PHYSICAL REVIEW A 104, 032220 (2021)

Spacetime symmetries and the qubit Bloch ball: A physical derivation of finite-dimensional
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Quantum theory and relativity are the pillar theories on which our understanding of physics is based. Poincaré
invariance is a fundamental physical principle stating that the experimental results must be the same in all inertial
reference frames in Minkowski spacetime. It is a basic condition imposed on quantum theory in order to construct
quantum field theories, hence, it plays a fundamental role in the standard model of particle physics too. As is
well known, Minkowski spacetime follows from clear physical principles, like the relativity principle and the
invariance of the speed of light. Here we reproduce such a derivation but leave the number of spatial dimensions
n as a free variable. Then, assuming that spacetime is Minkowski in 1 4+ n dimensions and within the framework
of general probabilistic theories, we reconstruct the qubit Bloch ball and finite dimensional quantum theory,
and obtain that the number of spatial dimensions must be n = 3, from Poincaré invariance and other physical
postulates. Our results suggest a fundamental physical connection between spacetime and quantum theory.
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I. INTRODUCTION

While special relativity is clearly stated in terms of the
relativity principle and the invariance of the speed of light
[1,2], quantum theory is traditionally formulated in terms of
abstract mathematical postulates, involving vectors in a com-
plex Hilbert space [3-5]. Two important, long-standing, and
independent research problems are reconstructing quantum
theory from sensible physical conditions [6-37] and investi-
gating whether spacetime and quantum theory are linked at
the level of the Hilbert space formalism [38—42].

Important motivations to reconstruct quantum theory from
physical conditions are to understand quantum theory better
and to explore ways in which quantum theory could be mod-
ified by investigating variations of its foundational principles.
An important reason for doing this is the problem of unifying
gravity and quantum physics [43,44]. Thus, it is compelling to
explore physical principles that suggest clear connections be-
tween the mathematical structures of spacetime and quantum
theory.

The framework of general probabilistic theories (GPTs)
has minimal assumptions and includes classical and quantum
theory as special cases (see, e.g., [12,16,17,19-21,24,28,45]).
It has allowed the investigation of quantum properties and
protocols within a broader framework of theories, like entan-
glement [45,46], the violation of Bell inequalities [45,47,48],
the no-cloning theorem [45], the no-broadcasting theorem
[49], entropy [50-52], teleportation [45,46,53,54], dense cod-
ing [46,54], entanglement swapping [46,54], communication
[45,55], computation [45,56-63], and cryptography [45,64—
67], for instance. Furthermore, several interesting axiomatic
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reconstructions of the mathematical formalism of finite di-
mensional quantum theory have been proposed within this
framework (e.g., [12,16,19-21,24,28,29]).

To the best of our knowledge, at the moment of writing
this paper there is not any proposed physical principle or
postulate in the axiomatic reconstructions of quantum theory
within the GPTs framework suggesting a clear connection
between the mathematical formalism of quantum theory and
the whole mathematical structure of Minkowski or curved
spacetime. In particular, there is not any proposed postulate
in the GPTs framework that exploits the whole group of
symmetry transformations in Minkowski spacetime, given by
the proper orthochronous Poincaré group, i.e., the spacetime
translations, space rotations, and Lorentz boosts. However,
we note that Svetlichny [68] has derived the Hilbert space
formalism of quantum mechanics from Poincaré invariance
and other postulates in the framework of quantum logic.

Physical principles and postulates inspired by the causality
of spacetime have been proposed and investigated in the GPTs
framework (e.g., [17,28,69]). For example, causality, i.e., the
condition that the probability of preparing a system in a given
state is independent of what measurement is applied after the
preparation [17], is a standard assumption made in GPTs.
The no-signaling principle, which allows consistency with
relativistic causality, is also a standard assumption in GPTs.
No-signaling says that the outcome probabilities of any mea-
surement applied on A are independent of the measurement
applied on B for any bipartite system AB in an arbitrary state.
Extensions of the no-signaling principle called “Information
Causality” [69] and “No Simultaneous Encoding” [28] have
been proposed to derive some quantum properties.

Information causality [69] roughly states that the transmis-
sion of m classical bits by a first party, Alice, to a second
party, Bob, cannot increase Bob’s information about Alice’s
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data in more than m bits. A quantum version of this principle
[70] states that the transmission of m qubits by Alice to Bob
cannot increase Bob’s quantum information about Alice’s data
in more than a value of m. Information causality was used
to derive the quantum Tsirelson bound [71] on the violation
of the Clauser-Horne-Shimony-Holt (CHSH) Bell inequality
[72]. This principle reduces to the no-signaling principle when
m = 0. Although no-signaling allows the satisfaction of rel-
ativistic causality and is thus motivated by the structure of
spacetime, information causality is not clearly motivated by
any property of spacetime.

