated that large systems are “classical”, but the physical
mechanism that explains the absence of quantum features
remains unspecified25. In the view described in ref. 3, for
instance, the postulate says that measurement devices are infinite-
dimensional systems whereas observables are finite. This ensures
that coherent and incoherent superpositions in the state of a
measurement device are indistinguishable. Similarly, according to
the “ETH approach”26, the algebra of available observables is
time-dependent and does not allow one to distinguish coherent
from incoherent superpositions once a measurement has been
completed. General measurements on systems that count
themselves as measurement devices are thus ruled out. Another
example is the “CSM ontology”27, according to which measure-
ments must always be carried out in a “context”, which includes
the measurement devices. It is then postulated that this context
cannot itself be treated as a quantum system. Within all these
interpretations, the Born rule still holds “for all practical
purposes”, but is no longer a universally applicable law in the
sense of Assumption (Q) (see the discussion in ref. 4).

Another class of theories that violate (Q), although in a less
obvious manner, are particular “hidden-variable (HV) interpreta-
tions”28, with “Bohmian mechanics” as the most prominent
example29–31. According to the common understanding, Boh-
mian mechanics is a “theory of the universe” rather than a theory
about subsystems32. This means that agents who apply the theory
must in principle always take an outside perspective on the entire
universe, describing themselves as part of it. This outside
perspective is identical for all agents, which ensures consistency
and hence the validity of Assumption (C). However, because (S)
is satisfied, too, it follows from Theorem 1 that (Q) must be
violated (see the Methods section for more details).

Theories that violate Assumption (C). If a theory satisfies (Q)
and (S) then, by Theorem 1, it must violate (C). This conclusion
applies to a wide range of common readings of quantum
mechanics, including most variants of the Copenhagen

Box 4: Assumption (S)

Suppose that agent A has established that
Statement A(i): “I am certain that x= ξ at time t.”

Then agent A must necessarily deny that
Statement A(ii): “I am certain that x≠ ξ at time t.”

(C)

According to T

According to T

AA

A′ According to T

z = + 1
2

z = + 1
2

Fig. 3 Consistent reasoning as required by Assumption (C). If a theory T
(such as quantum theory) enables consistent reasoning (C) then it must
allow any agent A to promote the conclusions drawn by another agent A' to
his own conclusions, provided that A' has the same initial knowledge about
the experiment and reasons within the same theory T. A classical example
of such recursive reasoning is the muddy children puzzle (here T is just
standard logic; see ref. 11 for a detailed account). The idea of using a
physical theory T to describe agents who themselves use T has also
appeared in thermodynamics, notably in discussions around Maxwell's
demon12

Box 3: Assumption (C)

Suppose that agent A has established that
Statement A(i): “I am certain that agent A′, upon reasoning within the same theory as the one I am using, is certain that x= ξ at time t.”

Then agent A can conclude that
Statement A(ii): “I am certain that x= ξ at time t.”
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accept that w simultaneously admits multiple values. For our
discussion below, it will be useful to introduce an explicit
assumption, termed Assumption (S), which disallows this; see
Box 4.

No-go theorem. The conclusion of the above analysis may be
phrased as a no-go theorem.

Theorem 1. Any theory that satisfies assumptions (Q), (C), and
(S) yields contradictory statements when applied to the
Gedankenexperiment of Box 1.

To illustrate the theorem, we consider in the following different
interpretations and modifications of quantum theory. Theorem 1
implies that any of them must violate either (Q), (C), or (S). This
yields a natural categorisation as shown in Table 4 and discussed
in the following subsections.
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sponds to the quantum-mechanical Born rule. Since the
assumption is concerned with the special case of probability-1
predictions only, it is largely independent of interpretational
questions, such as the meaning of probabilities in general.
However, the nontrivial aspect of (Q) is that it regards the Born
rule as a universal law. That is, it demands that an agent A can
apply the rule to arbitrary systems S around her, including large
ones that may contain other agents. The specifier “around” is
crucial, though: Assumption (Q) does not demand that agent A

can describe herself as a quantum system. Such a requirement
would indeed be overly restrictive (see ref. 13) for it would
immediately rule out interpretations in the spirit of Copenhagen,
according to which the observed quantum system and the
observer must be distinct from each other14,15.

Assumption (Q) is manifestly violated by theories that
postulate a modification of standard quantum mechanics, such
as spontaneous16–20 and gravity-induced21–23 collapse models (cf.
24 for a review). These deviate from the standard theory already
on microscopic scales, although the effects of the deviation
typically only become noticeable in larger systems.

In some approaches to quantum mechanics, it is simply
postulated that large systems are “classical”, but the physical
mechanism that explains the absence of quantum features
remains unspecified25. In the view described in ref. 3, for
instance, the postulate says that measurement devices are infinite-
dimensional systems whereas observables are finite. This ensures
that coherent and incoherent superpositions in the state of a
measurement device are indistinguishable. Similarly, according to
the “ETH approach”26, the algebra of available observables is
time-dependent and does not allow one to distinguish coherent
from incoherent superpositions once a measurement has been
completed. General measurements on systems that count
themselves as measurement devices are thus ruled out. Another
example is the “CSM ontology”27, according to which measure-
ments must always be carried out in a “context”, which includes
the measurement devices. It is then postulated that this context
cannot itself be treated as a quantum system. Within all these
interpretations, the Born rule still holds “for all practical
purposes”, but is no longer a universally applicable law in the
sense of Assumption (Q) (see the discussion in ref. 4).

Another class of theories that violate (Q), although in a less
obvious manner, are particular “hidden-variable (HV) interpreta-
tions”28, with “Bohmian mechanics” as the most prominent
example29–31. According to the common understanding, Boh-
mian mechanics is a “theory of the universe” rather than a theory
about subsystems32. This means that agents who apply the theory
must in principle always take an outside perspective on the entire
universe, describing themselves as part of it. This outside
perspective is identical for all agents, which ensures consistency
and hence the validity of Assumption (C). However, because (S)
is satisfied, too, it follows from Theorem 1 that (Q) must be
violated (see the Methods section for more details).

Theories that violate Assumption (C). If a theory satisfies (Q)
and (S) then, by Theorem 1, it must violate (C). This conclusion
applies to a wide range of common readings of quantum
mechanics, including most variants of the Copenhagen
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Fig. 3 Consistent reasoning as required by Assumption (C). If a theory T
(such as quantum theory) enables consistent reasoning (C) then it must
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the experiment and reasons within the same theory T. A classical example
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standard logic; see ref. 11 for a detailed account). The idea of using a
physical theory T to describe agents who themselves use T has also
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demon12
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Thought Experiment 2. Imagine Freya and Wigner are to be put to sleep, and multiplied into N copies.
Each couple is distributed to one of N identical laboratories. In each laboratory, a fair coin is tossed, and if the
outcome is Heads, the copy of Freya (but not the copy of Wigner) is duplicated again. Then, all participants
are woken and asked to give their credence that the outcome of their lab’s coin toss was Tails. (We assume that
they cannot notice the presence/absence of an identical copy of Freya in the lab). This scenario is sketched in
Figure 3.

In fact, all participants are o!ered a bet: they can buy a ticket from a bookie for (2/3 → ω)$, where ω > 0 is
small, (say, for 66 cents) that wagers on the coin toss having shown Heads. It is natural to argue (see below) that
the credence that Freya should assign to Tails (which directly determines the maximum price 1→p she rationally
ought to be prepared to pay) is 1/3, whilst for Wigner it is 1/2: Freya should buy the ticket, but Wigner should
not.

Finally, all copies survive the experiment and are released. Everyone who has bought the ticket now receives
1$ if the outcome of their lab’s coin toss was indeed Tails. Freya and Wigner have been initially informed about
all the details of the experiment.

FIG. 3. Sketch of the setup of Thought Experiment 2; Freya and Wigner agree to an experiment in which they will be put to
sleep and multiplied into N copies, where N is large (here though, N = 2). For each lab, a fair coin is tossed. If the outcome is
Heads, the copy of Freya (but not of Wigner) in the corresponding lab is duplicated again. If the outcome is Tails, she is not.

Given that half as many copies of Freya will experience waking under the outcome Tails than the outcome Heads,
a given copy of Freya may assign a proportionately lower degree of belief that she is contained in the smaller group of
copies. There is significant disagreement in philosophical literature concerning whether the original Sleeping Beauty
ought to be a “Thirder” [38] or a “Halfer” [39], and depending on how you operationalise the setup [40], one may
take either position. Here, we follow the prescription of Elga [41] for the specific question asked in our Thought
Experiment: Elga would claim that Freya should assign a uniform probability distribution to self-locating as any copy
(see Appendix VD for an overview on Elga’s Principle of Indi!erence [38, 41], and Subsection III C, in which we
reevaluate this option more explicitly). Using the law of large numbers, there will almost surely be approximately
N copies of Freya who will experience a Heads-awakening, following the duplication process, whilst approximately
N/2 will experience a Tails-awakening (to first order in N). Hence, with high probability, approximately N/2 copies
of Freya will lose their wager of (2/3→ ε)$, whilst approximately N copies of Freya will have profited by (1/3 + ε)$.
The bet is therefore rational for any copy of Freya to accept for any ω > 0 (but not for negative ω) – thus setting
her credence for Tails as 1/3. Similarly, about N/2 copies of Wigner will lose their wager, while approximately N/2
copies will have profited. Accordingly, Elga’s principle implies the following diverging credences for Freya and Wigner
respectively:

PF (T ) ↑
N/2

N +N/2
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1
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the credence that Freya should assign to Tails (which directly determines the maximum price 1→p she rationally
ought to be prepared to pay) is 1/3, whilst for Wigner it is 1/2: Freya should buy the ticket, but Wigner should
not.

Finally, all copies survive the experiment and are released. Everyone who has bought the ticket now receives
1$ if the outcome of their lab’s coin toss was indeed Tails. Freya and Wigner have been initially informed about
all the details of the experiment.

FIG. 3. Sketch of the setup of Thought Experiment 2; Freya and Wigner agree to an experiment in which they will be put to
sleep and multiplied into N copies, where N is large (here though, N = 2). For each lab, a fair coin is tossed. If the outcome is
Heads, the copy of Freya (but not of Wigner) in the corresponding lab is duplicated again. If the outcome is Tails, she is not.

Given that half as many copies of Freya will experience waking under the outcome Tails than the outcome Heads,
a given copy of Freya may assign a proportionately lower degree of belief that she is contained in the smaller group of
copies. There is significant disagreement in philosophical literature concerning whether the original Sleeping Beauty
ought to be a “Thirder” [38] or a “Halfer” [39], and depending on how you operationalise the setup [40], one may
take either position. Here, we follow the prescription of Elga [41] for the specific question asked in our Thought
Experiment: Elga would claim that Freya should assign a uniform probability distribution to self-locating as any copy
(see Appendix VD for an overview on Elga’s Principle of Indi!erence [38, 41], and Subsection III C, in which we
reevaluate this option more explicitly). Using the law of large numbers, there will almost surely be approximately
N copies of Freya who will experience a Heads-awakening, following the duplication process, whilst approximately
N/2 will experience a Tails-awakening (to first order in N). Hence, with high probability, approximately N/2 copies
of Freya will lose their wager of (2/3→ ε)$, whilst approximately N copies of Freya will have profited by (1/3 + ε)$.
The bet is therefore rational for any copy of Freya to accept for any ω > 0 (but not for negative ω) – thus setting
her credence for Tails as 1/3. Similarly, about N/2 copies of Wigner will lose their wager, while approximately N/2
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accept that w simultaneously admits multiple values. For our
discussion below, it will be useful to introduce an explicit
assumption, termed Assumption (S), which disallows this; see
Box 4.

No-go theorem. The conclusion of the above analysis may be
phrased as a no-go theorem.

Theorem 1. Any theory that satisfies assumptions (Q), (C), and
(S) yields contradictory statements when applied to the
Gedankenexperiment of Box 1.

To illustrate the theorem, we consider in the following different
interpretations and modifications of quantum theory. Theorem 1
implies that any of them must violate either (Q), (C), or (S). This
yields a natural categorisation as shown in Table 4 and discussed
in the following subsections.

Theories that violate Assumption (Q). Assumption (Q) corre-
sponds to the quantum-mechanical Born rule. Since the
assumption is concerned with the special case of probability-1
predictions only, it is largely independent of interpretational
questions, such as the meaning of probabilities in general.
However, the nontrivial aspect of (Q) is that it regards the Born
rule as a universal law. That is, it demands that an agent A can
apply the rule to arbitrary systems S around her, including large
ones that may contain other agents. The specifier “around” is
crucial, though: Assumption (Q) does not demand that agent A

can describe herself as a quantum system. Such a requirement
would indeed be overly restrictive (see ref. 13) for it would
immediately rule out interpretations in the spirit of Copenhagen,
according to which the observed quantum system and the
observer must be distinct from each other14,15.

Assumption (Q) is manifestly violated by theories that
postulate a modification of standard quantum mechanics, such
as spontaneous16–20 and gravity-induced21–23 collapse models (cf.
24 for a review). These deviate from the standard theory already
on microscopic scales, although the effects of the deviation
typically only become noticeable in larger systems.

In some approaches to quantum mechanics, it is simply
postulated that large systems are “classical”, but the physical
mechanism that explains the absence of quantum features
remains unspecified25. In the view described in ref. 3, for
instance, the postulate says that measurement devices are infinite-
dimensional systems whereas observables are finite. This ensures
that coherent and incoherent superpositions in the state of a
measurement device are indistinguishable. Similarly, according to
the “ETH approach”26, the algebra of available observables is
time-dependent and does not allow one to distinguish coherent
from incoherent superpositions once a measurement has been
completed. General measurements on systems that count
themselves as measurement devices are thus ruled out. Another
example is the “CSM ontology”27, according to which measure-
ments must always be carried out in a “context”, which includes
the measurement devices. It is then postulated that this context
cannot itself be treated as a quantum system. Within all these
interpretations, the Born rule still holds “for all practical
purposes”, but is no longer a universally applicable law in the
sense of Assumption (Q) (see the discussion in ref. 4).

Another class of theories that violate (Q), although in a less
obvious manner, are particular “hidden-variable (HV) interpreta-
tions”28, with “Bohmian mechanics” as the most prominent
example29–31. According to the common understanding, Boh-
mian mechanics is a “theory of the universe” rather than a theory
about subsystems32. This means that agents who apply the theory
must in principle always take an outside perspective on the entire
universe, describing themselves as part of it. This outside
perspective is identical for all agents, which ensures consistency
and hence the validity of Assumption (C). However, because (S)
is satisfied, too, it follows from Theorem 1 that (Q) must be
violated (see the Methods section for more details).

Theories that violate Assumption (C). If a theory satisfies (Q)
and (S) then, by Theorem 1, it must violate (C). This conclusion
applies to a wide range of common readings of quantum
mechanics, including most variants of the Copenhagen

Box 4: Assumption (S)

Suppose that agent A has established that
Statement A(i): “I am certain that x= ξ at time t.”

Then agent A must necessarily deny that
Statement A(ii): “I am certain that x≠ ξ at time t.”

(C)

According to T

According to T

AA

A′ According to T

z = + 1
2

z = + 1
2

Fig. 3 Consistent reasoning as required by Assumption (C). If a theory T
(such as quantum theory) enables consistent reasoning (C) then it must
allow any agent A to promote the conclusions drawn by another agent A' to
his own conclusions, provided that A' has the same initial knowledge about
the experiment and reasons within the same theory T. A classical example
of such recursive reasoning is the muddy children puzzle (here T is just
standard logic; see ref. 11 for a detailed account). The idea of using a
physical theory T to describe agents who themselves use T has also
appeared in thermodynamics, notably in discussions around Maxwell's
demon12

Box 3: Assumption (C)

Suppose that agent A has established that
Statement A(i): “I am certain that agent A′, upon reasoning within the same theory as the one I am using, is certain that x= ξ at time t.”

Then agent A can conclude that
Statement A(ii): “I am certain that x= ξ at time t.”
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discussion below, it will be useful to introduce an explicit
assumption, termed Assumption (S), which disallows this; see
Box 4.

No-go theorem. The conclusion of the above analysis may be
phrased as a no-go theorem.

Theorem 1. Any theory that satisfies assumptions (Q), (C), and
(S) yields contradictory statements when applied to the
Gedankenexperiment of Box 1.

To illustrate the theorem, we consider in the following different
interpretations and modifications of quantum theory. Theorem 1
implies that any of them must violate either (Q), (C), or (S). This
yields a natural categorisation as shown in Table 4 and discussed
in the following subsections.
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apply the rule to arbitrary systems S around her, including large
ones that may contain other agents. The specifier “around” is
crucial, though: Assumption (Q) does not demand that agent A

can describe herself as a quantum system. Such a requirement
would indeed be overly restrictive (see ref. 13) for it would
immediately rule out interpretations in the spirit of Copenhagen,
according to which the observed quantum system and the
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as spontaneous16–20 and gravity-induced21–23 collapse models (cf.
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typically only become noticeable in larger systems.
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themselves as measurement devices are thus ruled out. Another
example is the “CSM ontology”27, according to which measure-
ments must always be carried out in a “context”, which includes
the measurement devices. It is then postulated that this context
cannot itself be treated as a quantum system. Within all these
interpretations, the Born rule still holds “for all practical
purposes”, but is no longer a universally applicable law in the
sense of Assumption (Q) (see the discussion in ref. 4).

Another class of theories that violate (Q), although in a less
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tions”28, with “Bohmian mechanics” as the most prominent
example29–31. According to the common understanding, Boh-
mian mechanics is a “theory of the universe” rather than a theory
about subsystems32. This means that agents who apply the theory
must in principle always take an outside perspective on the entire
universe, describing themselves as part of it. This outside
perspective is identical for all agents, which ensures consistency
and hence the validity of Assumption (C). However, because (S)
is satisfied, too, it follows from Theorem 1 that (Q) must be
violated (see the Methods section for more details).

Theories that violate Assumption (C). If a theory satisfies (Q)
and (S) then, by Theorem 1, it must violate (C). This conclusion
applies to a wide range of common readings of quantum
mechanics, including most variants of the Copenhagen
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FIG. 3. Sketch of the setup of Thought Experiment 2; Freya and Wigner agree to an experiment in which they will be put to
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accept that w simultaneously admits multiple values. For our
discussion below, it will be useful to introduce an explicit
assumption, termed Assumption (S), which disallows this; see
Box 4.

No-go theorem. The conclusion of the above analysis may be
phrased as a no-go theorem.

Theorem 1. Any theory that satisfies assumptions (Q), (C), and
(S) yields contradictory statements when applied to the
Gedankenexperiment of Box 1.

To illustrate the theorem, we consider in the following different
interpretations and modifications of quantum theory. Theorem 1
implies that any of them must violate either (Q), (C), or (S). This
yields a natural categorisation as shown in Table 4 and discussed
in the following subsections.

Theories that violate Assumption (Q). Assumption (Q) corre-
sponds to the quantum-mechanical Born rule. Since the
assumption is concerned with the special case of probability-1
predictions only, it is largely independent of interpretational
questions, such as the meaning of probabilities in general.
However, the nontrivial aspect of (Q) is that it regards the Born
rule as a universal law. That is, it demands that an agent A can
apply the rule to arbitrary systems S around her, including large
ones that may contain other agents. The specifier “around” is
crucial, though: Assumption (Q) does not demand that agent A

can describe herself as a quantum system. Such a requirement
would indeed be overly restrictive (see ref. 13) for it would
immediately rule out interpretations in the spirit of Copenhagen,
according to which the observed quantum system and the
observer must be distinct from each other14,15.

Assumption (Q) is manifestly violated by theories that
postulate a modification of standard quantum mechanics, such
as spontaneous16–20 and gravity-induced21–23 collapse models (cf.
24 for a review). These deviate from the standard theory already
on microscopic scales, although the effects of the deviation
typically only become noticeable in larger systems.

In some approaches to quantum mechanics, it is simply
postulated that large systems are “classical”, but the physical
mechanism that explains the absence of quantum features
remains unspecified25. In the view described in ref. 3, for
instance, the postulate says that measurement devices are infinite-
dimensional systems whereas observables are finite. This ensures
that coherent and incoherent superpositions in the state of a
measurement device are indistinguishable. Similarly, according to
the “ETH approach”26, the algebra of available observables is
time-dependent and does not allow one to distinguish coherent
from incoherent superpositions once a measurement has been
completed. General measurements on systems that count
themselves as measurement devices are thus ruled out. Another
example is the “CSM ontology”27, according to which measure-
ments must always be carried out in a “context”, which includes
the measurement devices. It is then postulated that this context
cannot itself be treated as a quantum system. Within all these
interpretations, the Born rule still holds “for all practical
purposes”, but is no longer a universally applicable law in the
sense of Assumption (Q) (see the discussion in ref. 4).

Another class of theories that violate (Q), although in a less
obvious manner, are particular “hidden-variable (HV) interpreta-
tions”28, with “Bohmian mechanics” as the most prominent
example29–31. According to the common understanding, Boh-
mian mechanics is a “theory of the universe” rather than a theory
about subsystems32. This means that agents who apply the theory
must in principle always take an outside perspective on the entire
universe, describing themselves as part of it. This outside
perspective is identical for all agents, which ensures consistency
and hence the validity of Assumption (C). However, because (S)
is satisfied, too, it follows from Theorem 1 that (Q) must be
violated (see the Methods section for more details).

Theories that violate Assumption (C). If a theory satisfies (Q)
and (S) then, by Theorem 1, it must violate (C). This conclusion
applies to a wide range of common readings of quantum
mechanics, including most variants of the Copenhagen

Box 4: Assumption (S)

Suppose that agent A has established that
Statement A(i): “I am certain that x= ξ at time t.”

Then agent A must necessarily deny that
Statement A(ii): “I am certain that x≠ ξ at time t.”

