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The landscape of probabilistic theories

• What is a quantum state? 
It is the thing that allows us to determine, for all possible 
questions that we may decide a physical system to ask, 
the probabilities of finding the possible answers.
All interpretations of QT agree in this point.
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The landscape of probabilistic theories

• What is a state? 
It is the thing that allows us to determine, for all possible 
questions that we may decide a physical system to ask, 
the probabilities of finding the possible answers.

• What is a state space? 
It is the collection of all states that a system could 
possibly be in, closed under taking mixtures.
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Reconstructing quantum theory

A vast landscape of state spaces, or theories (=collection

of allowed state spaces) fits this description.

QT CPT

"Bananaworld" 
=boxworld

All probabilistic theories

C*-algebras

Goal: Find a set of 
principles that singles

out QT uniquely.QT

Will now describe one 
particular set of principles 
that accomplish this...

Ll. Masanes, MM, R. Augusiak, and D. Pérez-García, Existence of an information unit 
as a postulate of quantum theory, Proc. Natl. Acad. Sci. 110(41), 16373 (2013).

... but many others have been found in the last few years.



Reconstructing quantum theory

• Prehistory:

• Quantum information revolution:
Lucien Hardy 2001: Quantum Theory From Five 
Reasonable Axioms. But needs "simplicity axiom"...

Dakic+Brukner 2009; Masanes+MM 2009

Chiribella, d'Ariano, Perinotti 2010;   Hardy 2011

the one I'll present now 2013;

Barnum, MM, Ududec 2014; Hoehn 2015; 
Wilce 2016 (and earlier results)...

Birkhoff & von Neumann (1936); quantum logic (Piron, ...), 
Ludwig (1954); Alfsen&Shultz (≈1980); .....
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A reconstruction of quantum theory

QT

General probabilistic theories (GPTs)

• Postulate 1: Continuous reversibility.

Continuous reversible time 
evolution can (in principle) map 
every pure state to every other.

CPT

Popescu-

Rohrlich

boxes

Ll. Masanes, MM, R. Augusiak, and D. Pérez-García, PNAS 110(4), 16373 (2013).



A reconstruction of quantum theory

• Postulate 1: Continuous reversibility.

• Postulate 2: Tomographic locality.

The state of a composite system 
is completely characterized by 
the correlations of measurements 
on the individual components.

4

�

release button

physical system

T

outcomes x and x̄

x

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.

2. Generalized probabilistic theories

In CPT there can always be a joint probability distribution for all random variables under
consideration. The framework of generalized probabilistic theories (GPTs), also called the
convex operational framework, generalizes this by allowing the possibility of random variables
that cannot have a joint probability distribution or cannot be simultaneously measured (such as
noncommuting observables in QT).

This framework assumes that at some level there is a classical reality, where it makes
sense to talk about experimentalists performing basic operations such as preparations, mixtures,
measurements and counting the relative frequencies of outcomes. These are the primary
concepts of this framework. It also provides a unified way for all GPTs to represent states,
transformations and measurements. A particular GPT specifies which of these are allowed,
but it does not tell their correspondence to actual experimental setups. On its own, a GPT
can still make nontrivial predictions such as: the maximal violation of a Bell inequality [1],
the complexity-theoretic computational power [2, 18] and, in general, all information-theoretic
properties of the theory [6].

The framework of GPTs can be stated in different ways, but all lead to the same
formalism [3–9]. This formalism is presented in this section at a very basic level, providing
some elementary results without proofs.

2.1. States

Definition of a system. We associate with a setup like figure 1 a system if, for each configuration
of the preparation, transformation and measurement devices, the relative frequencies of the
outcomes tend to a unique probability distribution (in the large sample limit).