No Simultaneous Encoding roughly states that there exists
an elementary system called “the gbit,” which if used to per-
fectly encode one classical bit cannot simultaneously encode
any further information. This postulate was used together with
other postulates to reconstruct finite dimensional quantum
theory [28]. Although this postulate might be a sensible varia-
tion of information causality, it is not clearly motivated by any
feature of spacetime either.

References [39,40] investigated connections between the
number of spatial dimensions and the mathematical structure
of finite dimensional quantum theory in the framework of
GPTs. But these papers did not consider any relativistic ef-
fects. In particular, they did not consider Lorentz boosts.

Assuming that space has n dimensions and that there exists
a physical system that allows to encode any direction in space,
Ref. [39] derived from a set of postulates that n =3 and
that a pair of such systems must be described by quantum
theory. However, some of the postulates proposed by Ref. [39]
are not clearly physically sensible. For example, the second
postulate roughly says that if a state perfectly encodes a spatial
direction, it cannot encode any further information. We note
that this postulate is very similar to No Simultaneous Encod-
ing. As for No Simultaneous Encoding, we do not see any
compelling reasons to consider that this postulate is physically
sensible.

Assuming that space is Euclidean and isotropic with n
dimensions, and using a set of postulates, Ref. [40] recon-
structed finite dimensional quantum theory and that n = 3.
However, Ref. [40] made two strong assumptions: (1) there
exists an elementary system whose state space is an Euclidean
ball of dimension d, which generalizes the qubit Bloch ball of
three dimensions, and (2) the dimension of space equals the
dimension of the Euclidean ball, i.e., d = n.

References [41,42] investigated connections between the
mathematical structures of Minkowski spacetime, including
relativistic effects, and finite dimensional quantum theory in
the GPTs framework. By establishing a task in which two
distant parties must synchronize their description of local
physics using quantum communication, and with the help of
some assumptions, Ref. [41] derived the group of Lorentz
transformations of Minkowski spacetime. Deriving proper-
ties of Minkowski spacetime from quantum theory is a very
interesting problem. However, here we take the view that
the reverse problem, in which properties of quantum theory
are derived from Minkowski spacetime, is physically more
compelling. The main reason for our point of view is that,
as already mentioned, Minkowski spacetime follows clearly
from well-established physical principles, but quantum theory
is commonly stated in terms of abstract mathematical postu-

lates. Although we appreciate that there are many axiomatic
reconstructions of quantum theory, we believe that all of them
make some assumptions that are arguably not completely
physically sensible.

Reference [42] considered the following thought experi-
ment. A particle passes through a beam splitter and is then
superposed along two different paths. The experiment is de-
scribed in two different inertial reference frames that are
connected by a Lorentz transformation A. It was derived that
the state space S corresponding to the path superpositions for
the particle is the qubit Bloch ball. We find this approach very
interesting. However, there were several strong assumptions
in this derivation.

First, Ref. [42] assumed that the state space S is an Eu-
clidean ball of arbitrary dimension d, generalizing the qubit
Bloch ball. Second, it was assumed that under a Lorentz
transformation the path superposition state transforms as a
finite dimensional representation of the Lorentz group. Be-
cause the only finite dimensional unitary representation of the
Lorentz group is the trivial representation [73,74], Ref. [42]
concluded that the path superposition state does not transform
under Lorentz transformations. However, by considering infi-
nite dimensional degrees of freedom, the path superposition
state could, in principle, transform nontrivially under Lorentz
transformations. Third, it was assumed that any pure state on
the Euclidean sphere could be prepared by setting up the beam
splitter appropriately and applying local reversible transfor-
mations on the two branches of the interferometer. Finally, it
was assumed that the group of reversible transformations on
both branches are equal.

The only physical property from Minkowski spacetime
used by Ref. [42] was the simultaneity of relativity, according
to which the time order of two spacelike separated events
can be inverted in inertial reference frames that are con-
nected by some Lorentz boost. The whole group of symmetry
transformations in Minkowski spacetime, given by the proper
orthochronous Poincaré group, was not used by Ref. [42].