(C)

According to T

According to T

AA

A′ According to T

z = + 1
2

z = + 1
2

Fig. 3 Consistent reasoning as required by Assumption (C). If a theory T
(such as quantum theory) enables consistent reasoning (C) then it must
allow any agent A to promote the conclusions drawn by another agent A' to
his own conclusions, provided that A' has the same initial knowledge about
the experiment and reasons within the same theory T. A classical example
of such recursive reasoning is the muddy children puzzle (here T is just
standard logic; see ref. 11 for a detailed account). The idea of using a
physical theory T to describe agents who themselves use T has also
appeared in thermodynamics, notably in discussions around Maxwell's
demon12

Box 3: Assumption (C)

Suppose that agent A has established that
Statement A(i): “I am certain that agent A′, upon reasoning within the same theory as the one I am using, is certain that x= ξ at time t.”

Then agent A can conclude that
Statement A(ii): “I am certain that x= ξ at time t.”
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Theorem:	These	three	principles	cannot	hold	jointly	
																			in	this	experiment.
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Thought Experiment 2. Imagine Freya and Wigner are to be put to sleep, and multiplied into N copies.
Each couple is distributed to one of N identical laboratories. In each laboratory, a fair coin is tossed, and if the
outcome is Heads, the copy of Freya (but not the copy of Wigner) is duplicated again. Then, all participants
are woken and asked to give their credence that the outcome of their lab’s coin toss was Tails. (We assume that
they cannot notice the presence/absence of an identical copy of Freya in the lab). This scenario is sketched in
Figure 3.

In fact, all participants are o!ered a bet: they can buy a ticket from a bookie for (2/3 → ω)$, where ω > 0 is
small, (say, for 66 cents) that wagers on the coin toss having shown Heads. It is natural to argue (see below) that
the credence that Freya should assign to Tails (which directly determines the maximum price 1→p she rationally
ought to be prepared to pay) is 1/3, whilst for Wigner it is 1/2: Freya should buy the ticket, but Wigner should
not.

Finally, all copies survive the experiment and are released. Everyone who has bought the ticket now receives
1$ if the outcome of their lab’s coin toss was indeed Tails. Freya and Wigner have been initially informed about
all the details of the experiment.

FIG. 3. Sketch of the setup of Thought Experiment 2; Freya and Wigner agree to an experiment in which they will be put to
sleep and multiplied into N copies, where N is large (here though, N = 2). For each lab, a fair coin is tossed. If the outcome is
Heads, the copy of Freya (but not of Wigner) in the corresponding lab is duplicated again. If the outcome is Tails, she is not.

Given that half as many copies of Freya will experience waking under the outcome Tails than the outcome Heads,
a given copy of Freya may assign a proportionately lower degree of belief that she is contained in the smaller group of
copies. There is significant disagreement in philosophical literature concerning whether the original Sleeping Beauty
ought to be a “Thirder” [38] or a “Halfer” [39], and depending on how you operationalise the setup [40], one may
take either position. Here, we follow the prescription of Elga [41] for the specific question asked in our Thought
Experiment: Elga would claim that Freya should assign a uniform probability distribution to self-locating as any copy
(see Appendix VD for an overview on Elga’s Principle of Indi!erence [38, 41], and Subsection III C, in which we
reevaluate this option more explicitly). Using the law of large numbers, there will almost surely be approximately
N copies of Freya who will experience a Heads-awakening, following the duplication process, whilst approximately
N/2 will experience a Tails-awakening (to first order in N). Hence, with high probability, approximately N/2 copies
of Freya will lose their wager of (2/3→ ε)$, whilst approximately N copies of Freya will have profited by (1/3 + ε)$.
The bet is therefore rational for any copy of Freya to accept for any ω > 0 (but not for negative ω) – thus setting
her credence for Tails as 1/3. Similarly, about N/2 copies of Wigner will lose their wager, while approximately N/2
copies will have profited. Accordingly, Elga’s principle implies the following diverging credences for Freya and Wigner
respectively:
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of Freya will lose their wager of (2/3→ ε)$, whilst approximately N copies of Freya will have profited by (1/3 + ε)$.
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Wigner’s friend1 is a thought experiment that illustrates 
what is perhaps the thorniest foundational problem in 
quantum theory: the measurement problem2,3. In the 

thought experiment, we consider an observer (the ‘friend’) who 
performs a measurement on a quantum system. In accordance 
with the state update rule, the friend assigns the eigenstate corre-
sponding to their observed outcome to the measured system. The 
friend is assumed to be inside an isolated laboratory that can be 
coherently controlled by a second experimenter, Wigner, who is 
capable of performing arbitrary quantum operations on the friend’s 
laboratory and all of its contents. Although this may be possible, 
in principle, it would be a truly Herculean task if the friend were 
a macroscopic observer like a human, as we have chosen for our 
illustrations and discussions below. For this reason, Wigner is often 
called a ‘superobserver’. However, there is good reason to think that 
quantum mechanics would allow control of the type required if the 
friend were an artificial intelligence algorithm in a simulated envi-
ronment running in a large quantum computer. Wigner describes 
the laboratory and all of its contents as a unitarily evolving quantum 
state, in accordance with the rule for state evolution applicable to 
isolated systems. The case when the friend’s system is prepared in 
a superposition state leads to an apparent contradiction between 
the friend’s perspective and that of Wigner, who does not ascribe 
a well-defined value to the outcome associated with his friend’s 
observation. For a more in-depth description of the Wigner’s friend 
thought experiment, see Supplementary Section A.

Although decoherence can ‘save the appearances’ by explain-
ing the suppression of quantum effects at the macroscopic 
level, it cannot solve the measurement problem: ‘we are still left  
with a multitude of (albeit individually well-localized quasiclassi-
cal) components of the wave function, and we need to supplement  

or otherwise to interpret this situation in order to explain why 
and how single outcomes are perceived’2. Proposed resolutions  
have radical implications: they either reject the idea that measure-
ment outcomes have single, observer-independent values4–7 or 
postulate faster-than-light8,9 or retrocausal effects10,11 at a hidden 
variable level. Alternatively, some theories postulate mechanisms 
to avoid macroscopic superpositions, such as modifications to uni-
tary quantum dynamics12 or gravity-induced collapse13. Here we 
rigorously demonstrate that radical revisions of such types are in 
fact required.

Our work is inspired by the recent surge of renewed interest 
in the Wigner’s friend problem14–20. In particular, Brukner14 intro-
duced an extended Wigner’s friend scenario (EWFS) with two spa-
tially separated laboratories, each containing a friend, accompanied 
by a superobserver who can perform various measurements on 
their friend’s laboratory. Each friend measures half of an entangled 
pair of systems, establishing correlations between the results of the 
superobservers’ subsequent measurements.

In the context of this EWFS, Brukner14,15,20 considered three 
assumptions: ‘freedom of choice’, ‘locality’ (in the sense of ‘parameter 
independence’21) and ‘observer-independent facts’ (OIFs). The last 
of these means that propositions about all observables that might be 
measured (by an observer or a superobserver) are ‘assigned a truth 
value independently of which measurement Wigner performs’14.

In other words, the OIF assumption is equivalent to the assump-
tion of Kochen–Specker non-contextuality22,23 (KSNC). From these 
assumptions, Brukner derived a Bell inequality for the correlations 
of the superobservers’ results, which could be violated in quantum 
mechanics (if the superobservers could suitably manipulate the 
quantum state of the observers). A recent six-photon experiment17, 
using a set-up where the role of each friend is played by a single 
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the quantum measurement problem—the difficulty of reconciling the (unitary, deterministic) evolution of isolated systems 
and the (non-unitary, probabilistic) state update after a measurement. Here, by building on a scenario with two separated 
but entangled friends introduced by Brukner, we prove that if quantum evolution is controllable on the scale of an observer, 
then one of ‘No-Superdeterminism’, ‘Locality’ or ‘Absoluteness of Observed Events’—that every observed event exists abso-
lutely, not relatively—must be false. We show that although the violation of Bell-type inequalities in such scenarios is not in 
general sufficient to demonstrate the contradiction between those three assumptions, new inequalities can be derived, in a 
theory-independent manner, that are violated by quantum correlations. This is demonstrated in a proof-of-principle experiment 
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Wigner’s friend1 is a thought experiment that illustrates 
what is perhaps the thorniest foundational problem in 
quantum theory: the measurement problem2,3. In the 

thought experiment, we consider an observer (the ‘friend’) who 
performs a measurement on a quantum system. In accordance 
with the state update rule, the friend assigns the eigenstate corre-
sponding to their observed outcome to the measured system. The 
friend is assumed to be inside an isolated laboratory that can be 
coherently controlled by a second experimenter, Wigner, who is 
capable of performing arbitrary quantum operations on the friend’s 
laboratory and all of its contents. Although this may be possible, 
in principle, it would be a truly Herculean task if the friend were 
a macroscopic observer like a human, as we have chosen for our 
illustrations and discussions below. For this reason, Wigner is often 
called a ‘superobserver’. However, there is good reason to think that 
quantum mechanics would allow control of the type required if the 
friend were an artificial intelligence algorithm in a simulated envi-
ronment running in a large quantum computer. Wigner describes 
the laboratory and all of its contents as a unitarily evolving quantum 
state, in accordance with the rule for state evolution applicable to 
isolated systems. The case when the friend’s system is prepared in 
a superposition state leads to an apparent contradiction between 
the friend’s perspective and that of Wigner, who does not ascribe 
a well-defined value to the outcome associated with his friend’s 
observation. For a more in-depth description of the Wigner’s friend 
thought experiment, see Supplementary Section A.

Although decoherence can ‘save the appearances’ by explain-
ing the suppression of quantum effects at the macroscopic 
level, it cannot solve the measurement problem: ‘we are still left  
with a multitude of (albeit individually well-localized quasiclassi-
cal) components of the wave function, and we need to supplement  

or otherwise to interpret this situation in order to explain why 
and how single outcomes are perceived’2. Proposed resolutions  
have radical implications: they either reject the idea that measure-
ment outcomes have single, observer-independent values4–7 or 
postulate faster-than-light8,9 or retrocausal effects10,11 at a hidden 
variable level. Alternatively, some theories postulate mechanisms 
to avoid macroscopic superpositions, such as modifications to uni-
tary quantum dynamics12 or gravity-induced collapse13. Here we 
rigorously demonstrate that radical revisions of such types are in 
fact required.

Our work is inspired by the recent surge of renewed interest 
in the Wigner’s friend problem14–20. In particular, Brukner14 intro-
duced an extended Wigner’s friend scenario (EWFS) with two spa-
tially separated laboratories, each containing a friend, accompanied 
by a superobserver who can perform various measurements on 
their friend’s laboratory. Each friend measures half of an entangled 
pair of systems, establishing correlations between the results of the 
superobservers’ subsequent measurements.

In the context of this EWFS, Brukner14,15,20 considered three 
assumptions: ‘freedom of choice’, ‘locality’ (in the sense of ‘parameter 
independence’21) and ‘observer-independent facts’ (OIFs). The last 
of these means that propositions about all observables that might be 
measured (by an observer or a superobserver) are ‘assigned a truth 
value independently of which measurement Wigner performs’14.

In other words, the OIF assumption is equivalent to the assump-
tion of Kochen–Specker non-contextuality22,23 (KSNC). From these 
assumptions, Brukner derived a Bell inequality for the correlations 
of the superobservers’ results, which could be violated in quantum 
mechanics (if the superobservers could suitably manipulate the 
quantum state of the observers). A recent six-photon experiment17, 
using a set-up where the role of each friend is played by a single 
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shed through a resurgence of interest in the long-standing Wigner’s friend paradox. This is a thought experiment addressing 
the quantum measurement problem—the difficulty of reconciling the (unitary, deterministic) evolution of isolated systems 
and the (non-unitary, probabilistic) state update after a measurement. Here, by building on a scenario with two separated 
but entangled friends introduced by Brukner, we prove that if quantum evolution is controllable on the scale of an observer, 
then one of ‘No-Superdeterminism’, ‘Locality’ or ‘Absoluteness of Observed Events’—that every observed event exists abso-
lutely, not relatively—must be false. We show that although the violation of Bell-type inequalities in such scenarios is not in 
general sufficient to demonstrate the contradiction between those three assumptions, new inequalities can be derived, in a 
theory-independent manner, that are violated by quantum correlations. This is demonstrated in a proof-of-principle experiment 
where a photon’s path is deemed an observer. We discuss how this new theorem places strictly stronger constraints on physical 
reality than Bell’s theorem.

NATURE PHYSICS | VOL 16 | DECEMBER 2020 | 1199–1205 | www.nature.com/naturephysics 1199

ARTICLES NATURE PHYSICS

photon, successfully violated such a Bell inequality derived from 
Brukner’s assumptions.

Although the EWFS background for this result was novel, the 
derived Bell inequality can be obtained from the assumptions of 
‘freedom of choice’ and KSNC, without considering the friends’ 
observations, and without using ‘locality’ (which follows from Bell’s 
stronger notion of local causality24, which in turn follows from KSNC 
in any Bell scenario25). Furthermore, the Kochen–Specker theorem22 
already establishes that KSNC + ‘freedom of choice’ leads to contra-
dictions with quantum theory. As discussed in refs. 19,20,26, this casts 
doubt on the implications of Brukner’s theorem with regard to any 
assumption specifically about the objectivity of the friends’ observa-
tions—one can respond to Brukner’s theorem simply by maintaining 
that ‘unperformed experiments have no results’27.

Nevertheless, there is a subtle but important difference between 
a standard Bell scenario in which one of two incompatible observ-
ables are chosen at random to be measured by each party and 
the scenario introduced by Brukner. In the latter, in one of four 
experimental runs, all four observables involved in the experi-
ment are being measured—one by each observer in the scenario. 
This suggests that the counterfactual reasoning in the OIF/KSNC 
assumption could be avoided by replacing it with a suitable weaker 
assumption. Indeed, Brukner discusses a weaker assumption—‘that 
Wigner’s and Wigner’s friend’s facts coexist’—before settling on 
‘The assumption of ‘observer-independent facts’ [which] is a stron-
ger condition’14.

In this Article we derive a new theorem, based on the intuition in 
the preceding paragraph around Brukner’s EWFS. It uses metaphys-
ical assumptions (that is, assumptions about physical theories) that 
are strictly weaker than those of Bell’s theorem or Kochen–Specker 
contextuality theorems, and thus opens a new direction in experi-
mental metaphysics. Our first two assumptions are, as per Brukner, 
‘freedom of choice’ (which we make more formal using the con-
cept of ‘No-Superdeterminism’ defined in ref. 24) and ‘Locality’ (in 
the same sense as Brukner; see also ref. 24). Our third assumption is 
‘Absoluteness of Observed Events’ (AOE), which is that an observed 
event is a real single event and not relative to anything or anyone. 
Note that capitalization is used for assumptions formally defined in 
this paper.

Unlike OIF, AOE makes no claim about hypothetical measure-
ments that were not actually performed in a given run. Furthermore, 
AOE is necessarily (though often implicitly) assumed even in stan-
dard Bell experiments24. For convenience, we will call the conjunc-
tion of these three assumptions ‘Local Friendliness’ (LF). This 
enables us to state our theorem.

Theorem 1: If a superobserver can perform arbitrary quantum 
operations on an observer and its environment, then no physical 
theory can satisfy Local Friendliness.

By a ‘physical theory’ we mean any theory that correctly predicts 
the correlations between the outcomes observed by the superob-
servers Alice and Bob (Fig. 1), who can communicate after their 
experiments are performed and evaluate those correlations. The 
proof of Theorem 1 proceeds by showing that LF implies a set of 
constraints on those correlations (that we call ‘LF inequalities’) that 
can, in principle, be violated by quantum predictions for an EWFS 
scenario. Thus, like Bell’s theorem and Brukner’s theorem, our theo-
rem is theory-independent—we use (like Bell and Brukner) quan-
tum mechanics as a guide for what may be seen in experiments, but 
the metaphysical conclusions hold for any theory if those predic-
tions are realized in the laboratory. (This is unlike the theorem of 
ref. 16, which is a statement about the standard theory of quantum 
mechanics.) Note also that, unlike in Brukner’s theorem, all three 
assumptions going into LF are essential for the theorem, and so are 
the friends’ observations.

For the specific EWFS Brukner considered—involving two 
binary-outcome measurement choices per superobserver—the set 

of correlations allowed by our LF assumption is identical to the 
set allowed by the assumptions of Bell’s theorem, commonly referred 
to as the local hidden variable (LHV) correlations. However, in gen-
eral, LF and LHV do not give identical constraints. Indeed, already 
for a slightly more complicated EWFS with three binary-outcome 
measurement choices per superobserver, we show that the set of 
LF correlations is a strict superset of the set of LHV correlations. 
Moreover, it is possible for quantum correlations to violate a Bell 
inequality (an inequality bounding the set of LHV correlations) 
while satisfying all of the LF inequalities. We also prove that the new 
LF inequalities we derive can nevertheless be violated by quantum 
correlations. We demonstrate these facts in an experimental simula-
tion where the friends are represented by photon paths.

We now proceed to explain the EWFS in more detail, before pre-
senting our results and discussing their implications.

The extended Wigner’s friend scenario. Let us consider the bipar-
tite version of the Wigner’s friend experiment that was introduced 

I’m Alice

x a

c

d

by

I’m Charlie

I’m Debbie

I’m Bob

Fig. 1 | Concept of the extended Wigner’s friend scenario. The friends, 
Charlie and Debbie, measure a pair of particles prepared in an entangled 
state, producing the outcomes labelled c and d, respectively (from their 
perspective). The superobservers, Alice and Bob, perform space-like 
separated measurements labelled x and y, with outcomes labelled a and b, 
on the entire contents of the laboratories containing Charlie and Debbie, 
respectively. Credit: Icons of people, Eucalyp Studio under a Creative 
Commons licence (https://creativecommons.org/licenses/by/3.0/).
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Wigner’s friend1 is a thought experiment that illustrates 
what is perhaps the thorniest foundational problem in 
quantum theory: the measurement problem2,3. In the 

thought experiment, we consider an observer (the ‘friend’) who 
performs a measurement on a quantum system. In accordance 
with the state update rule, the friend assigns the eigenstate corre-
sponding to their observed outcome to the measured system. The 
friend is assumed to be inside an isolated laboratory that can be 
coherently controlled by a second experimenter, Wigner, who is 
capable of performing arbitrary quantum operations on the friend’s 
laboratory and all of its contents. Although this may be possible, 
in principle, it would be a truly Herculean task if the friend were 
a macroscopic observer like a human, as we have chosen for our 
illustrations and discussions below. For this reason, Wigner is often 
called a ‘superobserver’. However, there is good reason to think that 
quantum mechanics would allow control of the type required if the 
friend were an artificial intelligence algorithm in a simulated envi-
ronment running in a large quantum computer. Wigner describes 
the laboratory and all of its contents as a unitarily evolving quantum 
state, in accordance with the rule for state evolution applicable to 
isolated systems. The case when the friend’s system is prepared in 
a superposition state leads to an apparent contradiction between 
the friend’s perspective and that of Wigner, who does not ascribe 
a well-defined value to the outcome associated with his friend’s 
observation. For a more in-depth description of the Wigner’s friend 
thought experiment, see Supplementary Section A.

Although decoherence can ‘save the appearances’ by explain-
ing the suppression of quantum effects at the macroscopic 
level, it cannot solve the measurement problem: ‘we are still left  
with a multitude of (albeit individually well-localized quasiclassi-
cal) components of the wave function, and we need to supplement  

or otherwise to interpret this situation in order to explain why 
and how single outcomes are perceived’2. Proposed resolutions  
have radical implications: they either reject the idea that measure-
ment outcomes have single, observer-independent values4–7 or 
postulate faster-than-light8,9 or retrocausal effects10,11 at a hidden 
variable level. Alternatively, some theories postulate mechanisms 
to avoid macroscopic superpositions, such as modifications to uni-
tary quantum dynamics12 or gravity-induced collapse13. Here we 
rigorously demonstrate that radical revisions of such types are in 
fact required.

Our work is inspired by the recent surge of renewed interest 
in the Wigner’s friend problem14–20. In particular, Brukner14 intro-
duced an extended Wigner’s friend scenario (EWFS) with two spa-
tially separated laboratories, each containing a friend, accompanied 
by a superobserver who can perform various measurements on 
their friend’s laboratory. Each friend measures half of an entangled 
pair of systems, establishing correlations between the results of the 
superobservers’ subsequent measurements.

In the context of this EWFS, Brukner14,15,20 considered three 
assumptions: ‘freedom of choice’, ‘locality’ (in the sense of ‘parameter 
independence’21) and ‘observer-independent facts’ (OIFs). The last 
of these means that propositions about all observables that might be 
measured (by an observer or a superobserver) are ‘assigned a truth 
value independently of which measurement Wigner performs’14.

In other words, the OIF assumption is equivalent to the assump-
tion of Kochen–Specker non-contextuality22,23 (KSNC). From these 
assumptions, Brukner derived a Bell inequality for the correlations 
of the superobservers’ results, which could be violated in quantum 
mechanics (if the superobservers could suitably manipulate the 
quantum state of the observers). A recent six-photon experiment17, 
using a set-up where the role of each friend is played by a single 
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but entangled friends introduced by Brukner, we prove that if quantum evolution is controllable on the scale of an observer, 
then one of ‘No-Superdeterminism’, ‘Locality’ or ‘Absoluteness of Observed Events’—that every observed event exists abso-
lutely, not relatively—must be false. We show that although the violation of Bell-type inequalities in such scenarios is not in 
general sufficient to demonstrate the contradiction between those three assumptions, new inequalities can be derived, in a 
theory-independent manner, that are violated by quantum correlations. This is demonstrated in a proof-of-principle experiment 
where a photon’s path is deemed an observer. We discuss how this new theorem places strictly stronger constraints on physical 
reality than Bell’s theorem.
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photon, successfully violated such a Bell inequality derived from 
Brukner’s assumptions.