The probability of a measurement outcome x is denoted by p(x). This outcome can be
associated with a binary measurement that tells whether x happens or not (this second event
x̄ has probability p(x̄) = 1 � p(x)). The above definition of a system allows one to associate
with each preparation procedure a list of probabilities of the outcomes of all the measurements
that can be carried out on a system. As we show in section 4.3, our requirements imply that all
these probabilities p(x) are determined by a finite set of them; the smallest such set is used to

New Journal of Physics 13 (2011) 063001 (http://www.njp.org/)
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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 � 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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There is a type of system (the "ubit") such that the state of any 
system can be encoded into a sufficiently large number of ubits.
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• Postulate 4: No simultaneous

                        encoding.

If a ubit is used to perfectly encode one 
classical bit, it cannot simultaneously 
encode any further information.

Ll. Masanes, MM, R. Augusiak, and D. Pérez-García, PNAS 110(4), 16373 (2013).
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Theorem: If Postulates 1-4 hold, 
then the state space of n ubits is 
exactly standard (Hilbert space) 
quantum theory of 2n alternatives.

Ll. Masanes, MM, R. Augusiak, and D. Pérez-García, PNAS 110(4), 16373 (2013).
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• Postulate 1: Continuous reversibility.

• Postulate 2: Tomographic locality.

• Postulate 3: Existence of an

                        information unit.

• Postulate 4: No simultaneous

                        encoding.

An interesting remark is that our four postulates, except for part
2 of postulate 3, express the possibility or impossibility of certain
tasks. This is very similar in spirit to formulations of the second law
of thermodynamics, the principle of equivalence of gravitation and
inertia, or the principle of light speed invariance. Contrary, this
remains completely hidden in the standard postulates of QT.

Argumentation
Having stated our four postulates, let us now show that the only
theory obeying them is QT. In what follows, we present an
overview of the proof, whereas its detailed version can be found
in SI Text. First of all, postulate 3.1 implies that the dimension of
the gbit kgbit is finite. Then, Continuous Reversibility associates
to any state space S a group of reversible transformations G,
having an invariant scalar product with respect to which all pure
states of S have the same norm. This together with the fact that
the boundary of N gbit contains only pure states imply that it is an
ellipsoid (second arrow in Fig. 3). By setting as the new set of
fiducial outcomes the effects corresponding to the principal axes
of the ellipsoid (recall that all effects are observable), N gbit be-
comes a Euclidean ball (third arrow in Fig. 3). However, what
is the state space of two gbits S2

gbit? According to Continuous
Reversibility, the set of pure states of two gbits can be written
as fGðω⊗ωÞjG∈G2

gbitg, where G2
gbit is the group of reversible

transformations for two gbits, and ω is a pure state of one gbit.
The group G2

gbit is unknown, but by consistency, it must contain
all local transformations,

Ggbit ⊗Ggbit ⊆G2
gbit; [2]

and it must generate states with well-defined probabilities,
meaning that

!
Ex ⊗Ey

"
ðGðω⊗ωÞÞ∈½0; 1$ [3]

holds for all G∈G2
gbit and any (local) gbit effects Ex, Ey. The

family of all bipartite state spaces satisfying these two consistency
requirements was analyzed in ref. 13, and it was shown that, with
the exception of the quantum case, all state spaces contain sep-
arable states only, and the corresponding groups G2

gbit contain
product transformations only. However, this is in contradiction
with Gbits Can Interact! Hence, the combination of this postu-
late together with requirements 2 and 3 is very restrictive, and it
implies that the Euclidean ball N gbit has dimension kgbit −1= 3
and Ggbit = SOð3Þ (SI Text and ref. 13). This tells us that, locally,
gbits are identical to qubits, but it is not clear yet whether multi-
gbit state spaces Sn

gbit having a nonquantum structure are con-
sistent with our postulates. In ref. 12, all possible joint-state
spaces of n systems that are locally qubits are classified, and it
is found that the only possibility allowing for nonproduct re-
versible transformations is multiqubit QT. So gbits must be lo-
cally and globally like qubits: Sn

gbit is the set of 2n-dimensional
density matrices and Gn

gbit is the adjoint representation of SUð2nÞ.
Finally, because any state space is reversibly encodable in a mul-
tiqubit system, the states, transformations, and measurements
of any system can be represented within the formalism of finite-
dimensional QT.