The main physical contribution of this paper to the lit-
erature of GPTs and reconstructions of quantum theory is
to propose a physical postulate that suggests a clear con-
nection between the group of symmetry transformations in
Minkowski spacetime, given by the proper orthochronous
Poincaré group Poin, and the Hilbert space structure of fi-
nite dimensional quantum theory. Our Postulate 1, “Poincaré
Structure,” assumes that spacetime is Minkowski in 1 4+ n
dimensions and roughly states that there exists a type of mas-
sive particle P described by a GPT satisfying (1) the states
and measurements transform as nontrivial representations of
Poin and the outcome probabilities remain invariant under
transformations from Poin and (2) the particle has internal
degrees of freedom of finite dimension that if are required to
transform as a representation of a subgroup of ‘Poin must do
so nontrivially. We restrict the group of symmetry transfor-
mations to be the proper orthochronous Poincaré group Poin
and not the full Poincaré group ‘Boing,;, which includes the
transformations of space inversion and time reversal, because
physics is observed to be perfectly invariant under ‘Boin but
not under ‘Poing,; [74]. In quantum theory, a particle of the
type P can be an electron, with the internal degrees of freedom
corresponding to the spin, for instance.
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We propose other postulates in addition to Postulate 1 and
derive the qubit Bloch ball, finite dimensional quantum theory,
and that the number of spatial dimensions must be n = 3.
In our derivation we assume that spacetime is Minkowski in
1 4+ n dimensions. As is well known, Minkowski spacetime is
derived from clear physical principles [1,2]. For completeness
of this paper, we present such a derivation here and leave the
number of spatial dimensions n as a free variable.

Our Postulate 2, “Existence of a Classical Limit,” states
that there exists a classical limit for the particle of the type
P, in the sense that two conditions hold: (1) there exists a
class of states in which the particle has classical well-defined
1 + n momentum p, and (2) a classical bit can be encoded in
the particle’s internal degrees of freedom. To our knowledge,
continuous and spacetime degrees of freedom, like the mo-
mentum of a particle, have not been considered in previous
axiomatic reconstructions of quantum theory.

The conditions (1) of Postulates 1 and 2 allow us to use
Wigner’s method of induced representations [73,74] to obtain
our main technical result, Lemma 1, which roughly says that
there exists a class of states for a particle of the type P in
which the internal degrees of freedom must transform as a
representation of the group SO(n).

Our Postulate 3, “Minimality of the Elementary System,”
says that there exists an elementary system having the state
space with the smallest nontrivial finite dimension de, in
nature, which can be physically implemented in some internal
degrees of freedom of a particle of the type P, and which
satisfies that dgey, achieves the minimum value that is con-
sistent with the other postulates. This is arguably a strong
assumption, but it is weaker than Hardy’s [12] “Simplicity
Axiom” stating that, for any physical system, the dimension of
its state space takes the minimum value that is consistent with
the other axioms. Furthermore, we believe this is a reasonable
assumption. We think it is physically sensible to assume that
physical theories should have mathematical structures that are
as simple as possible, while still describing a broad range of
physical phenomena. We think that a reasonable measure of
mathematical simplicity for a theory is given by the number
of real degrees of freedom needed to describe the elementary
system.

Our Postulates 4—7 have been used in previous reconstruc-
tions of finite dimensional quantum theory (e.g., [12,16,19—
21,24,28]) and are arguably physically sensible. Postulate 4,
“Continuous Reversibility,” says that for every pair of pure
states there exists a continuous reversible transformation that
transforms one into the other [12,16,20,24,28]. Postulate 5,
“Tomographic Locality,” says that the state of a composite
system is totally characterized by the outcome probabilities
of the local measurements on the subsystems [12,16,19—
21,24,28,45]. Postulate 6, “Existence of Entanglement,” says
that the state space of any bipartite system contains at least one
entangled state [24,28]. Postulate 7, “Universal Encoding,”
says that for any physical system, any state of finite dimension
can be reversibly encoded in a sufficiently large number of
elementary systems [28].

Assuming from the beginning that spacetime is Minkowski
in 1 4+ 3 dimensions, we show in Lemma 5 from Postulates
1-4 that the states, measurements, and reversible transfor-
mations of the elementary system are equivalent to those

of the qubit Bloch ball. Using this result and the results of
Refs. [24,28], we reconstruct finite dimensional quantum the-
ory in Theorem 1, from Postulates 1-7.

On the other hand, if we assume that spacetime is
Minkowski in 1 4+ n dimensions, leaving n as a free variable,
we show in Lemma 2 from Postulates 1-3 that the states and
measurements for the elementary system correspond to an Eu-
clidean ball of dimension n, which generalizes the qubit Bloch
ball. Then, using this result and the results of Refs. [24,28,75],
we show in Theorem 2 from Postulates 1-7 that the elemen-
tary system is the qubit, the number of spatial dimensions is
n = 3, and any physical system of any finite dimension can be
described by finite dimensional quantum theory.