Although the EWFS background for this result was novel, the 
derived Bell inequality can be obtained from the assumptions of 
‘freedom of choice’ and KSNC, without considering the friends’ 
observations, and without using ‘locality’ (which follows from Bell’s 
stronger notion of local causality24, which in turn follows from KSNC 
in any Bell scenario25). Furthermore, the Kochen–Specker theorem22 
already establishes that KSNC + ‘freedom of choice’ leads to contra-
dictions with quantum theory. As discussed in refs. 19,20,26, this casts 
doubt on the implications of Brukner’s theorem with regard to any 
assumption specifically about the objectivity of the friends’ observa-
tions—one can respond to Brukner’s theorem simply by maintaining 
that ‘unperformed experiments have no results’27.

Nevertheless, there is a subtle but important difference between 
a standard Bell scenario in which one of two incompatible observ-
ables are chosen at random to be measured by each party and 
the scenario introduced by Brukner. In the latter, in one of four 
experimental runs, all four observables involved in the experi-
ment are being measured—one by each observer in the scenario. 
This suggests that the counterfactual reasoning in the OIF/KSNC 
assumption could be avoided by replacing it with a suitable weaker 
assumption. Indeed, Brukner discusses a weaker assumption—‘that 
Wigner’s and Wigner’s friend’s facts coexist’—before settling on 
‘The assumption of ‘observer-independent facts’ [which] is a stron-
ger condition’14.

In this Article we derive a new theorem, based on the intuition in 
the preceding paragraph around Brukner’s EWFS. It uses metaphys-
ical assumptions (that is, assumptions about physical theories) that 
are strictly weaker than those of Bell’s theorem or Kochen–Specker 
contextuality theorems, and thus opens a new direction in experi-
mental metaphysics. Our first two assumptions are, as per Brukner, 
‘freedom of choice’ (which we make more formal using the con-
cept of ‘No-Superdeterminism’ defined in ref. 24) and ‘Locality’ (in 
the same sense as Brukner; see also ref. 24). Our third assumption is 
‘Absoluteness of Observed Events’ (AOE), which is that an observed 
event is a real single event and not relative to anything or anyone. 
Note that capitalization is used for assumptions formally defined in 
this paper.

Unlike OIF, AOE makes no claim about hypothetical measure-
ments that were not actually performed in a given run. Furthermore, 
AOE is necessarily (though often implicitly) assumed even in stan-
dard Bell experiments24. For convenience, we will call the conjunc-
tion of these three assumptions ‘Local Friendliness’ (LF). This 
enables us to state our theorem.

Theorem 1: If a superobserver can perform arbitrary quantum 
operations on an observer and its environment, then no physical 
theory can satisfy Local Friendliness.

By a ‘physical theory’ we mean any theory that correctly predicts 
the correlations between the outcomes observed by the superob-
servers Alice and Bob (Fig. 1), who can communicate after their 
experiments are performed and evaluate those correlations. The 
proof of Theorem 1 proceeds by showing that LF implies a set of 
constraints on those correlations (that we call ‘LF inequalities’) that 
can, in principle, be violated by quantum predictions for an EWFS 
scenario. Thus, like Bell’s theorem and Brukner’s theorem, our theo-
rem is theory-independent—we use (like Bell and Brukner) quan-
tum mechanics as a guide for what may be seen in experiments, but 
the metaphysical conclusions hold for any theory if those predic-
tions are realized in the laboratory. (This is unlike the theorem of 
ref. 16, which is a statement about the standard theory of quantum 
mechanics.) Note also that, unlike in Brukner’s theorem, all three 
assumptions going into LF are essential for the theorem, and so are 
the friends’ observations.

For the specific EWFS Brukner considered—involving two 
binary-outcome measurement choices per superobserver—the set 

of correlations allowed by our LF assumption is identical to the 
set allowed by the assumptions of Bell’s theorem, commonly referred 
to as the local hidden variable (LHV) correlations. However, in gen-
eral, LF and LHV do not give identical constraints. Indeed, already 
for a slightly more complicated EWFS with three binary-outcome 
measurement choices per superobserver, we show that the set of 
LF correlations is a strict superset of the set of LHV correlations. 
Moreover, it is possible for quantum correlations to violate a Bell 
inequality (an inequality bounding the set of LHV correlations) 
while satisfying all of the LF inequalities. We also prove that the new 
LF inequalities we derive can nevertheless be violated by quantum 
correlations. We demonstrate these facts in an experimental simula-
tion where the friends are represented by photon paths.

We now proceed to explain the EWFS in more detail, before pre-
senting our results and discussing their implications.

The extended Wigner’s friend scenario. Let us consider the bipar-
tite version of the Wigner’s friend experiment that was introduced 

I’m Alice

x a

c

d

by

I’m Charlie

I’m Debbie

I’m Bob

Fig. 1 | Concept of the extended Wigner’s friend scenario. The friends, 
Charlie and Debbie, measure a pair of particles prepared in an entangled 
state, producing the outcomes labelled c and d, respectively (from their 
perspective). The superobservers, Alice and Bob, perform space-like 
separated measurements labelled x and y, with outcomes labelled a and b, 
on the entire contents of the laboratories containing Charlie and Debbie, 
respectively. Credit: Icons of people, Eucalyp Studio under a Creative 
Commons licence (https://creativecommons.org/licenses/by/3.0/).
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its	outcome	c	and	outputs	a=c.	
(Debbie	can	be	dropped.)

If	the	staWsWcs	violates	a	so-called	“local	
friendliness	inequality”,	then	the	following	
three	proposiWons	cannot	all	be	true:
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Wigner’s friend1 is a thought experiment that illustrates 
what is perhaps the thorniest foundational problem in 
quantum theory: the measurement problem2,3. In the 

thought experiment, we consider an observer (the ‘friend’) who 
performs a measurement on a quantum system. In accordance 
with the state update rule, the friend assigns the eigenstate corre-
sponding to their observed outcome to the measured system. The 
friend is assumed to be inside an isolated laboratory that can be 
coherently controlled by a second experimenter, Wigner, who is 
capable of performing arbitrary quantum operations on the friend’s 
laboratory and all of its contents. Although this may be possible, 
in principle, it would be a truly Herculean task if the friend were 
a macroscopic observer like a human, as we have chosen for our 
illustrations and discussions below. For this reason, Wigner is often 
called a ‘superobserver’. However, there is good reason to think that 
quantum mechanics would allow control of the type required if the 
friend were an artificial intelligence algorithm in a simulated envi-
ronment running in a large quantum computer. Wigner describes 
the laboratory and all of its contents as a unitarily evolving quantum 
state, in accordance with the rule for state evolution applicable to 
isolated systems. The case when the friend’s system is prepared in 
a superposition state leads to an apparent contradiction between 
the friend’s perspective and that of Wigner, who does not ascribe 
a well-defined value to the outcome associated with his friend’s 
observation. For a more in-depth description of the Wigner’s friend 
thought experiment, see Supplementary Section A.

Although decoherence can ‘save the appearances’ by explain-
ing the suppression of quantum effects at the macroscopic 
level, it cannot solve the measurement problem: ‘we are still left  
with a multitude of (albeit individually well-localized quasiclassi-
cal) components of the wave function, and we need to supplement  

or otherwise to interpret this situation in order to explain why 
and how single outcomes are perceived’2. Proposed resolutions  
have radical implications: they either reject the idea that measure-
ment outcomes have single, observer-independent values4–7 or 
postulate faster-than-light8,9 or retrocausal effects10,11 at a hidden 
variable level. Alternatively, some theories postulate mechanisms 
to avoid macroscopic superpositions, such as modifications to uni-
tary quantum dynamics12 or gravity-induced collapse13. Here we 
rigorously demonstrate that radical revisions of such types are in 
fact required.

Our work is inspired by the recent surge of renewed interest 
in the Wigner’s friend problem14–20. In particular, Brukner14 intro-
duced an extended Wigner’s friend scenario (EWFS) with two spa-
tially separated laboratories, each containing a friend, accompanied 
by a superobserver who can perform various measurements on 
their friend’s laboratory. Each friend measures half of an entangled 
pair of systems, establishing correlations between the results of the 
superobservers’ subsequent measurements.

In the context of this EWFS, Brukner14,15,20 considered three 
assumptions: ‘freedom of choice’, ‘locality’ (in the sense of ‘parameter 
independence’21) and ‘observer-independent facts’ (OIFs). The last 
of these means that propositions about all observables that might be 
measured (by an observer or a superobserver) are ‘assigned a truth 
value independently of which measurement Wigner performs’14.

In other words, the OIF assumption is equivalent to the assump-
tion of Kochen–Specker non-contextuality22,23 (KSNC). From these 
assumptions, Brukner derived a Bell inequality for the correlations 
of the superobservers’ results, which could be violated in quantum 
mechanics (if the superobservers could suitably manipulate the 
quantum state of the observers). A recent six-photon experiment17, 
using a set-up where the role of each friend is played by a single 
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photon, successfully violated such a Bell inequality derived from 
Brukner’s assumptions.

Although the EWFS background for this result was novel, the 
derived Bell inequality can be obtained from the assumptions of 
‘freedom of choice’ and KSNC, without considering the friends’ 
observations, and without using ‘locality’ (which follows from Bell’s 
stronger notion of local causality24, which in turn follows from KSNC 
in any Bell scenario25). Furthermore, the Kochen–Specker theorem22 
already establishes that KSNC + ‘freedom of choice’ leads to contra-
dictions with quantum theory. As discussed in refs. 19,20,26, this casts 
doubt on the implications of Brukner’s theorem with regard to any 
assumption specifically about the objectivity of the friends’ observa-
tions—one can respond to Brukner’s theorem simply by maintaining 
that ‘unperformed experiments have no results’27.

Nevertheless, there is a subtle but important difference between 
a standard Bell scenario in which one of two incompatible observ-
ables are chosen at random to be measured by each party and 
the scenario introduced by Brukner. In the latter, in one of four 
experimental runs, all four observables involved in the experi-
ment are being measured—one by each observer in the scenario. 
This suggests that the counterfactual reasoning in the OIF/KSNC 
assumption could be avoided by replacing it with a suitable weaker 
assumption. Indeed, Brukner discusses a weaker assumption—‘that 
Wigner’s and Wigner’s friend’s facts coexist’—before settling on 
‘The assumption of ‘observer-independent facts’ [which] is a stron-
ger condition’14.

In this Article we derive a new theorem, based on the intuition in 
the preceding paragraph around Brukner’s EWFS. It uses metaphys-
ical assumptions (that is, assumptions about physical theories) that 
are strictly weaker than those of Bell’s theorem or Kochen–Specker 
contextuality theorems, and thus opens a new direction in experi-
mental metaphysics. Our first two assumptions are, as per Brukner, 
‘freedom of choice’ (which we make more formal using the con-
cept of ‘No-Superdeterminism’ defined in ref. 24) and ‘Locality’ (in 
the same sense as Brukner; see also ref. 24). Our third assumption is 
‘Absoluteness of Observed Events’ (AOE), which is that an observed 
event is a real single event and not relative to anything or anyone. 
Note that capitalization is used for assumptions formally defined in 
this paper.

Unlike OIF, AOE makes no claim about hypothetical measure-
ments that were not actually performed in a given run. Furthermore, 
AOE is necessarily (though often implicitly) assumed even in stan-
dard Bell experiments24. For convenience, we will call the conjunc-
tion of these three assumptions ‘Local Friendliness’ (LF). This 
enables us to state our theorem.

Theorem 1: If a superobserver can perform arbitrary quantum 
operations on an observer and its environment, then no physical 
theory can satisfy Local Friendliness.

By a ‘physical theory’ we mean any theory that correctly predicts 
the correlations between the outcomes observed by the superob-
servers Alice and Bob (Fig. 1), who can communicate after their 
experiments are performed and evaluate those correlations. The 
proof of Theorem 1 proceeds by showing that LF implies a set of 
constraints on those correlations (that we call ‘LF inequalities’) that 
can, in principle, be violated by quantum predictions for an EWFS 
scenario. Thus, like Bell’s theorem and Brukner’s theorem, our theo-
rem is theory-independent—we use (like Bell and Brukner) quan-
tum mechanics as a guide for what may be seen in experiments, but 
the metaphysical conclusions hold for any theory if those predic-
tions are realized in the laboratory. (This is unlike the theorem of 
ref. 16, which is a statement about the standard theory of quantum 
mechanics.) Note also that, unlike in Brukner’s theorem, all three 
assumptions going into LF are essential for the theorem, and so are 
the friends’ observations.

For the specific EWFS Brukner considered—involving two 
binary-outcome measurement choices per superobserver—the set 

of correlations allowed by our LF assumption is identical to the 
set allowed by the assumptions of Bell’s theorem, commonly referred 
to as the local hidden variable (LHV) correlations. However, in gen-
eral, LF and LHV do not give identical constraints. Indeed, already 
for a slightly more complicated EWFS with three binary-outcome 
measurement choices per superobserver, we show that the set of 
LF correlations is a strict superset of the set of LHV correlations. 
Moreover, it is possible for quantum correlations to violate a Bell 
inequality (an inequality bounding the set of LHV correlations) 
while satisfying all of the LF inequalities. We also prove that the new 
LF inequalities we derive can nevertheless be violated by quantum 
correlations. We demonstrate these facts in an experimental simula-
tion where the friends are represented by photon paths.

We now proceed to explain the EWFS in more detail, before pre-
senting our results and discussing their implications.

The extended Wigner’s friend scenario. Let us consider the bipar-
tite version of the Wigner’s friend experiment that was introduced 
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Fig. 1 | Concept of the extended Wigner’s friend scenario. The friends, 
Charlie and Debbie, measure a pair of particles prepared in an entangled 
state, producing the outcomes labelled c and d, respectively (from their 
perspective). The superobservers, Alice and Bob, perform space-like 
separated measurements labelled x and y, with outcomes labelled a and b, 
on the entire contents of the laboratories containing Charlie and Debbie, 
respectively. Credit: Icons of people, Eucalyp Studio under a Creative 
Commons licence (https://creativecommons.org/licenses/by/3.0/).
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If	x=1,	Alice	asks	Charlie	for	
its	outcome	c	and	outputs	a=c.	
(Debbie	can	be	dropped.)

If	the	staWsWcs	violates	a	so-called	“local	
friendliness	inequality”,	then	the	following	
three	proposiWons	cannot	all	be	true:

Locality,	No	Superdeterminism,	
Absoluteness	of	Observed	Events:	
For	every	x,y,	there	is	a	joint	prob.	distr.	
P(a,b,c,d|x,y)	reproducing		the	observed	
distribuWon	p(a,b|x,y)	as	its	marginal.
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photon, successfully violated such a Bell inequality derived from 
Brukner’s assumptions.

Although the EWFS background for this result was novel, the 
derived Bell inequality can be obtained from the assumptions of 
‘freedom of choice’ and KSNC, without considering the friends’ 
observations, and without using ‘locality’ (which follows from Bell’s 
stronger notion of local causality24, which in turn follows from KSNC 
in any Bell scenario25). Furthermore, the Kochen–Specker theorem22 
already establishes that KSNC + ‘freedom of choice’ leads to contra-
dictions with quantum theory. As discussed in refs. 19,20,26, this casts 
doubt on the implications of Brukner’s theorem with regard to any 
assumption specifically about the objectivity of the friends’ observa-
tions—one can respond to Brukner’s theorem simply by maintaining 
that ‘unperformed experiments have no results’27.

Nevertheless, there is a subtle but important difference between 
a standard Bell scenario in which one of two incompatible observ-
ables are chosen at random to be measured by each party and 
the scenario introduced by Brukner. In the latter, in one of four 
experimental runs, all four observables involved in the experi-
ment are being measured—one by each observer in the scenario. 
This suggests that the counterfactual reasoning in the OIF/KSNC 
assumption could be avoided by replacing it with a suitable weaker 
assumption. Indeed, Brukner discusses a weaker assumption—‘that 
Wigner’s and Wigner’s friend’s facts coexist’—before settling on 
‘The assumption of ‘observer-independent facts’ [which] is a stron-
ger condition’14.

In this Article we derive a new theorem, based on the intuition in 
the preceding paragraph around Brukner’s EWFS. It uses metaphys-
ical assumptions (that is, assumptions about physical theories) that 
are strictly weaker than those of Bell’s theorem or Kochen–Specker 
contextuality theorems, and thus opens a new direction in experi-
mental metaphysics. Our first two assumptions are, as per Brukner, 
‘freedom of choice’ (which we make more formal using the con-
cept of ‘No-Superdeterminism’ defined in ref. 24) and ‘Locality’ (in 
the same sense as Brukner; see also ref. 24). Our third assumption is 
‘Absoluteness of Observed Events’ (AOE), which is that an observed 
event is a real single event and not relative to anything or anyone. 
Note that capitalization is used for assumptions formally defined in 
this paper.

Unlike OIF, AOE makes no claim about hypothetical measure-
ments that were not actually performed in a given run. Furthermore, 
AOE is necessarily (though often implicitly) assumed even in stan-
dard Bell experiments24. For convenience, we will call the conjunc-
tion of these three assumptions ‘Local Friendliness’ (LF). This 
enables us to state our theorem.

Theorem 1: If a superobserver can perform arbitrary quantum 
operations on an observer and its environment, then no physical 
theory can satisfy Local Friendliness.

By a ‘physical theory’ we mean any theory that correctly predicts 
the correlations between the outcomes observed by the superob-
servers Alice and Bob (Fig. 1), who can communicate after their 
experiments are performed and evaluate those correlations. The 
proof of Theorem 1 proceeds by showing that LF implies a set of 
constraints on those correlations (that we call ‘LF inequalities’) that 
can, in principle, be violated by quantum predictions for an EWFS 
scenario. Thus, like Bell’s theorem and Brukner’s theorem, our theo-
rem is theory-independent—we use (like Bell and Brukner) quan-
tum mechanics as a guide for what may be seen in experiments, but 
the metaphysical conclusions hold for any theory if those predic-
tions are realized in the laboratory. (This is unlike the theorem of 
ref. 16, which is a statement about the standard theory of quantum 
mechanics.) Note also that, unlike in Brukner’s theorem, all three 
assumptions going into LF are essential for the theorem, and so are 
the friends’ observations.

For the specific EWFS Brukner considered—involving two 
binary-outcome measurement choices per superobserver—the set 

of correlations allowed by our LF assumption is identical to the 
set allowed by the assumptions of Bell’s theorem, commonly referred 
to as the local hidden variable (LHV) correlations. However, in gen-
eral, LF and LHV do not give identical constraints. Indeed, already 
for a slightly more complicated EWFS with three binary-outcome 
measurement choices per superobserver, we show that the set of 
LF correlations is a strict superset of the set of LHV correlations. 
Moreover, it is possible for quantum correlations to violate a Bell 
inequality (an inequality bounding the set of LHV correlations) 
while satisfying all of the LF inequalities. We also prove that the new 
LF inequalities we derive can nevertheless be violated by quantum 
correlations. We demonstrate these facts in an experimental simula-
tion where the friends are represented by photon paths.

We now proceed to explain the EWFS in more detail, before pre-
senting our results and discussing their implications.

The extended Wigner’s friend scenario. Let us consider the bipar-
tite version of the Wigner’s friend experiment that was introduced 
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Fig. 1 | Concept of the extended Wigner’s friend scenario. The friends, 
Charlie and Debbie, measure a pair of particles prepared in an entangled 
state, producing the outcomes labelled c and d, respectively (from their 
perspective). The superobservers, Alice and Bob, perform space-like 
separated measurements labelled x and y, with outcomes labelled a and b, 
on the entire contents of the laboratories containing Charlie and Debbie, 
respectively. Credit: Icons of people, Eucalyp Studio under a Creative 
Commons licence (https://creativecommons.org/licenses/by/3.0/).
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photon, successfully violated such a Bell inequality derived from 
Brukner’s assumptions.

Although the EWFS background for this result was novel, the 
derived Bell inequality can be obtained from the assumptions of 
‘freedom of choice’ and KSNC, without considering the friends’ 
observations, and without using ‘locality’ (which follows from Bell’s 
stronger notion of local causality24, which in turn follows from KSNC 
in any Bell scenario25). Furthermore, the Kochen–Specker theorem22 
already establishes that KSNC + ‘freedom of choice’ leads to contra-
dictions with quantum theory. As discussed in refs. 19,20,26, this casts 
doubt on the implications of Brukner’s theorem with regard to any 
assumption specifically about the objectivity of the friends’ observa-
tions—one can respond to Brukner’s theorem simply by maintaining 
that ‘unperformed experiments have no results’27.

Nevertheless, there is a subtle but important difference between 
a standard Bell scenario in which one of two incompatible observ-
ables are chosen at random to be measured by each party and 
the scenario introduced by Brukner. In the latter, in one of four 
experimental runs, all four observables involved in the experi-
ment are being measured—one by each observer in the scenario. 
This suggests that the counterfactual reasoning in the OIF/KSNC 
assumption could be avoided by replacing it with a suitable weaker 
assumption. Indeed, Brukner discusses a weaker assumption—‘that 
Wigner’s and Wigner’s friend’s facts coexist’—before settling on 
‘The assumption of ‘observer-independent facts’ [which] is a stron-
ger condition’14.

In this Article we derive a new theorem, based on the intuition in 
the preceding paragraph around Brukner’s EWFS. It uses metaphys-
ical assumptions (that is, assumptions about physical theories) that 
are strictly weaker than those of Bell’s theorem or Kochen–Specker 
contextuality theorems, and thus opens a new direction in experi-
mental metaphysics. Our first two assumptions are, as per Brukner, 
‘freedom of choice’ (which we make more formal using the con-
cept of ‘No-Superdeterminism’ defined in ref. 24) and ‘Locality’ (in 
the same sense as Brukner; see also ref. 24). Our third assumption is 
‘Absoluteness of Observed Events’ (AOE), which is that an observed 
event is a real single event and not relative to anything or anyone. 
Note that capitalization is used for assumptions formally defined in 
this paper.

Unlike OIF, AOE makes no claim about hypothetical measure-
ments that were not actually performed in a given run. Furthermore, 
AOE is necessarily (though often implicitly) assumed even in stan-
dard Bell experiments24. For convenience, we will call the conjunc-
tion of these three assumptions ‘Local Friendliness’ (LF). This 
enables us to state our theorem.