Conclusions
Given the controversy around the foundations of QT, it is very
natural to seek for modifications and generalizations of QT. In
addition, some authors claim that this is necessary to unify the
description of quantum and gravitational phenomena (25, 26).
Each set of postulates for QT provides a different starting point
for this endeavor. For example, starting from the standard pos-
tulates, some authors have modified the Schrödinger equation
(27), or the field of numbers over which the Hilbert space is
defined (28). However, a radically different starting point is
provided by our postulates. In SI Text, we relax that Gbits Can
Interact (postulate 3.3) and characterize the family of theories
that emerges (see also ref. 13). It is shown that all these alter-
native theories, although being not classical, do not contain en-
tanglement and do not violate Bell inequalities. If instead, we
relax the continuity part of the Continuous Reversibility Postu-
late, then the family of theories that emerges includes classical
probability theory, but we leave for future research whether
other theories are included as well. This seems an important
question, because in our construction and others (4), the conti-
nuity of the dynamics appears to be the dividing feature between
classical probability theory and QT.
A repeated pattern in the history of science is the promotion

of a scientific instrument to a model for understanding the world.
For instance, there are some proposals for viewing the universe
as a giant computer [classical (29) or quantum (30)]. However,
what is the physical content of this? Can the dynamics of any
system be understood as computation? After all, it is computing
its future state. We propose that a requisite for upgrading time
evolution to computation is that such time evolution is substrate
independent, in the sense that it can be simulated in a system of
information units. In this work, we have taken this perspective
seriously: we have promoted the Existence of an Information
Unit with suitable properties to be a postulate, and we have
shown that this together with the very natural postulates of
Continuous Reversibility and Tomographic Locality, uniquely
determine the full mathematical formalism of QT.

ACKNOWLEDGMENTS. L.M. acknowledges support from CatalunyaCaixa,
the European Union (EU) European Research Council Advanced Grant
“Nonlocality in Space and Time”, the EU “Quantum Interfaces, Sensors
and Communication Based on Entanglement” project, the Templeton
Foundation, and the FQXi large grant project “Time and the Structure

Fig. 3. Summary of the argumentation. This figure synthesizes the proof that
the only theory satisfying our four postulates is QT. Each step (represented by
an arrow) invokes part of the content of the postulates (specified inside the
arrow) and reveals new information about the state space of the generalized
bit. Initially (Top Left) N gbit is an arbitrary convex set with arbitrary dimension
d =kgbit −1, and finally (Bottom Left) it is a three-dimensional ball. The first
arrow represents the step explained in Fig. 2. The abbreviations CR, TL, ∃IU, NSE,
”all effects,” and ”interaction” refer to Continuous Reversibility, Tomographic
Locality and Existence of an Information Unit, No Simultaneous Encoding, All
Effects Are Observable, and Gbits Can Interact, respectively.
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theory is singled out by postulating that the state and time evolution of every physical system can be reversibly encoded into a
number of interacting “universal bits”; time evolution can be reversible and continuous; global states are uniquely determined
by their local properties and their correlations; and one universal bit can carry one binary unit of information and not more.

These are properties which are directly linked to the possibility of having a universal computing machine, like the quantum
Turing machine, which is constructed in a modular way by composing a large number of universal bits. This universal machine is
in principle able to simulate the time evolution of any physical system whatsoever, thereby rendering the empirically accessible
content of any physical system—that is, its (quantum) state—ultimately “substrate-independent”. It is interesting to see that
this notion of “universal computation”, as formalized in our postulates, is powerful enough to uniquely determine the state
space, time evolution, and possible measurements (and thus also other properties like the maximal amount of non-locality) of
quantum theory. In this sense, the hypothesis of “physics as computation”, interpreted in a suitable way, demonstrates remarkable
explanatory power.