Our Postulate 1 can be extended for arbitrary spacetimes
with arbitrary groups of symmetry transformations &, as we
do in Postulate 1’, “Structure from the Spacetime Symme-
tries.” We do not do it in this paper, but it would be very
interesting to investigate the implications of this postulate for
quantum theory in curved spacetimes or in modifications of
general relativity. As mentioned above, a compelling motiva-
tion for this is the problem of unifying gravity and quantum
theory.

The rest of this paper is organized as follows. We present an
introduction to the framework of GPTs and give some exam-
ples in Sec. II. Section III gives an introduction to Minkowski
spacetime and the Poincaré group in 1 + n dimensions, and
presents a well-known derivation of Minkowski spacetime
from physical principles, where we leave the number of spatial
dimensions n as a free variable. In Sec. IV we present and
discuss our main postulates, Postulates 1 and 1’. Section V
introduces and discusses our other postulates. In Sec. VI we
obtain our main technical result, Lemma 1, and use it to
derive in Lemma 2 that the elementary system corresponds
to an Euclidean ball of dimension n, and to reconstruct the
qubit Bloch ball in Lemma 5 if it is assumed that n = 3. Our
Theorems 1 and 2, reconstructing finite dimensional quantum
theory and the number of spatial dimensions, are given and
proved in Sec. VII. We conclude discussing our results and
presenting some open problems in Sec. VIII.

II. GENERAL PROBABILISTIC THEORIES
A. Finite dimensions

We provide a brief introduction to the framework of
general probabilistic theories (GPTs) of finite dimensions
[12,16,17,19-21,24,28,45,54]. A GPT predicts the outcome
probabilities for all possible experiments that can be imple-
mented in any physical system described by the theory [12].
An experiment comprises preparations and operations [45].
A physical system is prepared in a state ¢, then an operation
is applied, in general changing ¢ to another state ¢; with
probability g;, hence preparing ¢; with probability g;. The
outcome j of the operation can be observed and recorded at
the end of the experiment. Thus, an operation can be regarded
as a measurement or as a transformation [45].

Given a preparation procedure, the state ¢ €S is a
mathematical object that allows us to compute the out-
come probabilities for all possible measurements [12]. With
this definition, a state could comprise the list of outcome

032220-3



DAMIAN PITALUA-GARCIA

PHYSICAL REVIEW A 104, 032220 (2021)

probabilities for all possible measurements. An important as-
sumption in the framework of GPTs is that the states can
be determined by the outcome probabilities of a finite set of
measurements, called fiducial measurements, with finite sets
of possible outcomes. We note that this holds in classical
probabilistic theory and quantum theory of finite dimension.
For example, any quantum state of a qubit can be determined
by the outcome probabilities of three different measurements,
along the x, y and z axes in the Bloch sphere, for instance.

Stated as the “Probabilities” axiom by Hardy [12], in the
framework of GPTs we assume that by preparing an ensemble
of N identical systems in the same state { and performing
the same measurement on each system of the ensemble, the
relative frequencies obtained tend to the same value, which
we call probability, in the limit that N tends to infinity. This
is such a fundamental assumption that it is commonly consid-
ered as part of the background framework of GPTs.

The state space S for a physical system is the set of possible
states in which the system can be prepared or transformed. We
assume that S is closed and convex. Convexity means that one
should be able to prepare any convex combination ) ;4%
of states ¢; € S by preparing ¢; with probability g;, where
gj > 0and }_;q; = 1. It follows that S can be embedded in
a vector space V over R. The extreme points of S are called
pure states. These cannot be written as convex combinations
of other states. The state space S is the convex hull of the pure
states. The mixed states are the states that are not pure [12,45].

We assume causality, stating that the probability of prepar-
ing a system in a given state is independent of what
measurements will be implemented after the preparation [17].
As stated by Refs. [17,19], causality is an axiom that does
not need to hold in general physical theories, for example,
in theories of quantum gravity without definite causal struc-
tures. However, this principle is so fundamental in our current
understanding of physics that it is commonly assumed in the
framework of GPTs.

The outcome probabilities are given by maps & :S —
[0, 1], called effects. A measurement is a set of effects that
adds to the unit effect u, which satisfies u(¢) = 1 forall ¢ € S.
Causality implies that there is a single unit effect u for a
given system [17]. The zero effect g satisfies g¢(¢) = 0 for all
¢ € §S;itcorresponds to measuring a property that occurs with
zero probability for all states. The set of effects £ includes
both u and &y.

The set T of allowed transformations is a set of maps
7 that must leave the state space invariant, that is, 7:S§ —
S. The set of reversible transformations R = {t € T|t~! €
T,(t ' ot)(¢)=1¢VY¢ € S} is an important subset of the
allowed transformations. As explained below, the set of trans-
formations 7 can be considered as a set of linear maps on V.
It is straightforward to see from this property that reversible
transformations take pure states into pure states.