Theorem 1: If a superobserver can perform arbitrary quantum 
operations on an observer and its environment, then no physical 
theory can satisfy Local Friendliness.

By a ‘physical theory’ we mean any theory that correctly predicts 
the correlations between the outcomes observed by the superob-
servers Alice and Bob (Fig. 1), who can communicate after their 
experiments are performed and evaluate those correlations. The 
proof of Theorem 1 proceeds by showing that LF implies a set of 
constraints on those correlations (that we call ‘LF inequalities’) that 
can, in principle, be violated by quantum predictions for an EWFS 
scenario. Thus, like Bell’s theorem and Brukner’s theorem, our theo-
rem is theory-independent—we use (like Bell and Brukner) quan-
tum mechanics as a guide for what may be seen in experiments, but 
the metaphysical conclusions hold for any theory if those predic-
tions are realized in the laboratory. (This is unlike the theorem of 
ref. 16, which is a statement about the standard theory of quantum 
mechanics.) Note also that, unlike in Brukner’s theorem, all three 
assumptions going into LF are essential for the theorem, and so are 
the friends’ observations.

For the specific EWFS Brukner considered—involving two 
binary-outcome measurement choices per superobserver—the set 

of correlations allowed by our LF assumption is identical to the 
set allowed by the assumptions of Bell’s theorem, commonly referred 
to as the local hidden variable (LHV) correlations. However, in gen-
eral, LF and LHV do not give identical constraints. Indeed, already 
for a slightly more complicated EWFS with three binary-outcome 
measurement choices per superobserver, we show that the set of 
LF correlations is a strict superset of the set of LHV correlations. 
Moreover, it is possible for quantum correlations to violate a Bell 
inequality (an inequality bounding the set of LHV correlations) 
while satisfying all of the LF inequalities. We also prove that the new 
LF inequalities we derive can nevertheless be violated by quantum 
correlations. We demonstrate these facts in an experimental simula-
tion where the friends are represented by photon paths.

We now proceed to explain the EWFS in more detail, before pre-
senting our results and discussing their implications.

The extended Wigner’s friend scenario. Let us consider the bipar-
tite version of the Wigner’s friend experiment that was introduced 
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Fig. 1 | Concept of the extended Wigner’s friend scenario. The friends, 
Charlie and Debbie, measure a pair of particles prepared in an entangled 
state, producing the outcomes labelled c and d, respectively (from their 
perspective). The superobservers, Alice and Bob, perform space-like 
separated measurements labelled x and y, with outcomes labelled a and b, 
on the entire contents of the laboratories containing Charlie and Debbie, 
respectively. Credit: Icons of people, Eucalyp Studio under a Creative 
Commons licence (https://creativecommons.org/licenses/by/3.0/).
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photon, successfully violated such a Bell inequality derived from 
Brukner’s assumptions.

Although the EWFS background for this result was novel, the 
derived Bell inequality can be obtained from the assumptions of 
‘freedom of choice’ and KSNC, without considering the friends’ 
observations, and without using ‘locality’ (which follows from Bell’s 
stronger notion of local causality24, which in turn follows from KSNC 
in any Bell scenario25). Furthermore, the Kochen–Specker theorem22 
already establishes that KSNC + ‘freedom of choice’ leads to contra-
dictions with quantum theory. As discussed in refs. 19,20,26, this casts 
doubt on the implications of Brukner’s theorem with regard to any 
assumption specifically about the objectivity of the friends’ observa-
tions—one can respond to Brukner’s theorem simply by maintaining 
that ‘unperformed experiments have no results’27.

Nevertheless, there is a subtle but important difference between 
a standard Bell scenario in which one of two incompatible observ-
ables are chosen at random to be measured by each party and 
the scenario introduced by Brukner. In the latter, in one of four 
experimental runs, all four observables involved in the experi-
ment are being measured—one by each observer in the scenario. 
This suggests that the counterfactual reasoning in the OIF/KSNC 
assumption could be avoided by replacing it with a suitable weaker 
assumption. Indeed, Brukner discusses a weaker assumption—‘that 
Wigner’s and Wigner’s friend’s facts coexist’—before settling on 
‘The assumption of ‘observer-independent facts’ [which] is a stron-
ger condition’14.

In this Article we derive a new theorem, based on the intuition in 
the preceding paragraph around Brukner’s EWFS. It uses metaphys-
ical assumptions (that is, assumptions about physical theories) that 
are strictly weaker than those of Bell’s theorem or Kochen–Specker 
contextuality theorems, and thus opens a new direction in experi-
mental metaphysics. Our first two assumptions are, as per Brukner, 
‘freedom of choice’ (which we make more formal using the con-
cept of ‘No-Superdeterminism’ defined in ref. 24) and ‘Locality’ (in 
the same sense as Brukner; see also ref. 24). Our third assumption is 
‘Absoluteness of Observed Events’ (AOE), which is that an observed 
event is a real single event and not relative to anything or anyone. 
Note that capitalization is used for assumptions formally defined in 
this paper.

Unlike OIF, AOE makes no claim about hypothetical measure-
ments that were not actually performed in a given run. Furthermore, 
AOE is necessarily (though often implicitly) assumed even in stan-
dard Bell experiments24. For convenience, we will call the conjunc-
tion of these three assumptions ‘Local Friendliness’ (LF). This 
enables us to state our theorem.

Theorem 1: If a superobserver can perform arbitrary quantum 
operations on an observer and its environment, then no physical 
theory can satisfy Local Friendliness.

By a ‘physical theory’ we mean any theory that correctly predicts 
the correlations between the outcomes observed by the superob-
servers Alice and Bob (Fig. 1), who can communicate after their 
experiments are performed and evaluate those correlations. The 
proof of Theorem 1 proceeds by showing that LF implies a set of 
constraints on those correlations (that we call ‘LF inequalities’) that 
can, in principle, be violated by quantum predictions for an EWFS 
scenario. Thus, like Bell’s theorem and Brukner’s theorem, our theo-
rem is theory-independent—we use (like Bell and Brukner) quan-
tum mechanics as a guide for what may be seen in experiments, but 
the metaphysical conclusions hold for any theory if those predic-
tions are realized in the laboratory. (This is unlike the theorem of 
ref. 16, which is a statement about the standard theory of quantum 
mechanics.) Note also that, unlike in Brukner’s theorem, all three 
assumptions going into LF are essential for the theorem, and so are 
the friends’ observations.

For the specific EWFS Brukner considered—involving two 
binary-outcome measurement choices per superobserver—the set 

of correlations allowed by our LF assumption is identical to the 
set allowed by the assumptions of Bell’s theorem, commonly referred 
to as the local hidden variable (LHV) correlations. However, in gen-
eral, LF and LHV do not give identical constraints. Indeed, already 
for a slightly more complicated EWFS with three binary-outcome 
measurement choices per superobserver, we show that the set of 
LF correlations is a strict superset of the set of LHV correlations. 
Moreover, it is possible for quantum correlations to violate a Bell 
inequality (an inequality bounding the set of LHV correlations) 
while satisfying all of the LF inequalities. We also prove that the new 
LF inequalities we derive can nevertheless be violated by quantum 
correlations. We demonstrate these facts in an experimental simula-
tion where the friends are represented by photon paths.

We now proceed to explain the EWFS in more detail, before pre-
senting our results and discussing their implications.

The extended Wigner’s friend scenario. Let us consider the bipar-
tite version of the Wigner’s friend experiment that was introduced 
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Fig. 1 | Concept of the extended Wigner’s friend scenario. The friends, 
Charlie and Debbie, measure a pair of particles prepared in an entangled 
state, producing the outcomes labelled c and d, respectively (from their 
perspective). The superobservers, Alice and Bob, perform space-like 
separated measurements labelled x and y, with outcomes labelled a and b, 
on the entire contents of the laboratories containing Charlie and Debbie, 
respectively. Credit: Icons of people, Eucalyp Studio under a Creative 
Commons licence (https://creativecommons.org/licenses/by/3.0/).
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the	quantum	formalism),	there	is	no	random	
variable	c,	stable	over	the	course	of	the	
experiment,	describing	Charlie’s	observaWons.

• Structural	interpretaGon:	This	is	ulWmately	
the	reason	for	the	non-existence	of	the	
joint	distribuWons	P(a,b,c|x,y).	

• Conceptual	interpretaGon:	There	is	no	
unambiguous	external	noWon	of	“personal	
idenWty”	of	Charlie	over	the	experiment.
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photon, successfully violated such a Bell inequality derived from 
Brukner’s assumptions.
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assumptions going into LF are essential for the theorem, and so are 
the friends’ observations.
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of correlations allowed by our LF assumption is identical to the 
set allowed by the assumptions of Bell’s theorem, commonly referred 
to as the local hidden variable (LHV) correlations. However, in gen-
eral, LF and LHV do not give identical constraints. Indeed, already 
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measurement choices per superobserver, we show that the set of 
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We now proceed to explain the EWFS in more detail, before pre-
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The extended Wigner’s friend scenario. Let us consider the bipar-
tite version of the Wigner’s friend experiment that was introduced 

I’m Alice

x a

c

d

by

I’m Charlie

I’m Debbie

I’m Bob

Fig. 1 | Concept of the extended Wigner’s friend scenario. The friends, 
Charlie and Debbie, measure a pair of particles prepared in an entangled 
state, producing the outcomes labelled c and d, respectively (from their 
perspective). The superobservers, Alice and Bob, perform space-like 
separated measurements labelled x and y, with outcomes labelled a and b, 
on the entire contents of the laboratories containing Charlie and Debbie, 
respectively. Credit: Icons of people, Eucalyp Studio under a Creative 
Commons licence (https://creativecommons.org/licenses/by/3.0/).
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its	outcome	c	and	outputs	a=c.	
(Debbie	can	be	dropped.)

From	the	perspecWve	of	A	and	B	(say,	using	
the	quantum	formalism),	there	is	no	random	
variable	c,	stable	over	the	course	of	the	
experiment,	describing	Charlie’s	observaWons.

• Structural	interpretaGon:	This	is	ulWmately	
the	reason	for	the	non-existence	of	the	
joint	distribuWons	P(a,b,c|x,y).	

• Conceptual	interpretaGon:	There	is	no	
unambiguous	external	noWon	of	“personal	
idenWty”	of	Charlie	over	the	experiment.

We	can	simulate	this	behavior	via	duplicaWon.	
To	do	so,	let	us	look	at	a	reformulaWon	of	
this	WF	thought	experiment.
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Conceived	implementaWon	of	the	previous	thought	experiment	on	
a	quantum	computer,	proving	that	the	following	cannot	all	hold:
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the prescribed scenarios. This is addressed in a subsequent paper by Wiseman et al. [24], in which they consider the
following metaphysical assumptions, with a focus on “thoughts”:

1. Local Agency: Any [random] intervention [...] is uncorrelated with any set of physical events that are relevant
to that phenomenon and outside the future light-cone of that intervention.

2. Physical Supervenience: Any thought supervenes upon some physical process in the brain (or other
information-processing unit as appropriate) which can thus be located within a bounded region in space-time.

3. Ego Absolutism: My communicable thoughts are absolutely real.

4. Friendliness: If [...] an independent party displays cognitive ability at least on par with my own, then they
have thoughts, and any thought they communicate is as real as any communicable thought of my own.

It is shown in [24] that the LF no-go theorem can also be expressed as an incompatibility between quantum theory
and the conjunction of the four metaphysical assumptions. In particular, Ego Absolutism states that “my” (in the
sense of the first person) communicable thoughts are absolutely real – i.e. my thoughts are objective and need not
be qualified relative to anything. Meanwhile, Friendliness states that the communicated thoughts of other intelligent
parties are equally as real as my own communicable thoughts. The two together imply that both Wigner’s and
his friend’s thoughts (which will also contain correlates of their observations) should be taken as absolutely real.
In conjunction with Physical Supervenience (that thoughts supervene on physical processes in a bounded region of
spacetime), this gives us something metaphysically analogous to AOE. Therefore, when we also assume Local Agency,
the contradiction with the predictions of quantum theory (c.f. [7]) can be recovered, this time as a “thoughtful” LF
no-go theorem.

B. Some classical thought experimentation

The contradiction presents an important challenge to interpretations of quantum theory, asking which of the six
assumptions (four metaphysical, plus two technological) of [24] it is prepared to drop. We would like to make a case
though for how similar metaphysical dilemmas arise classically too, simply by considering thought experiments in
which persons “branch”. Our claim is that the notion of “my” (in my communicable thoughts) can be ambiguous,
and that this may be one reason for the failure of the conjunction of the four metaphysical assumptions, quantumly
but also classically. That is, one does not need to go to the quantum regime in order to see that the language with
which we discuss persons and thoughts is inherently restricted, and runs us into contradictions when taken to more
exotic scenarios.

Let us start with a speculative thought experiment. Imagine a world in which humans reproduced via binary fission,
c.f. the Ebborians [27, 28]. At some stage in everyone’s life, they divide spontaneously into two identical copies of
themself, both of whom have psychological and physical continuity [29] with their prior, singular self. Since the two
subsequent persons will go on to be shaped by di↵erent experiences, we would naturally conceive of them as two
distinct individuals, from the moment of fission. In such a world, we would presumably have developed language to
accommodate the fact that a person, who existed singularly in one instance, may now exist as two separate persons.
Perhaps, in such a world, we would qualify our references to people spatiotemporally, or perhaps we would simply have
a weaker ontological commitment to the notion of persons as persisting entities. In some way though, our language
would surely reflect the propensity for persons to branch.

In fact, one of the possible, counterintuitive consequences of quantum theory is that we may, in some sense, already
live in such a world. The Everettian response to the measurement problem contends that quantum interactions result
in a branching, or duplication, of systems – including persons. Nevertheless, though our world may genuinely contain
branching persons (and on an enormous scale), our emergent, classical view is restricted to only one branch – so
we generally do not run into linguistic problems in referring to our friends who may actually exist in multiplicities.
Accordingly, our language has evolved not needing, by and large, to accommodate the possibility for branching
persons. As such, we end up hamstrung by semantic oversights, when we consider instances in which branching does
occur.

There is already extensive literature in philosophy attempting to give a metaphysical/semantic account of personal
identity in branching scenarios [29–33], as well as real world cases such as split-brain patients [34, 35] that further
motivate such analysis. One of the central challenges is to resolve the apparent contradiction that derives from the
transitivity of identity. The problem arises when we ask the following: if a person, let us call her Freya, is duplicated
(by binary fission, or via a duplication machine, c.f. Parfit [29]), should we say that she is the “same person” as
she was prior to duplication? In general, we commit tacitly to the continuity of personal identity (i.e. we believe
that Freya is the same person as she was 5 years ago), which we might cash out more formally in terms of some
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FIG. 2. Sketch of Thought experiment 1; inside the
lab, Freya interacts with some system, causing her
to be duplicated into two identical copies. Wigner
asks her which side of the room she finds herself in,
whereupon the slower copy to respond is destroyed,
leaving just one copy of Freya left in the lab.

of absoluteness for this scenario, without an account of personal
identity that elucidates a real, singular, persisting referent.

We can adopt strategies from philosophers, as discussed in Ap-
pendix VB, in order to make sense of the situation. For example,
by Parfit’s anti-realist account of personal identity [29], Wigner’s
statement may be interpreted along the lines of “The Freya who
matters to me was absolutely on the right side of the room”. Al-
ternatively, Lewis [31] (whose ontology of persons resembles four-
dimensional, potentially overlapping spacetime “worms”) might in-
terpret Wigner’s claim to say something like “The Freya who in-
formed me that she was on the right side of the room was absolutely
on the right of the room”. Or Sider [32] (with a person ontology
composed of three-dimensional “person-stages”) may instead argue
“The Freya who existed instantaneously at the completion of the
experiment was absolutely on the right side of the room”. How-
ever, a statement that just refers to “Freya” without a specific
account of identity, is ambiguous in its referent, and provides an
incomplete description of the experiment. Moreover, the possibil-
ity for two Freyas may even constitute a loophole in the LF no-go
theorem, as suggested by Kent [25].

Let us argue slightly more formally. Consider the physicist
Wigner who believes that Ego Absolutism is true, and who ob-
serves that Freya is being prepared for an experiment (which will
turn out to implement Thought Experiment 1). Wigner, however,
is not aware of all the details of the experiment; in particular, the
closed laboratory is to some extent a “black box” for him, so that
he does not have a complete description of what goes on in it. In
particular, he may not know about the duplication process. Then,
formally, Wigner will think that there is a variable (perhaps called
c) which will describe Freya’s thoughts (and observations) during
the experiment. His subjective uncertainty about the outcome will
lead Wigner to treat this as random variable, which will take ei-
ther one value or another, c = cL or c = cR, because this is what
variables do in probability theory and hence in classical physics.
Moreover, the value of this variable is absolute in the sense that we
can think of it as belonging to a larger set of facts of the physical
world, described e.g. by a collection of random variables that have a joint distribution in Kolmogorov’s sense. How-
ever, this description is not valid in Thought Experiment 1: there is no random variable c of this kind. The particular
intervention that occurs in the black box disrupts the usual notion of probability space that Wigner assumes, rendering
statements like “the probability that c = cR is p” undefined, because c becomes undefined. Following Kent [25], we
might describe it as there being two random variables c1 and c2 instead, describing the thoughts of the two Freyas.

Next, let us consider another, similar thought experiment, now including “merging” (c.f. [28]) to explore an analo-
gous operation to the unitary reversal posited by LF experiments. This time, we consider just Freya and her thoughts
and beliefs around an experiment.

Thought Experiment 2. We now imagine a second experiment that we could in principle perform classically
on an initial observer, Freya. We refer to Freya at the start of the experiment as Freya0 in order to distinguish
her from subsequent versions of herself. Freya0 is duplicated, after which one copy (FreyaB) will wake up in a
blue room, and the other (FreyaG) in a green room. Upon awakening, each copy observes which colour room they
find themselves in. Then, the two copies are put back to sleep and the memories of their respective experiences
erased. They are then merged back together into a singular Freya, who wakes up again in the starting lab, with
no recollection of being in either colour room.

As in Thought Experiment 1, the interventions in the experiment run us into problems concerning personal identity.
Freya, reflecting on the experiment, would surely believe herself to be the same person that arrived at the lab to be
duplicated, since she has su�cient physical and psychological continuity with Freya0. However, she has no recollection
of waking in either blue or green rooms, therefore she cannot identify herself solely with either FreyaB or FreyaG.
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no recollection of being in either colour room.

As in Thought Experiment 1, the interventions in the experiment run us into problems concerning personal identity.
Freya, reflecting on the experiment, would surely believe herself to be the same person that arrived at the lab to be
duplicated, since she has su�cient physical and psychological continuity with Freya0. However, she has no recollection
of waking in either blue or green rooms, therefore she cannot identify herself solely with either FreyaB or FreyaG.
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the prescribed scenarios. This is addressed in a subsequent paper by Wiseman et al. [24], in which they consider the
following metaphysical assumptions, with a focus on “thoughts”:

1. Local Agency: Any [random] intervention [...] is uncorrelated with any set of physical events that are relevant
to that phenomenon and outside the future light-cone of that intervention.

2. Physical Supervenience: Any thought supervenes upon some physical process in the brain (or other
information-processing unit as appropriate) which can thus be located within a bounded region in space-time.

3. Ego Absolutism: My communicable thoughts are absolutely real.

4. Friendliness: If [...] an independent party displays cognitive ability at least on par with my own, then they
have thoughts, and any thought they communicate is as real as any communicable thought of my own.

It is shown in [24] that the LF no-go theorem can also be expressed as an incompatibility between quantum theory
and the conjunction of the four metaphysical assumptions. In particular, Ego Absolutism states that “my” (in the
sense of the first person) communicable thoughts are absolutely real – i.e. my thoughts are objective and need not
be qualified relative to anything. Meanwhile, Friendliness states that the communicated thoughts of other intelligent
parties are equally as real as my own communicable thoughts. The two together imply that both Wigner’s and
his friend’s thoughts (which will also contain correlates of their observations) should be taken as absolutely real.
In conjunction with Physical Supervenience (that thoughts supervene on physical processes in a bounded region of
spacetime), this gives us something metaphysically analogous to AOE. Therefore, when we also assume Local Agency,
the contradiction with the predictions of quantum theory (c.f. [7]) can be recovered, this time as a “thoughtful” LF
no-go theorem.

B. Some classical thought experimentation

The contradiction presents an important challenge to interpretations of quantum theory, asking which of the six
assumptions (four metaphysical, plus two technological) of [24] it is prepared to drop. We would like to make a case
though for how similar metaphysical dilemmas arise classically too, simply by considering thought experiments in
which persons “branch”. Our claim is that the notion of “my” (in my communicable thoughts) can be ambiguous,
and that this may be one reason for the failure of the conjunction of the four metaphysical assumptions, quantumly
but also classically. That is, one does not need to go to the quantum regime in order to see that the language with
which we discuss persons and thoughts is inherently restricted, and runs us into contradictions when taken to more
exotic scenarios.

Let us start with a speculative thought experiment. Imagine a world in which humans reproduced via binary fission,
c.f. the Ebborians [27, 28]. At some stage in everyone’s life, they divide spontaneously into two identical copies of
themself, both of whom have psychological and physical continuity [29] with their prior, singular self. Since the two
subsequent persons will go on to be shaped by di↵erent experiences, we would naturally conceive of them as two
distinct individuals, from the moment of fission. In such a world, we would presumably have developed language to
accommodate the fact that a person, who existed singularly in one instance, may now exist as two separate persons.
Perhaps, in such a world, we would qualify our references to people spatiotemporally, or perhaps we would simply have
a weaker ontological commitment to the notion of persons as persisting entities. In some way though, our language
would surely reflect the propensity for persons to branch.

In fact, one of the possible, counterintuitive consequences of quantum theory is that we may, in some sense, already
live in such a world. The Everettian response to the measurement problem contends that quantum interactions result
in a branching, or duplication, of systems – including persons. Nevertheless, though our world may genuinely contain
branching persons (and on an enormous scale), our emergent, classical view is restricted to only one branch – so
we generally do not run into linguistic problems in referring to our friends who may actually exist in multiplicities.
Accordingly, our language has evolved not needing, by and large, to accommodate the possibility for branching
persons. As such, we end up hamstrung by semantic oversights, when we consider instances in which branching does
occur.