The remainder of this paper is organized as follows. Section II outlines our view that information-theoretic reconstructions
of quantum theory provide a fruitful, albeit only partial interpretation of quantum theory. We describe several alternatives
for arriving at a full-fledged interpretation of quantum theory, using the information-theoretic reconstructions as a starting point.
Furthermore, we describe why we think that the reconstructions pose a challenge to existing -ontic interpretations. In Section III
we introduce the GPT framework, and highlight some of the generalizations beyond quantum theory by examining the gbit and
its possible correlations. This is, in some sense, the most general fundamental unit of information within the GPT framework. In
Section IV we present the postulates that allow us to single out quantum theory uniquely from the space of GPTs, as first shown
by one of the authors in [36]. In doing so, we highlight the physical significance of the postulates, and some of their potential
conceptual consequences. We conclude that information theory—specifically, constraints arising from universal computation—
teaches us a lot about the structure of quantum theory. This goes a long way toward answering the question, “Why the quantum?”

II. PARTIALLY INTERPRETING QUANTUM THEORY AS A PRINCIPLE THEORY

We begin with a distinction first made by Einstein between principle and constructive theories. Reflecting on his methods for
developing the special and general theories of relativity (SR and GR, respectively), Einstein contrasted his principle approach
with the usual constructive methods in physics:

We can distinguish various kinds of theories in physics. Most of them are constructive. They attempt to build up
a picture of the more complex phenomena out of the material of a relatively simple formal scheme from which
they start out. Thus the kinetic theory of gases seeks to reduce mechanical, thermal, and diffusional processes to
movements of molecules—i.e., to build them up out of the hypothesis of molecular motion. When we say that we
have succeeded in understanding a group of natural processes, we invariably mean that a constructive theory has
been found which covers the processes in question. Along with this most important class of theories there exists a
second, which I will call ‘principle theories.’ These employ the analytic, not the synthetic, method. The elements
which form their basis and starting-point are not hypothetically constructed but empirically discovered ones, general
characteristics of natural processes, principles that give rise to mathematically formulated criteria which the separate
processes or the theoretical representations of them have to satisfy. Thus the science of thermodynamics seeks
by analytical means to deduce necessary conditions, which separate events have to satisfy, from the universally
experienced fact that perpetual motion is impossible [40, p. 228].

Others have noticed the similarity between information-theoretic reconstructions of quantum theory and SR [13, 41, 42],
and Bub has been vocal about the utility of information theory for making quantum mechanics a principle theory [18, 19, 43].
Unlike constructive theories, principle theories explain by showing that features of the world are deductive consequences of a
small set of general principles. This leads us to formulate the following thesis, which we will elaborate in more detail in the
remainder of this section:

Thesis: Information-theoretic reconstructions provide a partial interpretation of quantum theory as a principle theory
of information,

8
by identifying a small set of information-theoretic principles that render our world a quantum one. This

leaves several alternatives for extending to a full-fledged interpretation, some of which we describe below. Furthermore, the

reconstructions represent a major challenge for existing “ -ontic” interpretations of quantum theory, by highlighting a relative

deficiency of those interpretations in terms of their explanatory power.

8 This is very closely along the lines of Jeffrey Bub’s [18, 43] suggestion.
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As long as this challenge is not met, we think that there is a

relative deficiency of the (many worlds) interpretation in terms

of its explanatory power, as compared to any choice of 
completion of a partial interpretation as obtained from the

information-theoretic reconstructions.
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It says that the real substance of Bell’s fear is just that,
the fear itself. To succumb to it is to block the way to
understanding the theory on its own terms. Moreover,
the shriller notes of Bell’s rhetoric are the least of the
worries: The universe didn’t have to wait billions of years
to collapse its first wave function—wave functions are not
part of the observer-independent world.
But this much of the solution is an elderly and some-

what ineffective antibody. Its presence is mostly a call
for more clinical research. Luckily the days for this are
ripe, and it has much to do with the development of the
field of quantum information theory in the last 15 years—
that is, the multidisciplinary field that has brought about
quantum cryptography, quantum teleportation, and will
one day bring about full-blown quantum computation.
Terminology can say it all: A practitioner in this field,
whether she has ever thought an ounce about quantum
foundations, is just as likely to say “quantum informa-
tion” as “quantum state” when talking of any |ψ⟩. “What
does the quantum teleportation protocol do?” A now
completely standard answer would be: “It transfers quan-
tum information from Alice’s site to Bob’s.” What we
have here is a change of mindset [6].
What the facts and figures, protocols and theorems