Similarly to S, we assume that £ and 7 are convex sets.
One way to prepare the state { = ;4;&; is to prepare ; with
probability ¢; and then forget j. Thus, the outcome probabili-
ties and the transformed state must satisfy e(¢) = 4 ie(&)
andt(Z) =) 4 ;T(L}), respectively. It follows that the set of
effects £ and the set of transformations 7 can be considered
as sets of linear maps on V [12,45]. The set of all linear

maps from V to R is called the dual space of V and is
denoted by V*.

In general, we have & C Eyom = {6 € V*|0 < e(¢) <
1V¢ € 8}, where Eyom is the set of normalized, or proper,
effects. We see that &, is the set of effects that give valid
outcome probabilities for all states ¢ € S. In general, the set
of effects £ can be a proper subset of E,om. The no-restriction
hypothesis [17] states that £ = Eyomy. This a rather strong
and unjustified assumption, which has been used in some ax-
iomatic reconstructions of finite dimensional quantum theory
(e.g., [17,20,28]) and whose relaxation has been investigated
(see e.g., Ref. [76]). We do not make this assumption here.

Since V is finite dimensional, V and V* are isomorphic to
R4*!, for some d € N (the case d = 0 being trivial). It fol-
lows that the states and effects are given by ¢, & € RY*! with

Y= (Co, C1, ..., Ca), & = (g0, €1, . . ., £4), Where “t” denotes
transposition. The map ¢(¢) is an Euclidean dot product
e)y=¢-¢t= Z?:o €;¢;, and the transformations t corre-
spond to (d + 1) x (d + 1) real matrices [12,45]. Without
loss of generality we take the unit effect, the zero effect, and

the state space by u = ((1)) &) = (8) and SZ{CEGNE € 5},

respectively, where 0 is the null vector in R4, ScRYisa
convex set, and d € N takes the minimum value such that
S c RY. We call d the dimension of S, or the dimension of
the GPT.

1. Composite systems

Consider two systems A and B with respective state spaces
Sy C R4+ and Sz ¢ R%*!, and respective effect spaces &4
and &Ep. Let Sap and E4p be the state space and the effect
space of the composite system AB, respectively. A few con-
ditions are imposed on Syp and E4p in the literature of GPTs
[12,17,45,49,54].

The first condition is the no-signaling principle, stat-
ing that for any state ¢ € Sap, the outcome probabilities
of measurements performed on A should be independent of
the measurements implemented on B and vice versa. If this
condition were violated, by choosing and performing local
measurements on A and B at spacelike separation, information
could be communicated faster than light. This would violate
relativistic causality. It is natural for us to impose the no-
signaling principle, in particular because we will be explicitly
assuming in this paper that physics takes place in Minkowski
spacetime.

The second condition is tomographic locality, which we
will present later as Postulate 5. This condition says that any
state ¢ € Syp can be determined by the outcome probabili-
ties of local measurements on A and B, which are given by
(e ® £')(¢) for some ¢ € 4 and &’ € Ep. It follows from these
conditions that Sz € R4*! @ R+! [45].

Additionally, it is assumed that product states ¢ ® ¢’
and product effects ¢ ® &’ are allowed, for all ¢ € Sy, ¢’ €
Sp, € € &4, and ¢’ € Ep. This is because the possibility of
preparing system A in some state { or applying a mea-
surement that includes some effect ¢ should be independent
of whether there is or not another system B. Formally,
these conditions can be expressed by Si ®min Sp C Sap
and €4 @min €8 C Eap, Where Sp ®umin Sp=convex hull {¢ ®
C'1¢ € Sp, ¢’ € Sg} is the minimal tensor product, and
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where we define an analogous quantity for the space of
effects by €4 Qmin £ = convex hull{e ® ¢'|e € &4, &’ € Ep}.
Together with the conditions above, these assumptions im-
ply that Sup C Sp @max S, Where Sy ®max Sp = {P(ua @
ug)(@) =1,(e @ &')(¢p) >0, Ve € E4, &' € Ep} is the maxi-
mal tensor product.

The unit effect acting on AB is usp = us ® up, which is
a property that can be deduced from the causality condition,
introduced above [17]. In general, we have Sp Qmin Sp <
Sap C S4 ®max Sp. A state is separable if it can be written as
a convex combination of product states. A state is entangled if
it is not separable. Thus, by definition, the set of separable
states corresponds to Sy ®min Sp. If A or B is a classical
system then Sap = Sa4 Omin Sp = Sa ®max Sp, and thus there
are no entangled states [45,49].