There is already extensive literature in philosophy attempting to give a metaphysical/semantic account of personal
identity in branching scenarios [29–33], as well as real world cases such as split-brain patients [34, 35] that further
motivate such analysis. One of the central challenges is to resolve the apparent contradiction that derives from the
transitivity of identity. The problem arises when we ask the following: if a person, let us call her Freya, is duplicated
(by binary fission, or via a duplication machine, c.f. Parfit [29]), should we say that she is the “same person” as
she was prior to duplication? In general, we commit tacitly to the continuity of personal identity (i.e. we believe
that Freya is the same person as she was 5 years ago), which we might cash out more formally in terms of some
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FIG. 2. Sketch of Thought experiment 1; inside the
lab, Freya interacts with some system, causing her
to be duplicated into two identical copies. Wigner
asks her which side of the room she finds herself in,
whereupon the slower copy to respond is destroyed,
leaving just one copy of Freya left in the lab.

of absoluteness for this scenario, without an account of personal
identity that elucidates a real, singular, persisting referent.

We can adopt strategies from philosophers, as discussed in Ap-
pendix VB, in order to make sense of the situation. For example,
by Parfit’s anti-realist account of personal identity [29], Wigner’s
statement may be interpreted along the lines of “The Freya who
matters to me was absolutely on the right side of the room”. Al-
ternatively, Lewis [31] (whose ontology of persons resembles four-
dimensional, potentially overlapping spacetime “worms”) might in-
terpret Wigner’s claim to say something like “The Freya who in-
formed me that she was on the right side of the room was absolutely
on the right of the room”. Or Sider [32] (with a person ontology
composed of three-dimensional “person-stages”) may instead argue
“The Freya who existed instantaneously at the completion of the
experiment was absolutely on the right side of the room”. How-
ever, a statement that just refers to “Freya” without a specific
account of identity, is ambiguous in its referent, and provides an
incomplete description of the experiment. Moreover, the possibil-
ity for two Freyas may even constitute a loophole in the LF no-go
theorem, as suggested by Kent [25].

Let us argue slightly more formally. Consider the physicist
Wigner who believes that Ego Absolutism is true, and who ob-
serves that Freya is being prepared for an experiment (which will
turn out to implement Thought Experiment 1). Wigner, however,
is not aware of all the details of the experiment; in particular, the
closed laboratory is to some extent a “black box” for him, so that
he does not have a complete description of what goes on in it. In
particular, he may not know about the duplication process. Then,
formally, Wigner will think that there is a variable (perhaps called
c) which will describe Freya’s thoughts (and observations) during
the experiment. His subjective uncertainty about the outcome will
lead Wigner to treat this as random variable, which will take ei-
ther one value or another, c = cL or c = cR, because this is what
variables do in probability theory and hence in classical physics.
Moreover, the value of this variable is absolute in the sense that we
can think of it as belonging to a larger set of facts of the physical
world, described e.g. by a collection of random variables that have a joint distribution in Kolmogorov’s sense. How-
ever, this description is not valid in Thought Experiment 1: there is no random variable c of this kind. The particular
intervention that occurs in the black box disrupts the usual notion of probability space that Wigner assumes, rendering
statements like “the probability that c = cR is p” undefined, because c becomes undefined. Following Kent [25], we
might describe it as there being two random variables c1 and c2 instead, describing the thoughts of the two Freyas.

Next, let us consider another, similar thought experiment, now including “merging” (c.f. [28]) to explore an analo-
gous operation to the unitary reversal posited by LF experiments. This time, we consider just Freya and her thoughts
and beliefs around an experiment.

Thought Experiment 2. We now imagine a second experiment that we could in principle perform classically
on an initial observer, Freya. We refer to Freya at the start of the experiment as Freya0 in order to distinguish
her from subsequent versions of herself. Freya0 is duplicated, after which one copy (FreyaB) will wake up in a
blue room, and the other (FreyaG) in a green room. Upon awakening, each copy observes which colour room they
find themselves in. Then, the two copies are put back to sleep and the memories of their respective experiences
erased. They are then merged back together into a singular Freya, who wakes up again in the starting lab, with
no recollection of being in either colour room.

As in Thought Experiment 1, the interventions in the experiment run us into problems concerning personal identity.
Freya, reflecting on the experiment, would surely believe herself to be the same person that arrived at the lab to be
duplicated, since she has su�cient physical and psychological continuity with Freya0. However, she has no recollection
of waking in either blue or green rooms, therefore she cannot identify herself solely with either FreyaB or FreyaG.
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lab, Freya interacts with some system, causing her
to be duplicated into two identical copies. Wigner
asks her which side of the room she finds herself in,
whereupon the slower copy to respond is destroyed,
leaving just one copy of Freya left in the lab.

of absoluteness for this scenario, without an account of personal
identity that elucidates a real, singular, persisting referent.

We can adopt strategies from philosophers, as discussed in Ap-
pendix VB, in order to make sense of the situation. For example,
by Parfit’s anti-realist account of personal identity [29], Wigner’s
statement may be interpreted along the lines of “The Freya who
matters to me was absolutely on the right side of the room”. Al-
ternatively, Lewis [31] (whose ontology of persons resembles four-
dimensional, potentially overlapping spacetime “worms”) might in-
terpret Wigner’s claim to say something like “The Freya who in-
formed me that she was on the right side of the room was absolutely
on the right of the room”. Or Sider [32] (with a person ontology
composed of three-dimensional “person-stages”) may instead argue
“The Freya who existed instantaneously at the completion of the
experiment was absolutely on the right side of the room”. How-
ever, a statement that just refers to “Freya” without a specific
account of identity, is ambiguous in its referent, and provides an
incomplete description of the experiment. Moreover, the possibil-
ity for two Freyas may even constitute a loophole in the LF no-go
theorem, as suggested by Kent [25].

Let us argue slightly more formally. Consider the physicist
Wigner who believes that Ego Absolutism is true, and who ob-
serves that Freya is being prepared for an experiment (which will
turn out to implement Thought Experiment 1). Wigner, however,
is not aware of all the details of the experiment; in particular, the
closed laboratory is to some extent a “black box” for him, so that
he does not have a complete description of what goes on in it. In
particular, he may not know about the duplication process. Then,
formally, Wigner will think that there is a variable (perhaps called
c) which will describe Freya’s thoughts (and observations) during
the experiment. His subjective uncertainty about the outcome will
lead Wigner to treat this as random variable, which will take ei-
ther one value or another, c = cL or c = cR, because this is what
variables do in probability theory and hence in classical physics.
Moreover, the value of this variable is absolute in the sense that we
can think of it as belonging to a larger set of facts of the physical
world, described e.g. by a collection of random variables that have a joint distribution in Kolmogorov’s sense. How-
ever, this description is not valid in Thought Experiment 1: there is no random variable c of this kind. The particular
intervention that occurs in the black box disrupts the usual notion of probability space that Wigner assumes, rendering
statements like “the probability that c = cR is p” undefined, because c becomes undefined. Following Kent [25], we
might describe it as there being two random variables c1 and c2 instead, describing the thoughts of the two Freyas.

Next, let us consider another, similar thought experiment, now including “merging” (c.f. [28]) to explore an analo-
gous operation to the unitary reversal posited by LF experiments. This time, we consider just Freya and her thoughts
and beliefs around an experiment.

Thought Experiment 2. We now imagine a second experiment that we could in principle perform classically
on an initial observer, Freya. We refer to Freya at the start of the experiment as Freya0 in order to distinguish
her from subsequent versions of herself. Freya0 is duplicated, after which one copy (FreyaB) will wake up in a
blue room, and the other (FreyaG) in a green room. Upon awakening, each copy observes which colour room they
find themselves in. Then, the two copies are put back to sleep and the memories of their respective experiences
erased. They are then merged back together into a singular Freya, who wakes up again in the starting lab, with
no recollection of being in either colour room.

As in Thought Experiment 1, the interventions in the experiment run us into problems concerning personal identity.
Freya, reflecting on the experiment, would surely believe herself to be the same person that arrived at the lab to be
duplicated, since she has su�cient physical and psychological continuity with Freya0. However, she has no recollection
of waking in either blue or green rooms, therefore she cannot identify herself solely with either FreyaB or FreyaG.

Naively understood, there exists an ambiguity regarding what “my” indexes 
for branching scenarios. Returning to the example of Freya, who is yet to be 
duplicated, she reads Ego Absolutism to say that her communicable thoughts 
are absolutely real. This includes her thoughts in that instance, such as “I am 
hungry”. It may also be understood to include thoughts she had this morning, 
such as “It is raining”. Does it include her future thoughts though? This 
afternoon, she will be duplicated, whereupon her future copies will have 
separate experiences. Thus, in describing any future thought she may have, 
there is an inherent ambiguity as to the meaning of such statements, and 
whether or not we should take their referent as “absolute”. That is, it is 
unclear what the words “my (future) thoughts”, if uttered by Freya before 
the start of the experiment, would refer to, and in disregarding this indexical 
ambiguity, we will typically be led to mathematical formulations of Ego 
Absolutism that tacitly involve additional assumptions. In particular, it will 
lead to the formal assumption that there is always, at every time, a single 
variable describing a single thought of some person called Freya, while in 
this branching scenario there are actually two. Indeed, this assumption is part 
of the mathematical formulation of Bong et al. [7].



A	“though�ul”	Local	Friendliness	no-go	theorem

H.	Wiseman,	E.	G.	CavalcanW,	and	E.	G.	Rieffel,	Quantum	7,	1112	(2023).

5

the prescribed scenarios. This is addressed in a subsequent paper by Wiseman et al. [24], in which they consider the
following metaphysical assumptions, with a focus on “thoughts”:

1. Local Agency: Any [random] intervention [...] is uncorrelated with any set of physical events that are relevant
to that phenomenon and outside the future light-cone of that intervention.

2. Physical Supervenience: Any thought supervenes upon some physical process in the brain (or other
information-processing unit as appropriate) which can thus be located within a bounded region in space-time.

3. Ego Absolutism: My communicable thoughts are absolutely real.

4. Friendliness: If [...] an independent party displays cognitive ability at least on par with my own, then they
have thoughts, and any thought they communicate is as real as any communicable thought of my own.

It is shown in [24] that the LF no-go theorem can also be expressed as an incompatibility between quantum theory
and the conjunction of the four metaphysical assumptions. In particular, Ego Absolutism states that “my” (in the
sense of the first person) communicable thoughts are absolutely real – i.e. my thoughts are objective and need not
be qualified relative to anything. Meanwhile, Friendliness states that the communicated thoughts of other intelligent
parties are equally as real as my own communicable thoughts. The two together imply that both Wigner’s and
his friend’s thoughts (which will also contain correlates of their observations) should be taken as absolutely real.
In conjunction with Physical Supervenience (that thoughts supervene on physical processes in a bounded region of
spacetime), this gives us something metaphysically analogous to AOE. Therefore, when we also assume Local Agency,
the contradiction with the predictions of quantum theory (c.f. [7]) can be recovered, this time as a “thoughtful” LF
no-go theorem.

B. Some classical thought experimentation

The contradiction presents an important challenge to interpretations of quantum theory, asking which of the six
assumptions (four metaphysical, plus two technological) of [24] it is prepared to drop. We would like to make a case
though for how similar metaphysical dilemmas arise classically too, simply by considering thought experiments in
which persons “branch”. Our claim is that the notion of “my” (in my communicable thoughts) can be ambiguous,
and that this may be one reason for the failure of the conjunction of the four metaphysical assumptions, quantumly
but also classically. That is, one does not need to go to the quantum regime in order to see that the language with
which we discuss persons and thoughts is inherently restricted, and runs us into contradictions when taken to more
exotic scenarios.

Let us start with a speculative thought experiment. Imagine a world in which humans reproduced via binary fission,
c.f. the Ebborians [27, 28]. At some stage in everyone’s life, they divide spontaneously into two identical copies of
themself, both of whom have psychological and physical continuity [29] with their prior, singular self. Since the two
subsequent persons will go on to be shaped by di↵erent experiences, we would naturally conceive of them as two
distinct individuals, from the moment of fission. In such a world, we would presumably have developed language to
accommodate the fact that a person, who existed singularly in one instance, may now exist as two separate persons.
Perhaps, in such a world, we would qualify our references to people spatiotemporally, or perhaps we would simply have
a weaker ontological commitment to the notion of persons as persisting entities. In some way though, our language
would surely reflect the propensity for persons to branch.

In fact, one of the possible, counterintuitive consequences of quantum theory is that we may, in some sense, already
live in such a world. The Everettian response to the measurement problem contends that quantum interactions result
in a branching, or duplication, of systems – including persons. Nevertheless, though our world may genuinely contain
branching persons (and on an enormous scale), our emergent, classical view is restricted to only one branch – so
we generally do not run into linguistic problems in referring to our friends who may actually exist in multiplicities.
Accordingly, our language has evolved not needing, by and large, to accommodate the possibility for branching
persons. As such, we end up hamstrung by semantic oversights, when we consider instances in which branching does
occur.

There is already extensive literature in philosophy attempting to give a metaphysical/semantic account of personal
identity in branching scenarios [29–33], as well as real world cases such as split-brain patients [34, 35] that further
motivate such analysis. One of the central challenges is to resolve the apparent contradiction that derives from the
transitivity of identity. The problem arises when we ask the following: if a person, let us call her Freya, is duplicated
(by binary fission, or via a duplication machine, c.f. Parfit [29]), should we say that she is the “same person” as
she was prior to duplication? In general, we commit tacitly to the continuity of personal identity (i.e. we believe
that Freya is the same person as she was 5 years ago), which we might cash out more formally in terms of some
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FIG. 2. Sketch of Thought experiment 1; inside the
lab, Freya interacts with some system, causing her
to be duplicated into two identical copies. Wigner
asks her which side of the room she finds herself in,
whereupon the slower copy to respond is destroyed,
leaving just one copy of Freya left in the lab.

of absoluteness for this scenario, without an account of personal
identity that elucidates a real, singular, persisting referent.

We can adopt strategies from philosophers, as discussed in Ap-
pendix VB, in order to make sense of the situation. For example,
by Parfit’s anti-realist account of personal identity [29], Wigner’s
statement may be interpreted along the lines of “The Freya who
matters to me was absolutely on the right side of the room”. Al-
ternatively, Lewis [31] (whose ontology of persons resembles four-
dimensional, potentially overlapping spacetime “worms”) might in-
terpret Wigner’s claim to say something like “The Freya who in-
formed me that she was on the right side of the room was absolutely
on the right of the room”. Or Sider [32] (with a person ontology
composed of three-dimensional “person-stages”) may instead argue
“The Freya who existed instantaneously at the completion of the
experiment was absolutely on the right side of the room”. How-
ever, a statement that just refers to “Freya” without a specific
account of identity, is ambiguous in its referent, and provides an
incomplete description of the experiment. Moreover, the possibil-
ity for two Freyas may even constitute a loophole in the LF no-go
theorem, as suggested by Kent [25].

Let us argue slightly more formally. Consider the physicist
Wigner who believes that Ego Absolutism is true, and who ob-
serves that Freya is being prepared for an experiment (which will
turn out to implement Thought Experiment 1). Wigner, however,
is not aware of all the details of the experiment; in particular, the
closed laboratory is to some extent a “black box” for him, so that
he does not have a complete description of what goes on in it. In
particular, he may not know about the duplication process. Then,
formally, Wigner will think that there is a variable (perhaps called
c) which will describe Freya’s thoughts (and observations) during
the experiment. His subjective uncertainty about the outcome will
lead Wigner to treat this as random variable, which will take ei-
ther one value or another, c = cL or c = cR, because this is what
variables do in probability theory and hence in classical physics.
Moreover, the value of this variable is absolute in the sense that we
can think of it as belonging to a larger set of facts of the physical
world, described e.g. by a collection of random variables that have a joint distribution in Kolmogorov’s sense. How-
ever, this description is not valid in Thought Experiment 1: there is no random variable c of this kind. The particular
intervention that occurs in the black box disrupts the usual notion of probability space that Wigner assumes, rendering
statements like “the probability that c = cR is p” undefined, because c becomes undefined. Following Kent [25], we
might describe it as there being two random variables c1 and c2 instead, describing the thoughts of the two Freyas.

Next, let us consider another, similar thought experiment, now including “merging” (c.f. [28]) to explore an analo-
gous operation to the unitary reversal posited by LF experiments. This time, we consider just Freya and her thoughts
and beliefs around an experiment.

Thought Experiment 2. We now imagine a second experiment that we could in principle perform classically
on an initial observer, Freya. We refer to Freya at the start of the experiment as Freya0 in order to distinguish
her from subsequent versions of herself. Freya0 is duplicated, after which one copy (FreyaB) will wake up in a
blue room, and the other (FreyaG) in a green room. Upon awakening, each copy observes which colour room they
find themselves in. Then, the two copies are put back to sleep and the memories of their respective experiences
erased. They are then merged back together into a singular Freya, who wakes up again in the starting lab, with
no recollection of being in either colour room.

As in Thought Experiment 1, the interventions in the experiment run us into problems concerning personal identity.
Freya, reflecting on the experiment, would surely believe herself to be the same person that arrived at the lab to be
duplicated, since she has su�cient physical and psychological continuity with Freya0. However, she has no recollection
of waking in either blue or green rooms, therefore she cannot identify herself solely with either FreyaB or FreyaG.
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lab, Freya interacts with some system, causing her
to be duplicated into two identical copies. Wigner
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whereupon the slower copy to respond is destroyed,
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of absoluteness for this scenario, without an account of personal
identity that elucidates a real, singular, persisting referent.

We can adopt strategies from philosophers, as discussed in Ap-
pendix VB, in order to make sense of the situation. For example,
by Parfit’s anti-realist account of personal identity [29], Wigner’s
statement may be interpreted along the lines of “The Freya who
matters to me was absolutely on the right side of the room”. Al-
ternatively, Lewis [31] (whose ontology of persons resembles four-
dimensional, potentially overlapping spacetime “worms”) might in-
terpret Wigner’s claim to say something like “The Freya who in-
formed me that she was on the right side of the room was absolutely
on the right of the room”. Or Sider [32] (with a person ontology
composed of three-dimensional “person-stages”) may instead argue
“The Freya who existed instantaneously at the completion of the
experiment was absolutely on the right side of the room”. How-
ever, a statement that just refers to “Freya” without a specific
account of identity, is ambiguous in its referent, and provides an
incomplete description of the experiment. Moreover, the possibil-
ity for two Freyas may even constitute a loophole in the LF no-go
theorem, as suggested by Kent [25].

Let us argue slightly more formally. Consider the physicist
Wigner who believes that Ego Absolutism is true, and who ob-
serves that Freya is being prepared for an experiment (which will
turn out to implement Thought Experiment 1). Wigner, however,
is not aware of all the details of the experiment; in particular, the
closed laboratory is to some extent a “black box” for him, so that
he does not have a complete description of what goes on in it. In
particular, he may not know about the duplication process. Then,
formally, Wigner will think that there is a variable (perhaps called
c) which will describe Freya’s thoughts (and observations) during
the experiment. His subjective uncertainty about the outcome will
lead Wigner to treat this as random variable, which will take ei-
ther one value or another, c = cL or c = cR, because this is what
variables do in probability theory and hence in classical physics.
Moreover, the value of this variable is absolute in the sense that we
can think of it as belonging to a larger set of facts of the physical
world, described e.g. by a collection of random variables that have a joint distribution in Kolmogorov’s sense. How-
ever, this description is not valid in Thought Experiment 1: there is no random variable c of this kind. The particular
intervention that occurs in the black box disrupts the usual notion of probability space that Wigner assumes, rendering
statements like “the probability that c = cR is p” undefined, because c becomes undefined. Following Kent [25], we
might describe it as there being two random variables c1 and c2 instead, describing the thoughts of the two Freyas.

Next, let us consider another, similar thought experiment, now including “merging” (c.f. [28]) to explore an analo-
gous operation to the unitary reversal posited by LF experiments. This time, we consider just Freya and her thoughts
and beliefs around an experiment.

Thought Experiment 2. We now imagine a second experiment that we could in principle perform classically
on an initial observer, Freya. We refer to Freya at the start of the experiment as Freya0 in order to distinguish
her from subsequent versions of herself. Freya0 is duplicated, after which one copy (FreyaB) will wake up in a
blue room, and the other (FreyaG) in a green room. Upon awakening, each copy observes which colour room they
find themselves in. Then, the two copies are put back to sleep and the memories of their respective experiences
erased. They are then merged back together into a singular Freya, who wakes up again in the starting lab, with
no recollection of being in either colour room.

As in Thought Experiment 1, the interventions in the experiment run us into problems concerning personal identity.
Freya, reflecting on the experiment, would surely believe herself to be the same person that arrived at the lab to be
duplicated, since she has su�cient physical and psychological continuity with Freya0. However, she has no recollection
of waking in either blue or green rooms, therefore she cannot identify herself solely with either FreyaB or FreyaG.

Naively understood, there exists an ambiguity regarding what “my” indexes 
for branching scenarios. Returning to the example of Freya, who is yet to be 
duplicated, she reads Ego Absolutism to say that her communicable thoughts 
are absolutely real. This includes her thoughts in that instance, such as “I am 
hungry”. It may also be understood to include thoughts she had this morning, 
such as “It is raining”. Does it include her future thoughts though? This 
afternoon, she will be duplicated, whereupon her future copies will have 
separate experiences. Thus, in describing any future thought she may have, 
there is an inherent ambiguity as to the meaning of such statements, and 
whether or not we should take their referent as “absolute”. That is, it is 
unclear what the words “my (future) thoughts”, if uttered by Freya before 
the start of the experiment, would refer to, and in disregarding this indexical 
ambiguity, we will typically be led to mathematical formulations of Ego 
Absolutism that tacitly involve additional assumptions. In particular, it will 
lead to the formal assumption that there is always, at every time, a single 
variable describing a single thought of some person called Freya, while in 
this branching scenario there are actually two. Indeed, this assumption is part 
of the mathematical formulation of Bong et al. [7].
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Does information play a significant role in the foundations of physics? Information is the abstraction that
allows us to refer to the states of systems when we choose to ignore the systems themselves. This is only
possible in very particular frameworks, like in classical or quantum theory, or more generally, whenever
there exists an information unit such that the state of any system can be reversibly encoded in a sufficient
number of such units. In this work we show how the abstract formalism of quantum theory can be deduced
solely from the existence of an information unit with suitable properties, together with two further natural
assumptions: the continuity and reversibility of dynamics, and the possibility of characterizing the state of
a composite system by local measurements. This constitutes a new set of postulates for quantum theory
with a simple and direct physical meaning, like the ones of special relativity or thermodynamics, and it
articulates a strong connection between physics and information.