of quantum information pound home is the idea that
quantum states look, act, and feel like information in the
technical sense of the word—the sense provided by prob-
ability theory and Shannon’s information theory. There
is no more beautiful demonstration of this than Robert
Spekkens’s “toy model” for mimicking various features of
quantum mechanics [12]. In that model, the “toys” are
each equipped with four possible mechanical configura-
tions; but the players, the manipulators of the toys, are
consistently impeded—for whatever reason!—from hav-
ing more than one bit of information about each toy’s
actual configuration. (Or a total of two bits for each two
toys, three bits for each three toys, and so on.) The only
things the players can know are their states of uncer-
tainty about the configurations. The wonderful thing is
that these states of uncertainty exhibit many of the char-
acteristics of quantum information: from the no-cloning
theorem to analogues of quantum teleportation, quantum
key distribution, entanglement monogamy, and even in-
terference in a Mach-Zehnder interferometer. More than
two dozen quantum phenomena are reproduced qualita-
tively, and all the while one can always pinpoint the un-
derlying cause of the occurrence: The phenomena arise in
the uncertainties, never in the mechanical configurations.
It is the states of uncertainty that mimic the formal ap-
paratus of quantum theory, not the toys’ so-called ontic
states (states of reality).
What considerations like this tell the ψ-ontologists3—

3Not to be confused with Scientologists. This neologism was
coined by Chris Granade, a Perimeter Scholars International

i.e., those who to attempt to remove the observer
too quickly from quantum mechanics by giving quan-
tum states an unfounded ontic status—was well put by
Spekkens:

[A] proponent of the ontic view might argue that
the phenomena in question are not mysterious if
one abandons certain preconceived notions about
physical reality. The challenge we offer to such a
person is to present a few simple physical prin-
ciples by the light of which all of these phe-
nomena become conceptually intuitive (and not
merely mathematical consequences of the formal-
ism) within a framework wherein the quantum
state is an ontic state. Our impression is that this
challenge cannot be met. By contrast, a single
information-theoretic principle, which imposes a
constraint on the amount of knowledge one can
have about any system, is sufficient to derive all
of these phenomena in the context of a simple toy
theory . . .

The point is, far from being an appendage cheaply tacked
on to the theory, the idea of quantum states as informa-
tion has a simple unifying power that goes some way
toward explaining why the theory has the very mathe-
matical structure it does.4 By contrast, who could take
the many-worlds idea and derive any of the structure of
quantum theory out of it? This would be a bit like try-
ing to regrow a lizard from the tip of its chopped-off tail:
The Everettian conception never purported to be more
than a reaction to the formalism in the first place.
There are, however, aspects of Bell’s challenge (or at

least the mindset behind it), that remain a worry. And
upon these, all could still topple. There are the old
questions of Whose information? and Information about
what?—these certainly must be addressed before any vac-
cination can be declared a success. It must also be settled
whether quantum theory is obligated to give a criterion
for what counts as an observer. Finally, because no one
wants to give up on physics, we must tackle head-on the
most crucial question of all: If quantum states are not
part of the stuff of the world, then what is? What sort

student at Perimeter Institute, and brought to the author’s
attention by R. W. Spekkens, who pounced on it for its beau-
tiful subtlety.
4We say “goes some way toward” because, though the toy

model makes about as compelling a case as we have ever seen
that quantum states are states of information (an extremely
valuable step forward), it gravely departs from quantum the-
ory in other aspects. For instance, by its nature, it can give no
Bell inequality violations or analogues of the Kochen-Specker
noncolorability theorems. Later sections of this paper will in-
dicate that the cause of the deficit is that the toy model differs
crucially from quantum theory in its answer to the question
Information about what?

3
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