When considering composite systems AB, the set of al-
lowed transformations 74 on system A must satisfy that for
every system B and for every transformation t4 € 74, it holds
that 74 ® Ip:Sap — Sap, Where Ip is the identity map acting
on system B. This condition corresponds to the fact that in
quantum theory the maps must be completely positive. Ad-
ditionally, we require that 74:S4 — Sy for every t4 € Ty, as
previously discussed [45].

The considerations above apply to an arbitrary number N
of systems. For example, a system composed of three subsys-
tems A, B, and C can be considered as a system composed of
two subsystems AB and C.

B. Examples of finite dimensional general probabilistic theories
1. Finite dimensional classical probabilistic theory

Classical probabilistic theory of finite dimensions is an
example of a finite dimensional GPT. In this case, for a
classical system with N + 1 possible outcomes, the state
space S and the space of effects £ have N + 1 pure states
Lo, ¢1, ..., ¢y and N + 1 extremal effects &g, €1, ..., ey, re-
spectively, satisfying Zﬁ\lzo gi =u and &(¢;) =9, ;, for all
i,j€{0,1,...,N}. That is, there is a single measurement,
given by the set of effects {e j}j}':(), that perfectly distinguishes
the pure states.

It follows that the state space S satisfies that S is a reg-
ular N-simplex in RY. That is, S is the convex hull of the

pure states ¢; = (;), for all i € {0, 1,2,..., N}, where the

set of vectors {¢;}V, represents the vertices of a N-simplex
in RY. Thus, we have that the GPT’s dimension is d = N.
The space of effects £ is the convex hull of the unit effect
u, the zero effect g9, and the extremal effects ¢;, for all
j€{0,1,2,...,N}. The set of reversible transformations R
permutes the pure states.

The classical bit corresponds to the case of two possible
outcomes, i.e., N = 1. In this case, we have

_ 1 1 1 (1 (0
G\ ) E= g\ )=o) 0= o)
ey

for all i € {0, 1}. The state space S is given by the convex
hull of ¢y and &, which gives a line segment (see Fig. 1). The
space of effects £ is given by the convex hull of gy, ¢}, u, and
&9. There is a single reversible transformation, given by the

S
/

%o & 4

FIG. 1. The GPT of a classical bit. The state space S (blue
horizontal line) is the convex hull of the pure states ¢, and ¢; (blue
long diagonal arrows). The space of effects £ (red filled area) is the
convex hull of the zero effect gy (the origin), the unit effect u (red
vertical arrow), and the extremal effects ¢, and &, (red short diagonal
arrows). The states ¢y and ¢;, and the effects o, €1, u and g, are given
by (1), and all have the same origin. The vertical and horizontal axes
represent the first and second entries of these vectors, respectively.

1 0
R— (O _1). @

2. Finite dimensional quantum theory

reflection

Finite dimensional quantum theory can be formulated in
the framework of finite dimensional GPTs presented above
too. A quantum density matrix p acting on a complex Hilbert
space ‘H of finite dimension dy is a dg X dy Hermitian matrix
with unit trace, and hence has dﬁ, — 1 real degrees of free-
dom. The corresponding GPT states ¢ € S and effects ¢ € £
are associated to the d = d} — 1 real degrees of freedom of
density matrices p and measurement operators M acting on
‘H, respectively, when expressed in a basis for the space of
Hermitian matrices on H [12]. The reversible transforma-
tions correspond to the maps p — U pU on density matrices,
where U € SU(dy).

The case dy = 2 corresponds to the qubit. The qubit can be
described by the GPT of a three-dimensional Euclidean ball,
where the state space S is given by the Bloch ball and the set
of pure states is given by the Bloch sphere.

3. Euclidean d-balls

The GPTs for the qubit Bloch ball and more general d-
dimensional Euclidean balls are illustrated in Fig. 2. Since
Euclidean d-balls are natural generalizations of the qubit
Bloch ball, these theories have been investigated before. For
example, Ref. [54] used these theories to provide examples
of hyperdense coding, where transmission of a system A
that is entangled with a system B held by the receiver can
communicate more than twice the amount of bits that the sys-
tem A alone can communicate, violating the quantum bound
achieved by quantum superdense coding [77]. Reference [75]
used some physical conditions, namely, continuous reversibil-
ity and tomographic locality (Postulates 4 and 5 presented
in Sec. V), to show that the only Euclidean d-balls with
bipartite entanglement correspond to d = 3, i.e., to the qubit
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FIG. 2. The GPTs of an Euclidean d-ball and the qubit Bloch
ball. Left: For all d € N, the GPT state space defining an Euclidean
. 1\ z e « »
d-ball is 815:1)1 = {{ = (Z)|{ eRY 2| < l}, where “|| - || denotes
the Euclidean norm. Its set of pure states is given by the Euclidean
d-sphere: 89 = {¢= (;)lf € R, ||Z|| = 1}. The corresponding