I. INTRODUCTION

Quantum theory (QT) provides the foundation on top of
which most of our physical theories and our understanding
of nature sits. This peculiarly important role contrasts with
our limited understanding of QT itself, and the lack of con-
sensus among physicists about what this theory is saying
about how nature works. Particularly, the standard postu-
lates of QT are expressed in abstract mathematical terms
involving Hilbert spaces and operators acting on them, and
lack a clear physical meaning. In other physical theories,
like special relativity or thermodynamics, the formalism can
be derived from postulates having a direct physical mean-
ing, often in terms of the possibility or impossibility of cer-
tain tasks. In this work we show that this is also possible
for QT.

The importance of this goal is reflected by the long his-
tory of research on alternative axiomatizations of QT, which
goes back to Birkhoff and von Neumann [1–3]. More re-
cently, initiated by Hardy’s work [4], and influenced by the
perspective of quantum information theory, there has been
a wave of contributions taking a more physical and less
mathematical approach [4–8]. These reconstructions of
QT constitute a big achievement because they are based
on postulates having a more physical meaning. However
some of these meanings are not very direct, and a lot of
formalism has to be introduced in order to state them. In
this work we derive finite-dimensional QT from four postu-
lates having a clear and direct physical meaning, which can
be stated easily and without the need of heavy formalism.
Also, contrary to [5] we write all our assumptions explicitly.

We introduce a postulate named Existence of an In-
formation Unit, which essentially states that there is only
one type of information within the theory. Consequently,
any physical process can be simulated with a suitably pro-
grammed general purpose simulator. Since the input and
output of these simulations are not necessarily classical,
this postulate is a stronger version of the Church-Turing-
Deutsch Principle (stated in [9]). On the other hand, it is
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FIG. 1: Encoder. Coding is an ideal physical transformation
which maps the unknown state ω of an arbitrary system to an
n-gbit state in a reversible way, and leaves the initial system
in a reference state 0. Reversibility means that there is an-
other ideal physical transformation, decoding, which undoes
the above, bringing the arbitrary system back to its original
state.

strictly weaker than the Subspace Axiom, introduced in [4]
and used in [5] and [6]. An alternative way to read this
postulate is that, at some level, the dynamics of any sys-
tem is substrate-independent. Within theories satisfying
the Existence of an Information Unit one can refer to states,
dynamics and measurements abstractly, without specifying
the type of system they pertain to; and this is exploited by
quantum information scientists, who design algorithms and
protocols at an abstract level, without considering whether
they will be implemented with light, atoms or any other type
of physical substrate.

More precisely, Existence of an Information Unit states
that there is a type of system, the generalized bit or gbit,
such that the state of any other system can be reversibly
encoded in a sufficient number of gbits (see Fig. 1). The
reversibility of the encoding implies a correspondence be-
tween the states of any system and the states of a multi-
gbit system (or an appropriate subspace). This correspon-
dence also extends to dynamics and measurements: if a
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FIG. 2. Sketch of Thought experiment 1; inside the
lab, Freya interacts with some system, causing her
to be duplicated into two identical copies. Wigner
asks her which side of the room she finds herself in,
whereupon the slower copy to respond is destroyed,
leaving just one copy of Freya left in the lab.

of absoluteness for this scenario, without an account of personal
identity that elucidates a real, singular, persisting referent.

We can adopt strategies from philosophers, as discussed in Ap-
pendix VB, in order to make sense of the situation. For example,
by Parfit’s anti-realist account of personal identity [29], Wigner’s
statement may be interpreted along the lines of “The Freya who
matters to me was absolutely on the right side of the room”. Al-
ternatively, Lewis [31] (whose ontology of persons resembles four-
dimensional, potentially overlapping spacetime “worms”) might in-
terpret Wigner’s claim to say something like “The Freya who in-
formed me that she was on the right side of the room was absolutely
on the right of the room”. Or Sider [32] (with a person ontology
composed of three-dimensional “person-stages”) may instead argue
“The Freya who existed instantaneously at the completion of the
experiment was absolutely on the right side of the room”. How-
ever, a statement that just refers to “Freya” without a specific
account of identity, is ambiguous in its referent, and provides an
incomplete description of the experiment. Moreover, the possibil-
ity for two Freyas may even constitute a loophole in the LF no-go
theorem, as suggested by Kent [25].

Let us argue slightly more formally. Consider the physicist
Wigner who believes that Ego Absolutism is true, and who ob-
serves that Freya is being prepared for an experiment (which will
turn out to implement Thought Experiment 1). Wigner, however,
is not aware of all the details of the experiment; in particular, the
closed laboratory is to some extent a “black box” for him, so that
he does not have a complete description of what goes on in it. In
particular, he may not know about the duplication process. Then,
formally, Wigner will think that there is a variable (perhaps called
c) which will describe Freya’s thoughts (and observations) during
the experiment. His subjective uncertainty about the outcome will
lead Wigner to treat this as random variable, which will take ei-
ther one value or another, c = cL or c = cR, because this is what
variables do in probability theory and hence in classical physics.
Moreover, the value of this variable is absolute in the sense that we
can think of it as belonging to a larger set of facts of the physical
world, described e.g. by a collection of random variables that have a joint distribution in Kolmogorov’s sense. How-
ever, this description is not valid in Thought Experiment 1: there is no random variable c of this kind. The particular
intervention that occurs in the black box disrupts the usual notion of probability space that Wigner assumes, rendering
statements like “the probability that c = cR is p” undefined, because c becomes undefined. Following Kent [25], we
might describe it as there being two random variables c1 and c2 instead, describing the thoughts of the two Freyas.

Next, let us consider another, similar thought experiment, now including “merging” (c.f. [28]) to explore an analo-
gous operation to the unitary reversal posited by LF experiments. This time, we consider just Freya and her thoughts
and beliefs around an experiment.

Thought Experiment 2. We now imagine a second experiment that we could in principle perform classically
on an initial observer, Freya. We refer to Freya at the start of the experiment as Freya0 in order to distinguish
her from subsequent versions of herself. Freya0 is duplicated, after which one copy (FreyaB) will wake up in a
blue room, and the other (FreyaG) in a green room. Upon awakening, each copy observes which colour room they
find themselves in. Then, the two copies are put back to sleep and the memories of their respective experiences
erased. They are then merged back together into a singular Freya, who wakes up again in the starting lab, with
no recollection of being in either colour room.

As in Thought Experiment 1, the interventions in the experiment run us into problems concerning personal identity.
Freya, reflecting on the experiment, would surely believe herself to be the same person that arrived at the lab to be
duplicated, since she has su�cient physical and psychological continuity with Freya0. However, she has no recollection
of waking in either blue or green rooms, therefore she cannot identify herself solely with either FreyaB or FreyaG.
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to be duplicated into two identical copies. Wigner
asks her which side of the room she finds herself in,
whereupon the slower copy to respond is destroyed,
leaving just one copy of Freya left in the lab.

of absoluteness for this scenario, without an account of personal
identity that elucidates a real, singular, persisting referent.

We can adopt strategies from philosophers, as discussed in Ap-
pendix VB, in order to make sense of the situation. For example,
by Parfit’s anti-realist account of personal identity [29], Wigner’s
statement may be interpreted along the lines of “The Freya who
matters to me was absolutely on the right side of the room”. Al-
ternatively, Lewis [31] (whose ontology of persons resembles four-
dimensional, potentially overlapping spacetime “worms”) might in-
terpret Wigner’s claim to say something like “The Freya who in-
formed me that she was on the right side of the room was absolutely
on the right of the room”. Or Sider [32] (with a person ontology
composed of three-dimensional “person-stages”) may instead argue
“The Freya who existed instantaneously at the completion of the
experiment was absolutely on the right side of the room”. How-
ever, a statement that just refers to “Freya” without a specific
account of identity, is ambiguous in its referent, and provides an
incomplete description of the experiment. Moreover, the possibil-
ity for two Freyas may even constitute a loophole in the LF no-go
theorem, as suggested by Kent [25].

Let us argue slightly more formally. Consider the physicist
Wigner who believes that Ego Absolutism is true, and who ob-
serves that Freya is being prepared for an experiment (which will
turn out to implement Thought Experiment 1). Wigner, however,
is not aware of all the details of the experiment; in particular, the
closed laboratory is to some extent a “black box” for him, so that
he does not have a complete description of what goes on in it. In
particular, he may not know about the duplication process. Then,
formally, Wigner will think that there is a variable (perhaps called
c) which will describe Freya’s thoughts (and observations) during
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Does information play a significant role in the foundations of physics? Information is the abstraction that
allows us to refer to the states of systems when we choose to ignore the systems themselves. This is only
possible in very particular frameworks, like in classical or quantum theory, or more generally, whenever
there exists an information unit such that the state of any system can be reversibly encoded in a sufficient
number of such units. In this work we show how the abstract formalism of quantum theory can be deduced
solely from the existence of an information unit with suitable properties, together with two further natural
assumptions: the continuity and reversibility of dynamics, and the possibility of characterizing the state of
a composite system by local measurements. This constitutes a new set of postulates for quantum theory
with a simple and direct physical meaning, like the ones of special relativity or thermodynamics, and it
articulates a strong connection between physics and information.

I. INTRODUCTION

Quantum theory (QT) provides the foundation on top of
which most of our physical theories and our understanding
of nature sits. This peculiarly important role contrasts with
our limited understanding of QT itself, and the lack of con-
sensus among physicists about what this theory is saying
about how nature works. Particularly, the standard postu-
lates of QT are expressed in abstract mathematical terms
involving Hilbert spaces and operators acting on them, and
lack a clear physical meaning. In other physical theories,
like special relativity or thermodynamics, the formalism can
be derived from postulates having a direct physical mean-
ing, often in terms of the possibility or impossibility of cer-
tain tasks. In this work we show that this is also possible
for QT.

The importance of this goal is reflected by the long his-
tory of research on alternative axiomatizations of QT, which
goes back to Birkhoff and von Neumann [1–3]. More re-
cently, initiated by Hardy’s work [4], and influenced by the
perspective of quantum information theory, there has been
a wave of contributions taking a more physical and less
mathematical approach [4–8]. These reconstructions of
QT constitute a big achievement because they are based
on postulates having a more physical meaning. However
some of these meanings are not very direct, and a lot of
formalism has to be introduced in order to state them. In
this work we derive finite-dimensional QT from four postu-
lates having a clear and direct physical meaning, which can
be stated easily and without the need of heavy formalism.
Also, contrary to [5] we write all our assumptions explicitly.

We introduce a postulate named Existence of an In-
formation Unit, which essentially states that there is only
one type of information within the theory. Consequently,
any physical process can be simulated with a suitably pro-
grammed general purpose simulator. Since the input and
output of these simulations are not necessarily classical,
this postulate is a stronger version of the Church-Turing-
Deutsch Principle (stated in [9]). On the other hand, it is
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FIG. 1: Encoder. Coding is an ideal physical transformation
which maps the unknown state ω of an arbitrary system to an
n-gbit state in a reversible way, and leaves the initial system
in a reference state 0. Reversibility means that there is an-
other ideal physical transformation, decoding, which undoes
the above, bringing the arbitrary system back to its original
state.

strictly weaker than the Subspace Axiom, introduced in [4]
and used in [5] and [6]. An alternative way to read this
postulate is that, at some level, the dynamics of any sys-
tem is substrate-independent. Within theories satisfying
the Existence of an Information Unit one can refer to states,
dynamics and measurements abstractly, without specifying
the type of system they pertain to; and this is exploited by
quantum information scientists, who design algorithms and
protocols at an abstract level, without considering whether
they will be implemented with light, atoms or any other type
of physical substrate.

More precisely, Existence of an Information Unit states
that there is a type of system, the generalized bit or gbit,
such that the state of any other system can be reversibly
encoded in a sufficient number of gbits (see Fig. 1). The
reversibility of the encoding implies a correspondence be-
tween the states of any system and the states of a multi-
gbit system (or an appropriate subspace). This correspon-
dence also extends to dynamics and measurements: if a
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FIG. 2. Sketch of Thought experiment 1; inside the
lab, Freya interacts with some system, causing her
to be duplicated into two identical copies. Wigner
asks her which side of the room she finds herself in,
whereupon the slower copy to respond is destroyed,
leaving just one copy of Freya left in the lab.

of absoluteness for this scenario, without an account of personal
identity that elucidates a real, singular, persisting referent.

We can adopt strategies from philosophers, as discussed in Ap-
pendix VB, in order to make sense of the situation. For example,
by Parfit’s anti-realist account of personal identity [29], Wigner’s
statement may be interpreted along the lines of “The Freya who
matters to me was absolutely on the right side of the room”. Al-
ternatively, Lewis [31] (whose ontology of persons resembles four-
dimensional, potentially overlapping spacetime “worms”) might in-
terpret Wigner’s claim to say something like “The Freya who in-
formed me that she was on the right side of the room was absolutely
on the right of the room”. Or Sider [32] (with a person ontology
composed of three-dimensional “person-stages”) may instead argue
“The Freya who existed instantaneously at the completion of the
experiment was absolutely on the right side of the room”. How-
ever, a statement that just refers to “Freya” without a specific
account of identity, is ambiguous in its referent, and provides an
incomplete description of the experiment. Moreover, the possibil-
ity for two Freyas may even constitute a loophole in the LF no-go
theorem, as suggested by Kent [25].

Let us argue slightly more formally. Consider the physicist
Wigner who believes that Ego Absolutism is true, and who ob-
serves that Freya is being prepared for an experiment (which will
turn out to implement Thought Experiment 1). Wigner, however,
is not aware of all the details of the experiment; in particular, the
closed laboratory is to some extent a “black box” for him, so that
he does not have a complete description of what goes on in it. In
particular, he may not know about the duplication process. Then,
formally, Wigner will think that there is a variable (perhaps called
c) which will describe Freya’s thoughts (and observations) during
the experiment. His subjective uncertainty about the outcome will
lead Wigner to treat this as random variable, which will take ei-
ther one value or another, c = cL or c = cR, because this is what
variables do in probability theory and hence in classical physics.
Moreover, the value of this variable is absolute in the sense that we
can think of it as belonging to a larger set of facts of the physical
world, described e.g. by a collection of random variables that have a joint distribution in Kolmogorov’s sense. How-
ever, this description is not valid in Thought Experiment 1: there is no random variable c of this kind. The particular
intervention that occurs in the black box disrupts the usual notion of probability space that Wigner assumes, rendering
statements like “the probability that c = cR is p” undefined, because c becomes undefined. Following Kent [25], we
might describe it as there being two random variables c1 and c2 instead, describing the thoughts of the two Freyas.

Next, let us consider another, similar thought experiment, now including “merging” (c.f. [28]) to explore an analo-
gous operation to the unitary reversal posited by LF experiments. This time, we consider just Freya and her thoughts
and beliefs around an experiment.

Thought Experiment 2. We now imagine a second experiment that we could in principle perform classically
on an initial observer, Freya. We refer to Freya at the start of the experiment as Freya0 in order to distinguish
her from subsequent versions of herself. Freya0 is duplicated, after which one copy (FreyaB) will wake up in a
blue room, and the other (FreyaG) in a green room. Upon awakening, each copy observes which colour room they
find themselves in. Then, the two copies are put back to sleep and the memories of their respective experiences
erased. They are then merged back together into a singular Freya, who wakes up again in the starting lab, with
no recollection of being in either colour room.

As in Thought Experiment 1, the interventions in the experiment run us into problems concerning personal identity.
Freya, reflecting on the experiment, would surely believe herself to be the same person that arrived at the lab to be
duplicated, since she has su�cient physical and psychological continuity with Freya0. However, she has no recollection
of waking in either blue or green rooms, therefore she cannot identify herself solely with either FreyaB or FreyaG.
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whereupon the slower copy to respond is destroyed,
leaving just one copy of Freya left in the lab.
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is not aware of all the details of the experiment; in particular, the
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give	us	joint	distribuWons	for	the	future	observaWons	of	n	Agents.

SomeWmes	even	for	single	agents	(n=1).	
This	is	relaWve	to	some	theory	T	and	background	assumpWons.

We	interpret	the	probabiliWes	in	the	thought	experiments	as	
answers	to	the	quesWon	of	what	the	agent	should	believe	
to	experience	next	—	essenWally	how	we	interpreted	the	
probabiliWes	implied	by	a	quantum	state.

ObservaGon:	Unless	our	physical	theory	T	is	empirically	incomplete,	
RestricWon	A	can	only	apply	to	situaWons	where	it	is	impossible	to	
repeat	the	scenario	idenWcally	many	Wmes,	record	the	observaWons	
of	the	n	agents,	and	esWmate	the	probabiliWes	via	frequencies.
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photon, successfully violated such a Bell inequality derived from 
Brukner’s assumptions.

Although the EWFS background for this result was novel, the 
derived Bell inequality can be obtained from the assumptions of 
‘freedom of choice’ and KSNC, without considering the friends’ 
observations, and without using ‘locality’ (which follows from Bell’s 
stronger notion of local causality24, which in turn follows from KSNC 
in any Bell scenario25). Furthermore, the Kochen–Specker theorem22 
already establishes that KSNC + ‘freedom of choice’ leads to contra-
dictions with quantum theory. As discussed in refs. 19,20,26, this casts 
doubt on the implications of Brukner’s theorem with regard to any 
assumption specifically about the objectivity of the friends’ observa-
tions—one can respond to Brukner’s theorem simply by maintaining 
that ‘unperformed experiments have no results’27.

Nevertheless, there is a subtle but important difference between 
a standard Bell scenario in which one of two incompatible observ-
ables are chosen at random to be measured by each party and 
the scenario introduced by Brukner. In the latter, in one of four 
experimental runs, all four observables involved in the experi-
ment are being measured—one by each observer in the scenario. 
This suggests that the counterfactual reasoning in the OIF/KSNC 
assumption could be avoided by replacing it with a suitable weaker 
assumption. Indeed, Brukner discusses a weaker assumption—‘that 
Wigner’s and Wigner’s friend’s facts coexist’—before settling on 
‘The assumption of ‘observer-independent facts’ [which] is a stron-
ger condition’14.

In this Article we derive a new theorem, based on the intuition in 
the preceding paragraph around Brukner’s EWFS. It uses metaphys-
ical assumptions (that is, assumptions about physical theories) that 
are strictly weaker than those of Bell’s theorem or Kochen–Specker 
contextuality theorems, and thus opens a new direction in experi-
mental metaphysics. Our first two assumptions are, as per Brukner, 
‘freedom of choice’ (which we make more formal using the con-
cept of ‘No-Superdeterminism’ defined in ref. 24) and ‘Locality’ (in 
the same sense as Brukner; see also ref. 24). Our third assumption is 
‘Absoluteness of Observed Events’ (AOE), which is that an observed 
event is a real single event and not relative to anything or anyone. 
Note that capitalization is used for assumptions formally defined in 
this paper.

Unlike OIF, AOE makes no claim about hypothetical measure-
ments that were not actually performed in a given run. Furthermore, 
AOE is necessarily (though often implicitly) assumed even in stan-
dard Bell experiments24. For convenience, we will call the conjunc-
tion of these three assumptions ‘Local Friendliness’ (LF). This 
enables us to state our theorem.

Theorem 1: If a superobserver can perform arbitrary quantum 
operations on an observer and its environment, then no physical 
theory can satisfy Local Friendliness.

By a ‘physical theory’ we mean any theory that correctly predicts 
the correlations between the outcomes observed by the superob-
servers Alice and Bob (Fig. 1), who can communicate after their 
experiments are performed and evaluate those correlations. The 
proof of Theorem 1 proceeds by showing that LF implies a set of 
constraints on those correlations (that we call ‘LF inequalities’) that 
can, in principle, be violated by quantum predictions for an EWFS 
scenario. Thus, like Bell’s theorem and Brukner’s theorem, our theo-
rem is theory-independent—we use (like Bell and Brukner) quan-
tum mechanics as a guide for what may be seen in experiments, but 
the metaphysical conclusions hold for any theory if those predic-
tions are realized in the laboratory. (This is unlike the theorem of 
ref. 16, which is a statement about the standard theory of quantum 
mechanics.) Note also that, unlike in Brukner’s theorem, all three 
assumptions going into LF are essential for the theorem, and so are 
the friends’ observations.

For the specific EWFS Brukner considered—involving two 
binary-outcome measurement choices per superobserver—the set 

of correlations allowed by our LF assumption is identical to the 
set allowed by the assumptions of Bell’s theorem, commonly referred 
to as the local hidden variable (LHV) correlations. However, in gen-
eral, LF and LHV do not give identical constraints. Indeed, already 
for a slightly more complicated EWFS with three binary-outcome 
measurement choices per superobserver, we show that the set of 
LF correlations is a strict superset of the set of LHV correlations. 
Moreover, it is possible for quantum correlations to violate a Bell 
inequality (an inequality bounding the set of LHV correlations) 
while satisfying all of the LF inequalities. We also prove that the new 
LF inequalities we derive can nevertheless be violated by quantum 
correlations. We demonstrate these facts in an experimental simula-
tion where the friends are represented by photon paths.

We now proceed to explain the EWFS in more detail, before pre-
senting our results and discussing their implications.

The extended Wigner’s friend scenario. Let us consider the bipar-
tite version of the Wigner’s friend experiment that was introduced 

I’m Alice

x a

c

d

by

I’m Charlie

I’m Debbie

I’m Bob

Fig. 1 | Concept of the extended Wigner’s friend scenario. The friends, 
Charlie and Debbie, measure a pair of particles prepared in an entangled 
state, producing the outcomes labelled c and d, respectively (from their 
perspective). The superobservers, Alice and Bob, perform space-like 
separated measurements labelled x and y, with outcomes labelled a and b, 
on the entire contents of the laboratories containing Charlie and Debbie, 
respectively. Credit: Icons of people, Eucalyp Studio under a Creative 
Commons licence (https://creativecommons.org/licenses/by/3.0/).
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FIG. 2. Sketch of Thought experiment 1; inside the
lab, Freya interacts with some system, causing her
to be duplicated into two identical copies. Wigner
asks her which side of the room she finds herself in,
whereupon the slower copy to respond is destroyed,
leaving just one copy of Freya left in the lab.

of absoluteness for this scenario, without an account of personal
identity that elucidates a real, singular, persisting referent.

We can adopt strategies from philosophers, as discussed in Ap-
pendix VB, in order to make sense of the situation. For example,
by Parfit’s anti-realist account of personal identity [29], Wigner’s
statement may be interpreted along the lines of “The Freya who
matters to me was absolutely on the right side of the room”. Al-
ternatively, Lewis [31] (whose ontology of persons resembles four-
dimensional, potentially overlapping spacetime “worms”) might in-
terpret Wigner’s claim to say something like “The Freya who in-
formed me that she was on the right side of the room was absolutely
on the right of the room”. Or Sider [32] (with a person ontology
composed of three-dimensional “person-stages”) may instead argue
“The Freya who existed instantaneously at the completion of the
experiment was absolutely on the right side of the room”. How-
ever, a statement that just refers to “Freya” without a specific
account of identity, is ambiguous in its referent, and provides an
incomplete description of the experiment. Moreover, the possibil-
ity for two Freyas may even constitute a loophole in the LF no-go
theorem, as suggested by Kent [25].

Let us argue slightly more formally. Consider the physicist
Wigner who believes that Ego Absolutism is true, and who ob-
serves that Freya is being prepared for an experiment (which will
turn out to implement Thought Experiment 1). Wigner, however,
is not aware of all the details of the experiment; in particular, the
closed laboratory is to some extent a “black box” for him, so that
he does not have a complete description of what goes on in it. In
particular, he may not know about the duplication process. Then,
formally, Wigner will think that there is a variable (perhaps called
c) which will describe Freya’s thoughts (and observations) during
the experiment. His subjective uncertainty about the outcome will
lead Wigner to treat this as random variable, which will take ei-
ther one value or another, c = cL or c = cR, because this is what
variables do in probability theory and hence in classical physics.
Moreover, the value of this variable is absolute in the sense that we
can think of it as belonging to a larger set of facts of the physical
world, described e.g. by a collection of random variables that have a joint distribution in Kolmogorov’s sense. How-
ever, this description is not valid in Thought Experiment 1: there is no random variable c of this kind. The particular
intervention that occurs in the black box disrupts the usual notion of probability space that Wigner assumes, rendering
statements like “the probability that c = cR is p” undefined, because c becomes undefined. Following Kent [25], we
might describe it as there being two random variables c1 and c2 instead, describing the thoughts of the two Freyas.

Next, let us consider another, similar thought experiment, now including “merging” (c.f. [28]) to explore an analo-
gous operation to the unitary reversal posited by LF experiments. This time, we consider just Freya and her thoughts
and beliefs around an experiment.

Thought Experiment 2. We now imagine a second experiment that we could in principle perform classically
on an initial observer, Freya. We refer to Freya at the start of the experiment as Freya0 in order to distinguish
her from subsequent versions of herself. Freya0 is duplicated, after which one copy (FreyaB) will wake up in a
blue room, and the other (FreyaG) in a green room. Upon awakening, each copy observes which colour room they
find themselves in. Then, the two copies are put back to sleep and the memories of their respective experiences
erased. They are then merged back together into a singular Freya, who wakes up again in the starting lab, with
no recollection of being in either colour room.

As in Thought Experiment 1, the interventions in the experiment run us into problems concerning personal identity.
Freya, reflecting on the experiment, would surely believe herself to be the same person that arrived at the lab to be
duplicated, since she has su�cient physical and psychological continuity with Freya0. However, she has no recollection
of waking in either blue or green rooms, therefore she cannot identify herself solely with either FreyaB or FreyaG.
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• Classical	fission&fusion:	n=1.	
Our	physical	theories	have	
nothing	at	all	to	say	about	
what	Freya	should	believe	about	
the	color	of	room	she	will	see.
RestricWon	A	applies	here	to	all	current	physical	theories.
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• Example:	violaGon	of	probabilisGc	consistency	via	classical	duplicaGon

M	copies	of	Freya	if	“Heads”	(M=2	

8

Thought Experiment 2. Imagine Freya and Wigner are to be put to sleep, and multiplied into N copies.
Each couple is distributed to one of N identical laboratories. In each laboratory, a fair coin is tossed, and if the
outcome is Heads, the copy of Freya (but not the copy of Wigner) is duplicated again. Then, all participants
are woken and asked to give their credence that the outcome of their lab’s coin toss was Tails. (We assume that
they cannot notice the presence/absence of an identical copy of Freya in the lab). This scenario is sketched in
Figure 3.

In fact, all participants are o!ered a bet: they can buy a ticket from a bookie for (2/3 → ω)$, where ω > 0 is
small, (say, for 66 cents) that wagers on the coin toss having shown Heads. It is natural to argue (see below) that
the credence that Freya should assign to Tails (which directly determines the maximum price 1→p she rationally
ought to be prepared to pay) is 1/3, whilst for Wigner it is 1/2: Freya should buy the ticket, but Wigner should
not.

Finally, all copies survive the experiment and are released. Everyone who has bought the ticket now receives
1$ if the outcome of their lab’s coin toss was indeed Tails. Freya and Wigner have been initially informed about
all the details of the experiment.

FIG. 3. Sketch of the setup of Thought Experiment 2; Freya and Wigner agree to an experiment in which they will be put to
sleep and multiplied into N copies, where N is large (here though, N = 2). For each lab, a fair coin is tossed. If the outcome is
Heads, the copy of Freya (but not of Wigner) in the corresponding lab is duplicated again. If the outcome is Tails, she is not.

Given that half as many copies of Freya will experience waking under the outcome Tails than the outcome Heads,
a given copy of Freya may assign a proportionately lower degree of belief that she is contained in the smaller group of
copies. There is significant disagreement in philosophical literature concerning whether the original Sleeping Beauty
ought to be a “Thirder” [38] or a “Halfer” [39], and depending on how you operationalise the setup [40], one may
take either position. Here, we follow the prescription of Elga [41] for the specific question asked in our Thought
Experiment: Elga would claim that Freya should assign a uniform probability distribution to self-locating as any copy
(see Appendix VD for an overview on Elga’s Principle of Indi!erence [38, 41], and Subsection III C, in which we
reevaluate this option more explicitly). Using the law of large numbers, there will almost surely be approximately
N copies of Freya who will experience a Heads-awakening, following the duplication process, whilst approximately
N/2 will experience a Tails-awakening (to first order in N). Hence, with high probability, approximately N/2 copies
of Freya will lose their wager of (2/3→ ε)$, whilst approximately N copies of Freya will have profited by (1/3 + ε)$.
The bet is therefore rational for any copy of Freya to accept for any ω > 0 (but not for negative ω) – thus setting
her credence for Tails as 1/3. Similarly, about N/2 copies of Wigner will lose their wager, while approximately N/2
copies will have profited. Accordingly, Elga’s principle implies the following diverging credences for Freya and Wigner
respectively:

PF (T ) ↑
N/2

N +N/2
=

1

3
, PW (T ) ↑ N/2

N/2 +N/2
=

1

2
, (2)

N	
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• Example:	violaGon	of	probabilisGc	consistency	via	classical	duplicaGon
RestricWon	A	applies	to	this	scenario	as	described	by,	say,	classical	
physics	(because	it	does	not	tell	us	what	Freya	should	believe	about	her	
future	observaWons	—	i.e.,	to	n=1	observer).	Moreover,	even	if	we	
supplement	classical	physics	with	any	probability	rule	whatsoever	(not	
necessarily	Elga’s	Principle	of	Indifference),	which	informs	Freya	about	
what	she	should	believe	about	her	future	observaWons	in	a	way	that	is	
not	completely	ignoring	her	subsequent	mul=plicity	M,	then	the	
resulWng	theory	will	be	subject	to	RestricWon	A	for	2≤n	agents.
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Does information play a significant role in the foundations of physics? Information is the abstraction that
allows us to refer to the states of systems when we choose to ignore the systems themselves. This is only
possible in very particular frameworks, like in classical or quantum theory, or more generally, whenever
there exists an information unit such that the state of any system can be reversibly encoded in a sufficient
number of such units. In this work we show how the abstract formalism of quantum theory can be deduced
solely from the existence of an information unit with suitable properties, together with two further natural
assumptions: the continuity and reversibility of dynamics, and the possibility of characterizing the state of
a composite system by local measurements. This constitutes a new set of postulates for quantum theory
with a simple and direct physical meaning, like the ones of special relativity or thermodynamics, and it
articulates a strong connection between physics and information.

I. INTRODUCTION

Quantum theory (QT) provides the foundation on top of
which most of our physical theories and our understanding
of nature sits. This peculiarly important role contrasts with
our limited understanding of QT itself, and the lack of con-
sensus among physicists about what this theory is saying
about how nature works. Particularly, the standard postu-
lates of QT are expressed in abstract mathematical terms
involving Hilbert spaces and operators acting on them, and
lack a clear physical meaning. In other physical theories,
like special relativity or thermodynamics, the formalism can
be derived from postulates having a direct physical mean-
ing, often in terms of the possibility or impossibility of cer-
tain tasks. In this work we show that this is also possible
for QT.

The importance of this goal is reflected by the long his-
tory of research on alternative axiomatizations of QT, which
goes back to Birkhoff and von Neumann [1–3]. More re-
cently, initiated by Hardy’s work [4], and influenced by the
perspective of quantum information theory, there has been
a wave of contributions taking a more physical and less
mathematical approach [4–8]. These reconstructions of
QT constitute a big achievement because they are based
on postulates having a more physical meaning. However
some of these meanings are not very direct, and a lot of
formalism has to be introduced in order to state them. In
this work we derive finite-dimensional QT from four postu-
lates having a clear and direct physical meaning, which can
be stated easily and without the need of heavy formalism.
Also, contrary to [5] we write all our assumptions explicitly.

We introduce a postulate named Existence of an In-
formation Unit, which essentially states that there is only
one type of information within the theory. Consequently,
any physical process can be simulated with a suitably pro-
grammed general purpose simulator. Since the input and
output of these simulations are not necessarily classical,
this postulate is a stronger version of the Church-Turing-
Deutsch Principle (stated in [9]). On the other hand, it is
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FIG. 1: Encoder. Coding is an ideal physical transformation
which maps the unknown state ω of an arbitrary system to an
n-gbit state in a reversible way, and leaves the initial system
in a reference state 0. Reversibility means that there is an-
other ideal physical transformation, decoding, which undoes
the above, bringing the arbitrary system back to its original
state.

strictly weaker than the Subspace Axiom, introduced in [4]
and used in [5] and [6]. An alternative way to read this
postulate is that, at some level, the dynamics of any sys-
tem is substrate-independent. Within theories satisfying
the Existence of an Information Unit one can refer to states,
dynamics and measurements abstractly, without specifying
the type of system they pertain to; and this is exploited by
quantum information scientists, who design algorithms and
protocols at an abstract level, without considering whether
they will be implemented with light, atoms or any other type
of physical substrate.

More precisely, Existence of an Information Unit states
that there is a type of system, the generalized bit or gbit,
such that the state of any other system can be reversibly
encoded in a sufficient number of gbits (see Fig. 1). The
reversibility of the encoding implies a correspondence be-
tween the states of any system and the states of a multi-
gbit system (or an appropriate subspace). This correspon-
dence also extends to dynamics and measurements: if a
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FIG. 2. Sketch of Thought experiment 1; inside the
lab, Freya interacts with some system, causing her
to be duplicated into two identical copies. Wigner
asks her which side of the room she finds herself in,
whereupon the slower copy to respond is destroyed,
leaving just one copy of Freya left in the lab.

of absoluteness for this scenario, without an account of personal
identity that elucidates a real, singular, persisting referent.

We can adopt strategies from philosophers, as discussed in Ap-
pendix VB, in order to make sense of the situation. For example,
by Parfit’s anti-realist account of personal identity [29], Wigner’s
statement may be interpreted along the lines of “The Freya who
matters to me was absolutely on the right side of the room”. Al-
ternatively, Lewis [31] (whose ontology of persons resembles four-
dimensional, potentially overlapping spacetime “worms”) might in-
terpret Wigner’s claim to say something like “The Freya who in-
formed me that she was on the right side of the room was absolutely
on the right of the room”. Or Sider [32] (with a person ontology
composed of three-dimensional “person-stages”) may instead argue
“The Freya who existed instantaneously at the completion of the
experiment was absolutely on the right side of the room”. How-
ever, a statement that just refers to “Freya” without a specific
account of identity, is ambiguous in its referent, and provides an
incomplete description of the experiment. Moreover, the possibil-
ity for two Freyas may even constitute a loophole in the LF no-go
theorem, as suggested by Kent [25].

Let us argue slightly more formally. Consider the physicist
Wigner who believes that Ego Absolutism is true, and who ob-
serves that Freya is being prepared for an experiment (which will
turn out to implement Thought Experiment 1). Wigner, however,
is not aware of all the details of the experiment; in particular, the
closed laboratory is to some extent a “black box” for him, so that
he does not have a complete description of what goes on in it. In
particular, he may not know about the duplication process. Then,
formally, Wigner will think that there is a variable (perhaps called
c) which will describe Freya’s thoughts (and observations) during
the experiment. His subjective uncertainty about the outcome will
lead Wigner to treat this as random variable, which will take ei-
ther one value or another, c = cL or c = cR, because this is what
variables do in probability theory and hence in classical physics.
Moreover, the value of this variable is absolute in the sense that we
can think of it as belonging to a larger set of facts of the physical
world, described e.g. by a collection of random variables that have a joint distribution in Kolmogorov’s sense. How-
ever, this description is not valid in Thought Experiment 1: there is no random variable c of this kind. The particular
intervention that occurs in the black box disrupts the usual notion of probability space that Wigner assumes, rendering
statements like “the probability that c = cR is p” undefined, because c becomes undefined. Following Kent [25], we
might describe it as there being two random variables c1 and c2 instead, describing the thoughts of the two Freyas.

Next, let us consider another, similar thought experiment, now including “merging” (c.f. [28]) to explore an analo-
gous operation to the unitary reversal posited by LF experiments. This time, we consider just Freya and her thoughts
and beliefs around an experiment.

Thought Experiment 2. We now imagine a second experiment that we could in principle perform classically
on an initial observer, Freya. We refer to Freya at the start of the experiment as Freya0 in order to distinguish
her from subsequent versions of herself. Freya0 is duplicated, after which one copy (FreyaB) will wake up in a
blue room, and the other (FreyaG) in a green room. Upon awakening, each copy observes which colour room they
find themselves in. Then, the two copies are put back to sleep and the memories of their respective experiences
erased. They are then merged back together into a singular Freya, who wakes up again in the starting lab, with
no recollection of being in either colour room.

As in Thought Experiment 1, the interventions in the experiment run us into problems concerning personal identity.
Freya, reflecting on the experiment, would surely believe herself to be the same person that arrived at the lab to be
duplicated, since she has su�cient physical and psychological continuity with Freya0. However, she has no recollection
of waking in either blue or green rooms, therefore she cannot identify herself solely with either FreyaB or FreyaG.
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FIG. 2. Sketch of Thought experiment 1; inside the
lab, Freya interacts with some system, causing her
to be duplicated into two identical copies. Wigner
asks her which side of the room she finds herself in,
whereupon the slower copy to respond is destroyed,
leaving just one copy of Freya left in the lab.

of absoluteness for this scenario, without an account of personal
identity that elucidates a real, singular, persisting referent.

We can adopt strategies from philosophers, as discussed in Ap-
pendix VB, in order to make sense of the situation. For example,
by Parfit’s anti-realist account of personal identity [29], Wigner’s
statement may be interpreted along the lines of “The Freya who
matters to me was absolutely on the right side of the room”. Al-
ternatively, Lewis [31] (whose ontology of persons resembles four-
dimensional, potentially overlapping spacetime “worms”) might in-
terpret Wigner’s claim to say something like “The Freya who in-
formed me that she was on the right side of the room was absolutely
on the right of the room”. Or Sider [32] (with a person ontology
composed of three-dimensional “person-stages”) may instead argue
“The Freya who existed instantaneously at the completion of the
experiment was absolutely on the right side of the room”. How-
ever, a statement that just refers to “Freya” without a specific
account of identity, is ambiguous in its referent, and provides an
incomplete description of the experiment. Moreover, the possibil-
ity for two Freyas may even constitute a loophole in the LF no-go
theorem, as suggested by Kent [25].

Let us argue slightly more formally. Consider the physicist
Wigner who believes that Ego Absolutism is true, and who ob-
serves that Freya is being prepared for an experiment (which will
turn out to implement Thought Experiment 1). Wigner, however,
is not aware of all the details of the experiment; in particular, the
closed laboratory is to some extent a “black box” for him, so that
he does not have a complete description of what goes on in it. In
particular, he may not know about the duplication process. Then,
formally, Wigner will think that there is a variable (perhaps called
c) which will describe Freya’s thoughts (and observations) during
the experiment. His subjective uncertainty about the outcome will
lead Wigner to treat this as random variable, which will take ei-
ther one value or another, c = cL or c = cR, because this is what
variables do in probability theory and hence in classical physics.
Moreover, the value of this variable is absolute in the sense that we
can think of it as belonging to a larger set of facts of the physical
world, described e.g. by a collection of random variables that have a joint distribution in Kolmogorov’s sense. How-
ever, this description is not valid in Thought Experiment 1: there is no random variable c of this kind. The particular
intervention that occurs in the black box disrupts the usual notion of probability space that Wigner assumes, rendering
statements like “the probability that c = cR is p” undefined, because c becomes undefined. Following Kent [25], we
might describe it as there being two random variables c1 and c2 instead, describing the thoughts of the two Freyas.

Next, let us consider another, similar thought experiment, now including “merging” (c.f. [28]) to explore an analo-
gous operation to the unitary reversal posited by LF experiments. This time, we consider just Freya and her thoughts
and beliefs around an experiment.

Thought Experiment 2. We now imagine a second experiment that we could in principle perform classically
on an initial observer, Freya. We refer to Freya at the start of the experiment as Freya0 in order to distinguish
her from subsequent versions of herself. Freya0 is duplicated, after which one copy (FreyaB) will wake up in a
blue room, and the other (FreyaG) in a green room. Upon awakening, each copy observes which colour room they
find themselves in. Then, the two copies are put back to sleep and the memories of their respective experiences
erased. They are then merged back together into a singular Freya, who wakes up again in the starting lab, with
no recollection of being in either colour room.

As in Thought Experiment 1, the interventions in the experiment run us into problems concerning personal identity.
Freya, reflecting on the experiment, would surely believe herself to be the same person that arrived at the lab to be
duplicated, since she has su�cient physical and psychological continuity with Freya0. However, she has no recollection
of waking in either blue or green rooms, therefore she cannot identify herself solely with either FreyaB or FreyaG.
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Does information play a significant role in the foundations of physics? Information is the abstraction that
allows us to refer to the states of systems when we choose to ignore the systems themselves. This is only
possible in very particular frameworks, like in classical or quantum theory, or more generally, whenever
there exists an information unit such that the state of any system can be reversibly encoded in a sufficient
number of such units. In this work we show how the abstract formalism of quantum theory can be deduced
solely from the existence of an information unit with suitable properties, together with two further natural
assumptions: the continuity and reversibility of dynamics, and the possibility of characterizing the state of
a composite system by local measurements. This constitutes a new set of postulates for quantum theory
with a simple and direct physical meaning, like the ones of special relativity or thermodynamics, and it
articulates a strong connection between physics and information.

I. INTRODUCTION

Quantum theory (QT) provides the foundation on top of
which most of our physical theories and our understanding
of nature sits. This peculiarly important role contrasts with
our limited understanding of QT itself, and the lack of con-
sensus among physicists about what this theory is saying
about how nature works. Particularly, the standard postu-
lates of QT are expressed in abstract mathematical terms
involving Hilbert spaces and operators acting on them, and
lack a clear physical meaning. In other physical theories,
like special relativity or thermodynamics, the formalism can
be derived from postulates having a direct physical mean-
ing, often in terms of the possibility or impossibility of cer-
tain tasks. In this work we show that this is also possible
for QT.

The importance of this goal is reflected by the long his-
tory of research on alternative axiomatizations of QT, which
goes back to Birkhoff and von Neumann [1–3]. More re-
cently, initiated by Hardy’s work [4], and influenced by the
perspective of quantum information theory, there has been
a wave of contributions taking a more physical and less
mathematical approach [4–8]. These reconstructions of
QT constitute a big achievement because they are based
on postulates having a more physical meaning. However
some of these meanings are not very direct, and a lot of
formalism has to be introduced in order to state them. In
this work we derive finite-dimensional QT from four postu-
lates having a clear and direct physical meaning, which can
be stated easily and without the need of heavy formalism.
Also, contrary to [5] we write all our assumptions explicitly.