sphere

set of effects Sé;‘?l is the convex hull of the zero effect gy = (8),

1

Vs where

the unit effect u = ((l)), and the extremal effects ¢, =

v = (1.1)) e SW

sphere and where 0 € R is the null vector. Right: A qubit
density matrix can be expressed by p, = %(1 +r-o),wherer-o =
Z?zl rjoj, {o;};_, are the Pauli matrices and r = (r1, 5, 13)" € R’
is the Bloch vector [4]. The set of qubit states corresponds to the
Bloch ball: ||r|] < 1. The set of pure qubit states corresponds to
the Bloch sphere: ||r|| = 1. The Bloch ball and Bloch sphere are
respectively represented by the GPT state spaces Spp = 31521)1 and
Sps = Sis}),ere. The qubit measurement statistics are reproduced by
states from Sgg and measurements with effects from Ezg = Sézl)l.
For example, Ehe probability that a qubit pure state p; with unit
Bloch vector ¢ is projected into a pure state p; with unit Bloch
vector ¥ is tr(oz p3) = %(1 + ¢ - §), which equals &,(¢). The qubit
unitary dynamics SU(2) corresponds to the GPT set of reversible
! 2)|f € SO(S)}, which connects

transformations Rgp = {r = (0
all pure states in Sgg, i.¢., all states in Sgs.

Bloch ball. This result was used in the reconstruction of finite
dimensional quantum theory of Ref. [28] and will be used here
too. Other derivations of finite dimensional quantum theory
have also used Euclidean d-balls (e.g., [16,20]).

4. Polygon theories

Another simple example of GPTs is given by the polygon
theories introduced in Ref. [48]. In these theories, the state
space S of a single system is such that S is a regular polygon
of N vertices (see Fig. 3). The dimension of these GPTs is
therefore d = 2. For a given integer N > 3, S is the convex
hull of N pure states

¢ = | rycos(ZUED) | (3)

foralli € {0,1,...,N — 1}, where ry =
effect and the zero effect are, respectively,

sec(5;)- The unit

“4)

o OO

1
u=\10 and g =
0

N=3 N=4 N=5
o % %o
£o P ‘ E1 4&
& oo SZ G & = (@
€, & 62 &3
4 & s

FIG. 3. Polygon GPTs. We illustrate the second and third entries
of the pure states &y, &1, ..., ¢y (blue long arrows) given by (3) and
the effects €y, €1, ..., ey (red short arrows) given by (5) and (6), for
the cases N = 3, 4, 5. The state space S (blue filled area) is the con-
vex hull of the pure states. The cases N = 3 and N = 4 correspond
to a classical trit and to half of a Poposcu-Rohrlich box, respectively.
The state space S and space of effects £ for these theories remain
invariant under rotations R(j#) in the illustrated plane by angles j6
with§ = 2% forall j € {0,1,...,N — 1} [see (7)].

N

If N is even, the set of normalized effects &,om 1S the convex
hull of &gy, u and the effects

1

& = 1 ry cos(ZEDT)

) (&)

ry Sin ( —(2";,1 ) )

foralli e {0,1,...,N —1}. If N is odd, &,om is the convex
hull of &g, u and the effects

1
1 )
g = 3 rn COS(ZT[(;/H)) (6)
1+ry . 27 (i4+1)
rn sm( N )
and & =u—¢g;, forallie {0,1,...,N — 1}. As mentioned

above, the space of effects £ must satisfy & C Eorm- Let us
consider in this example that & = & opm.

An important property of these theories that we will use in
an example in Sec. IV (see Fig. 5) is that a rotation R(j#) of an

angle j6 in the plane of the last two dimensions, with 8 = 27”
satisfies

R(jO)si = Litjmod N>

R(jO)ei = €iyjmod N> @)

R(jO)&; = &itjmod N,

foralli € {0, 1, ..., N — 1} and arbitrary integer j. Thus, we
see that the rotations R(j6) leave S and £ invariant, and when
applied on both S and £ leave the outcome probabilities £(¢)
invariant. It is clear that R(j#) = R((j mod N)@), for any in-
teger j. Thus, these rotations are given by the set {R( j9)}y=_01.
We note that this set includes their inverse transformations, as

R(OR((N — j) mod N10) =1, ®)

for all je{0,1,...,N—1}. It follows that the set
{R( j@)}?’:_ol is a group of reversible transformations.