We introduce a postulate named Existence of an In-
formation Unit, which essentially states that there is only
one type of information within the theory. Consequently,
any physical process can be simulated with a suitably pro-
grammed general purpose simulator. Since the input and
output of these simulations are not necessarily classical,
this postulate is a stronger version of the Church-Turing-
Deutsch Principle (stated in [9]). On the other hand, it is
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FIG. 1: Encoder. Coding is an ideal physical transformation
which maps the unknown state ω of an arbitrary system to an
n-gbit state in a reversible way, and leaves the initial system
in a reference state 0. Reversibility means that there is an-
other ideal physical transformation, decoding, which undoes
the above, bringing the arbitrary system back to its original
state.

strictly weaker than the Subspace Axiom, introduced in [4]
and used in [5] and [6]. An alternative way to read this
postulate is that, at some level, the dynamics of any sys-
tem is substrate-independent. Within theories satisfying
the Existence of an Information Unit one can refer to states,
dynamics and measurements abstractly, without specifying
the type of system they pertain to; and this is exploited by
quantum information scientists, who design algorithms and
protocols at an abstract level, without considering whether
they will be implemented with light, atoms or any other type
of physical substrate.

More precisely, Existence of an Information Unit states
that there is a type of system, the generalized bit or gbit,
such that the state of any other system can be reversibly
encoded in a sufficient number of gbits (see Fig. 1). The
reversibility of the encoding implies a correspondence be-
tween the states of any system and the states of a multi-
gbit system (or an appropriate subspace). This correspon-
dence also extends to dynamics and measurements: if a
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FIG. 2. Sketch of Thought experiment 1; inside the
lab, Freya interacts with some system, causing her
to be duplicated into two identical copies. Wigner
asks her which side of the room she finds herself in,
whereupon the slower copy to respond is destroyed,
leaving just one copy of Freya left in the lab.

of absoluteness for this scenario, without an account of personal
identity that elucidates a real, singular, persisting referent.

We can adopt strategies from philosophers, as discussed in Ap-
pendix VB, in order to make sense of the situation. For example,
by Parfit’s anti-realist account of personal identity [29], Wigner’s
statement may be interpreted along the lines of “The Freya who
matters to me was absolutely on the right side of the room”. Al-
ternatively, Lewis [31] (whose ontology of persons resembles four-
dimensional, potentially overlapping spacetime “worms”) might in-
terpret Wigner’s claim to say something like “The Freya who in-
formed me that she was on the right side of the room was absolutely
on the right of the room”. Or Sider [32] (with a person ontology
composed of three-dimensional “person-stages”) may instead argue
“The Freya who existed instantaneously at the completion of the
experiment was absolutely on the right side of the room”. How-
ever, a statement that just refers to “Freya” without a specific
account of identity, is ambiguous in its referent, and provides an
incomplete description of the experiment. Moreover, the possibil-
ity for two Freyas may even constitute a loophole in the LF no-go
theorem, as suggested by Kent [25].

Let us argue slightly more formally. Consider the physicist
Wigner who believes that Ego Absolutism is true, and who ob-
serves that Freya is being prepared for an experiment (which will
turn out to implement Thought Experiment 1). Wigner, however,
is not aware of all the details of the experiment; in particular, the
closed laboratory is to some extent a “black box” for him, so that
he does not have a complete description of what goes on in it. In
particular, he may not know about the duplication process. Then,
formally, Wigner will think that there is a variable (perhaps called
c) which will describe Freya’s thoughts (and observations) during
the experiment. His subjective uncertainty about the outcome will
lead Wigner to treat this as random variable, which will take ei-
ther one value or another, c = cL or c = cR, because this is what
variables do in probability theory and hence in classical physics.
Moreover, the value of this variable is absolute in the sense that we
can think of it as belonging to a larger set of facts of the physical
world, described e.g. by a collection of random variables that have a joint distribution in Kolmogorov’s sense. How-
ever, this description is not valid in Thought Experiment 1: there is no random variable c of this kind. The particular
intervention that occurs in the black box disrupts the usual notion of probability space that Wigner assumes, rendering
statements like “the probability that c = cR is p” undefined, because c becomes undefined. Following Kent [25], we
might describe it as there being two random variables c1 and c2 instead, describing the thoughts of the two Freyas.

Next, let us consider another, similar thought experiment, now including “merging” (c.f. [28]) to explore an analo-
gous operation to the unitary reversal posited by LF experiments. This time, we consider just Freya and her thoughts
and beliefs around an experiment.

Thought Experiment 2. We now imagine a second experiment that we could in principle perform classically
on an initial observer, Freya. We refer to Freya at the start of the experiment as Freya0 in order to distinguish
her from subsequent versions of herself. Freya0 is duplicated, after which one copy (FreyaB) will wake up in a
blue room, and the other (FreyaG) in a green room. Upon awakening, each copy observes which colour room they
find themselves in. Then, the two copies are put back to sleep and the memories of their respective experiences
erased. They are then merged back together into a singular Freya, who wakes up again in the starting lab, with
no recollection of being in either colour room.

As in Thought Experiment 1, the interventions in the experiment run us into problems concerning personal identity.
Freya, reflecting on the experiment, would surely believe herself to be the same person that arrived at the lab to be
duplicated, since she has su�cient physical and psychological continuity with Freya0. However, she has no recollection
of waking in either blue or green rooms, therefore she cannot identify herself solely with either FreyaB or FreyaG.
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FIG. 2. Sketch of Thought experiment 1; inside the
lab, Freya interacts with some system, causing her
to be duplicated into two identical copies. Wigner
asks her which side of the room she finds herself in,
whereupon the slower copy to respond is destroyed,
leaving just one copy of Freya left in the lab.

of absoluteness for this scenario, without an account of personal
identity that elucidates a real, singular, persisting referent.

We can adopt strategies from philosophers, as discussed in Ap-
pendix VB, in order to make sense of the situation. For example,
by Parfit’s anti-realist account of personal identity [29], Wigner’s
statement may be interpreted along the lines of “The Freya who
matters to me was absolutely on the right side of the room”. Al-
ternatively, Lewis [31] (whose ontology of persons resembles four-
dimensional, potentially overlapping spacetime “worms”) might in-
terpret Wigner’s claim to say something like “The Freya who in-
formed me that she was on the right side of the room was absolutely
on the right of the room”. Or Sider [32] (with a person ontology
composed of three-dimensional “person-stages”) may instead argue
“The Freya who existed instantaneously at the completion of the
experiment was absolutely on the right side of the room”. How-
ever, a statement that just refers to “Freya” without a specific
account of identity, is ambiguous in its referent, and provides an
incomplete description of the experiment. Moreover, the possibil-
ity for two Freyas may even constitute a loophole in the LF no-go
theorem, as suggested by Kent [25].

Let us argue slightly more formally. Consider the physicist
Wigner who believes that Ego Absolutism is true, and who ob-
serves that Freya is being prepared for an experiment (which will
turn out to implement Thought Experiment 1). Wigner, however,
is not aware of all the details of the experiment; in particular, the
closed laboratory is to some extent a “black box” for him, so that
he does not have a complete description of what goes on in it. In
particular, he may not know about the duplication process. Then,
formally, Wigner will think that there is a variable (perhaps called
c) which will describe Freya’s thoughts (and observations) during
the experiment. His subjective uncertainty about the outcome will
lead Wigner to treat this as random variable, which will take ei-
ther one value or another, c = cL or c = cR, because this is what
variables do in probability theory and hence in classical physics.
Moreover, the value of this variable is absolute in the sense that we
can think of it as belonging to a larger set of facts of the physical
world, described e.g. by a collection of random variables that have a joint distribution in Kolmogorov’s sense. How-
ever, this description is not valid in Thought Experiment 1: there is no random variable c of this kind. The particular
intervention that occurs in the black box disrupts the usual notion of probability space that Wigner assumes, rendering
statements like “the probability that c = cR is p” undefined, because c becomes undefined. Following Kent [25], we
might describe it as there being two random variables c1 and c2 instead, describing the thoughts of the two Freyas.

Next, let us consider another, similar thought experiment, now including “merging” (c.f. [28]) to explore an analo-
gous operation to the unitary reversal posited by LF experiments. This time, we consider just Freya and her thoughts
and beliefs around an experiment.

Thought Experiment 2. We now imagine a second experiment that we could in principle perform classically
on an initial observer, Freya. We refer to Freya at the start of the experiment as Freya0 in order to distinguish
her from subsequent versions of herself. Freya0 is duplicated, after which one copy (FreyaB) will wake up in a
blue room, and the other (FreyaG) in a green room. Upon awakening, each copy observes which colour room they
find themselves in. Then, the two copies are put back to sleep and the memories of their respective experiences
erased. They are then merged back together into a singular Freya, who wakes up again in the starting lab, with
no recollection of being in either colour room.

As in Thought Experiment 1, the interventions in the experiment run us into problems concerning personal identity.
Freya, reflecting on the experiment, would surely believe herself to be the same person that arrived at the lab to be
duplicated, since she has su�cient physical and psychological continuity with Freya0. However, she has no recollection
of waking in either blue or green rooms, therefore she cannot identify herself solely with either FreyaB or FreyaG.



RestricWon	A	for	2≤n	agents	is	unavoidable,	for	n=1	agent	unacceptable



In	2048,	you	are	terminally	ill,	but	the	doctor	promises	to	simulate	you	
on	a	computer	when	you	fall	asleep	next	Wme	(eliminaWng	the	original).

RestricWon	A	for	2≤n	agents	is	unavoidable,	for	n=1	agent	unacceptable



In	2048,	you	are	terminally	ill,	but	the	doctor	promises	to	simulate	you	
on	a	computer	when	you	fall	asleep	next	Wme	(eliminaWng	the	original).

You:	Great,	but	will	I	really	wake	up	in	the	simulaWon?	Damn,	I	really,	
really	want	to	know!	I’m	so	afraid!	What	should	I	believe	will	happen	to	me?	
Doctor:	Hahaha,	you	fool!	You	are	asking	a	non-quesWon!	All	there	is	to	say	
is	that	there	is	a	human	being	here	now,	and	a	computer	running	a	
simulaWon	of	that	thing	later.	This	is	all	there	is	to	know	about	the	facts	of	
the	world.	What	is	the	proposiWon	that	you	are	even	uncertain	about?

RestricWon	A	for	2≤n	agents	is	unavoidable,	for	n=1	agent	unacceptable



In	2048,	you	are	terminally	ill,	but	the	doctor	promises	to	simulate	you	
on	a	computer	when	you	fall	asleep	next	Wme	(eliminaWng	the	original).

You:	Great,	but	will	I	really	wake	up	in	the	simulaWon?	Damn,	I	really,	
really	want	to	know!	I’m	so	afraid!	What	should	I	believe	will	happen	to	me?	
Doctor:	Hahaha,	you	fool!	You	are	asking	a	non-quesWon!	All	there	is	to	say	
is	that	there	is	a	human	being	here	now,	and	a	computer	running	a	
simulaWon	of	that	thing	later.	This	is	all	there	is	to	know	about	the	facts	of	
the	world.	What	is	the	proposiWon	that	you	are	even	uncertain	about?

My	claim:	This	is	unacceptable.	The	first-person	perspecWve	is	real.	There	
always	exists	some	(degree	of)	belief	that	a	single	agent	should	have	—	
the	agent	can	perform	a	private	experiment,	and	the	world	will	kick	back.

RestricWon	A	for	2≤n	agents	is	unavoidable,	for	n=1	agent	unacceptable



What	about	our	to-be-simulated	and	duplicated	friends?

M	copies	of	Freya	

8

Thought Experiment 2. Imagine Freya and Wigner are to be put to sleep, and multiplied into N copies.
Each couple is distributed to one of N identical laboratories. In each laboratory, a fair coin is tossed, and if the
outcome is Heads, the copy of Freya (but not the copy of Wigner) is duplicated again. Then, all participants
are woken and asked to give their credence that the outcome of their lab’s coin toss was Tails. (We assume that
they cannot notice the presence/absence of an identical copy of Freya in the lab). This scenario is sketched in
Figure 3.

In fact, all participants are o!ered a bet: they can buy a ticket from a bookie for (2/3 → ω)$, where ω > 0 is
small, (say, for 66 cents) that wagers on the coin toss having shown Heads. It is natural to argue (see below) that
the credence that Freya should assign to Tails (which directly determines the maximum price 1→p she rationally
ought to be prepared to pay) is 1/3, whilst for Wigner it is 1/2: Freya should buy the ticket, but Wigner should
not.

Finally, all copies survive the experiment and are released. Everyone who has bought the ticket now receives
1$ if the outcome of their lab’s coin toss was indeed Tails. Freya and Wigner have been initially informed about
all the details of the experiment.

FIG. 3. Sketch of the setup of Thought Experiment 2; Freya and Wigner agree to an experiment in which they will be put to
sleep and multiplied into N copies, where N is large (here though, N = 2). For each lab, a fair coin is tossed. If the outcome is
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what	they	should	believe	about	future	experiences,	in	all	circumstances.	
In	ordinary	physics,	this	is	exactly	the	quantum	state.

M	copies	of	Freya	

8

Thought Experiment 2. Imagine Freya and Wigner are to be put to sleep, and multiplied into N copies.
Each couple is distributed to one of N identical laboratories. In each laboratory, a fair coin is tossed, and if the
outcome is Heads, the copy of Freya (but not the copy of Wigner) is duplicated again. Then, all participants
are woken and asked to give their credence that the outcome of their lab’s coin toss was Tails. (We assume that
they cannot notice the presence/absence of an identical copy of Freya in the lab). This scenario is sketched in
Figure 3.

In fact, all participants are o!ered a bet: they can buy a ticket from a bookie for (2/3 → ω)$, where ω > 0 is
small, (say, for 66 cents) that wagers on the coin toss having shown Heads. It is natural to argue (see below) that
the credence that Freya should assign to Tails (which directly determines the maximum price 1→p she rationally
ought to be prepared to pay) is 1/3, whilst for Wigner it is 1/2: Freya should buy the ticket, but Wigner should
not.

Finally, all copies survive the experiment and are released. Everyone who has bought the ticket now receives
1$ if the outcome of their lab’s coin toss was indeed Tails. Freya and Wigner have been initially informed about
all the details of the experiment.

FIG. 3. Sketch of the setup of Thought Experiment 2; Freya and Wigner agree to an experiment in which they will be put to
sleep and multiplied into N copies, where N is large (here though, N = 2). For each lab, a fair coin is tossed. If the outcome is
Heads, the copy of Freya (but not of Wigner) in the corresponding lab is duplicated again. If the outcome is Tails, she is not.

Given that half as many copies of Freya will experience waking under the outcome Tails than the outcome Heads,
a given copy of Freya may assign a proportionately lower degree of belief that she is contained in the smaller group of
copies. There is significant disagreement in philosophical literature concerning whether the original Sleeping Beauty
ought to be a “Thirder” [38] or a “Halfer” [39], and depending on how you operationalise the setup [40], one may
take either position. Here, we follow the prescription of Elga [41] for the specific question asked in our Thought
Experiment: Elga would claim that Freya should assign a uniform probability distribution to self-locating as any copy
(see Appendix VD for an overview on Elga’s Principle of Indi!erence [38, 41], and Subsection III C, in which we
reevaluate this option more explicitly). Using the law of large numbers, there will almost surely be approximately
N copies of Freya who will experience a Heads-awakening, following the duplication process, whilst approximately
N/2 will experience a Tails-awakening (to first order in N). Hence, with high probability, approximately N/2 copies
of Freya will lose their wager of (2/3→ ε)$, whilst approximately N copies of Freya will have profited by (1/3 + ε)$.
The bet is therefore rational for any copy of Freya to accept for any ω > 0 (but not for negative ω) – thus setting
her credence for Tails as 1/3. Similarly, about N/2 copies of Wigner will lose their wager, while approximately N/2
copies will have profited. Accordingly, Elga’s principle implies the following diverging credences for Freya and Wigner
respectively:

PF (T ) ↑
N/2

N +N/2
=

1

3
, PW (T ) ↑ N/2

N/2 +N/2
=

1

2
, (2)

N	



What	about	our	to-be-simulated	and	duplicated	friends?

This	would	be	a	theory	that	explains,	starWng	with	private	probabiliWes,	
• how	a	noWon	of	“external	world”	emerges	for	N=1	agents,	and	
• how	an	approximate	noWon	of	objecWvity	emerges	for	N>1	agents.	
• Since	the	personalist	probabiliWes	do	not	typically	fit	together	into	

a	joint	distribuWon,	the	hope	is	that	aspects	of	quantum	theory	arise.	
• Then	we	can	tell	our	simulated	&	duplicated	friends	what	to	expect.

For	every	single	agent,	there	should	be	a	mathemaWcal	expression	for	
what	they	should	believe	about	future	experiences,	in	all	circumstances.	
In	ordinary	physics,	this	is	exactly	the	quantum	state.

M	copies	of	Freya	

8

Thought Experiment 2. Imagine Freya and Wigner are to be put to sleep, and multiplied into N copies.
Each couple is distributed to one of N identical laboratories. In each laboratory, a fair coin is tossed, and if the
outcome is Heads, the copy of Freya (but not the copy of Wigner) is duplicated again. Then, all participants
are woken and asked to give their credence that the outcome of their lab’s coin toss was Tails. (We assume that
they cannot notice the presence/absence of an identical copy of Freya in the lab). This scenario is sketched in
Figure 3.

In fact, all participants are o!ered a bet: they can buy a ticket from a bookie for (2/3 → ω)$, where ω > 0 is
small, (say, for 66 cents) that wagers on the coin toss having shown Heads. It is natural to argue (see below) that
the credence that Freya should assign to Tails (which directly determines the maximum price 1→p she rationally
ought to be prepared to pay) is 1/3, whilst for Wigner it is 1/2: Freya should buy the ticket, but Wigner should
not.

Finally, all copies survive the experiment and are released. Everyone who has bought the ticket now receives
1$ if the outcome of their lab’s coin toss was indeed Tails. Freya and Wigner have been initially informed about
all the details of the experiment.

FIG. 3. Sketch of the setup of Thought Experiment 2; Freya and Wigner agree to an experiment in which they will be put to
sleep and multiplied into N copies, where N is large (here though, N = 2). For each lab, a fair coin is tossed. If the outcome is
Heads, the copy of Freya (but not of Wigner) in the corresponding lab is duplicated again. If the outcome is Tails, she is not.

Given that half as many copies of Freya will experience waking under the outcome Tails than the outcome Heads,
a given copy of Freya may assign a proportionately lower degree of belief that she is contained in the smaller group of
copies. There is significant disagreement in philosophical literature concerning whether the original Sleeping Beauty
ought to be a “Thirder” [38] or a “Halfer” [39], and depending on how you operationalise the setup [40], one may
take either position. Here, we follow the prescription of Elga [41] for the specific question asked in our Thought
Experiment: Elga would claim that Freya should assign a uniform probability distribution to self-locating as any copy
(see Appendix VD for an overview on Elga’s Principle of Indi!erence [38, 41], and Subsection III C, in which we
reevaluate this option more explicitly). Using the law of large numbers, there will almost surely be approximately
N copies of Freya who will experience a Heads-awakening, following the duplication process, whilst approximately
N/2 will experience a Tails-awakening (to first order in N). Hence, with high probability, approximately N/2 copies
of Freya will lose their wager of (2/3→ ε)$, whilst approximately N copies of Freya will have profited by (1/3 + ε)$.
The bet is therefore rational for any copy of Freya to accept for any ω > 0 (but not for negative ω) – thus setting
her credence for Tails as 1/3. Similarly, about N/2 copies of Wigner will lose their wager, while approximately N/2
copies will have profited. Accordingly, Elga’s principle implies the following diverging credences for Freya and Wigner
respectively:

PF (T ) ↑
N/2

N +N/2
=

1

3
, PW (T ) ↑ N/2

N/2 +N/2
=

1

2
, (2)

N	



Algorithmic	idealism

An	approach	of	this	sort	already	exists,	and	is	under	further	construcWon.

If	you	are	interested:	mpmueller.net/ai

Coming	soon:	Adversarial	collaboraWon	with	Kelvin	McQueen.

Technical	paper:

Recent	essay:

M.	P.	Müller,	Law	without	law:	from	observer	states	to	physics	via	algorithmic	informa=on	
theory,	Quantum	4,	3301	(2020).

M.	P.	Müller,	Algorithmic	idealism:	what	should	you	believe	to	experience	next?,	
arXiv:2412.02826.



Conclusions	1/2

• Quantum	theory	is	just	one	of	many	probabilisWc	theories.

• Since	2011,	we	know	how	to	derive	QT	from	simple	principles,	without	
preassuming	any	of	the	usual	mathemaWcal	machinery	(algebras,	
complex	numbers,	Hilbert	spaces…)

• Have	shown	one	such	“reconstrucWon”	of	QT:
Ll.	Masanes,	M.	P.	Müller,	R.	Augusiak,	and	D.	Pérez-García,	Existence	of	an	informa=on	
unit	as	a	postulate	of	quantum	theory,	Proc.	Natl.	Acad.	Sci.	USA	110,	16737	(2013).

• The	view	that	a	quantum	state	is	a	“catalog	of	probabiliGes”	for	what	
some	agent	should	believe	to	observe/experience	next	has	the	power	
to	explain	why	QT	has	the	very	mathemaWcal	structure	that	it	does.	

but	there	are	many	others,	e.g.
Ll.	Masanes	and	M.	P.	Müller,	New	J.	Phys.	13,	063001	(2011).



Conclusions	2/2

• Have	shown	how	to	reproduce	certain	structural	aspects	of	
Wigner’s	friend	scenarios	classically	via	duplicaGon.

• RestricGon	A	as	a	common	core:	physical	theories	do	not	always	
give	us	joint	probability	distribuWons	for	the	future	observaWons	
of	all	agents	(or	even	a	single	agent).	
Have	argued	that	this	is	what	Wigner’s	friend	is	ulWmately	about.

• This	is	at	the	core	of	several	other	puzzles	in	physics	and	philosophy,	
including	classical	duplicaGon	or	the	Boltzmann	brain	problem,	see:

• Have	argued	that	this	moWvates	idealist/fragmentalist	approaches	
where	“reality”	is	a	mosaic	of	the	fundamental	first-person	pieces.

Caroline	Jones	and	MM,	arXiv:2402.08727	(and	mpmueller.net/ai)

Thank	you!