A classical trit corresponds to the case N = 3. In this case
we can see that gy + & + & =u and ¢;(;) = §;;, for all
i, j € {0, 1, 2}. Thus, the measurement {e j}§:0 completely de-
termines the pure states. Another important example is given
by N = 4, as explained below. Moreover, the limit N — oo
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corresponds to the equatorial plane of the qubit Bloch ball,
i.e., to a qubit in a real Hilbert space.

By defining entangled states for a pair of system locally
described by the same polygon theory, Ref. [48] investigated
the consequences that gradually weakening the superposition
principle, from N — oo to N = 3, have on the degree of
violation of the Clauser-Horne-Shimony-Holt (CHSH) Bell
inequality [72]. The communication capabilities of polygon
theories were investigated in Ref. [55].

5. Box world

The case N =4 in the polygon theories described
above represents a particular system of a GPT called box
world [45,46,78], introduced by Barrett [45] as generalized
nonsignaling theory, in which all nonsignaling correlations
are achieved. An entangled state of two systems, where each
system is described by a polygon theory with n = 4, is called
a Popescu-Rohrlich (PR) box [79]. A PR box achieves the
maximum violation of the CHSH Bell inequality [72] that
is mathematically possible, while satisfying the no-signaling
principle, and thus obtaining a violation greater than the quan-
tum Tsirelson bound [71].

Box world has greater capabilities than quantum theory
for some tasks. For example, as mentioned above, it is more
nonlocal than quantum theory, in the sense that it allows
correlations that violate Bell inequalities to higher values than
those achieved by quantum correlations. It can also solve
some communication complexity tasks trivially, i.e., with the
transmission of a single bit [80].

On the other hand, box world is more restricted than quan-
tum theory for other tasks. For instance, it has trivial reversible
dynamics comprising only combinations of local operations,
which relabel the measurements and outcomes, and permu-
tations of local systems, and thus does not have reversible
interactions between different systems [78,81]. Furthermore,
it does not have entanglement swapping, teleportation, or
dense coding [46].

C. Continuous dimensions

In this paper, we need to consider continuous dimensional
GPTs in order to describe the momentum of a massive par-
ticle, which is a continuous dimensional physical variable.
Continuous dimensional GPTs have been investigated before
(e.g., [9,10,44]). In this work, we assume only that continuous
dimensional GPTs satisfy the following very basic proper-
ties. Let ., &, and 7 be the sets of states, effects, and
allowed transformations for a physical system of continuous
dimension, respectively. We require that £:.# — [0, 1] and
T.7 - S forallE € &andall T € 7.

III. A PHYSICAL DERIVATION OF MINKOWSKI
SPACETIME IN 1 + N DIMENSIONS

In this section we present a well-known physical derivation
of Minkowski spacetime from physical principles [1,2]. We
leave the number of spatial dimensions n as a free variable.

A. Our model for spacetime

We consider that spacetime is mathematically described by
a real pseudo-Riemannian manifold of dimension n + 1, for
some unspecified n € N. That is, we assume that spacetime is
a real differentiable manifold with a smooth, symmetric, non-
degenerate metric tensor in every spacetime point. Broadly
speaking, this allows us to do calculus at every spacetime
point and to define geometric properties in the neighborhood
of every spacetime point, e.g., distance and curvature [82].
This will suffice to derive Minkowski spacetime from physical
principles below.

Our definition includes, as a special case, the spacetimes
of general relativity, which are four-dimensional Lorentzian
manifolds, i.e., four-dimensional pseudo-Riemannian mani-
folds with metric signature (—, +, +, +) [82]. We note that
time-orientable Lorentzian manifolds comprise an important
class of spacetimes of general relativity, in which, broadly
speaking, past and future causal relations can be assigned
unambiguously for every pair of causally connected spacetime
points [83]. Nevertheless, there are solutions to Einstein’s
equations with closed timelike curves, for which past and
future cannot be unambiguously defined and hence are not
time-orientable (e.g., the Godel metric [84]).

In addition to including Minkowski spacetime and the
spacetimes of general relativity as special cases, our model
also allows for spacetimes arising in extensions of general
relativity [85]. However, in this paper we focus on Minkowski
spacetime, with the particularity that the number of spatial
dimensions is arbitrary.

We consider that time has one dimension and space has n
dimensions, for an arbitrary and unspecified n € N. That is,
we define the first dimension in the spacetime manifold as the
time dimension and the others as the spatial dimensions. In a
reference frame F, we call a spacetime event with coordinates
x = (xp, X1, ...,%,), Or simply a spacetime point x, to an
event occurring at a location with coordinates xi, ..., x, in
space and at a time ¢, where xp = fc and c is the speed of
light in vacuum. We use units in which ¢ = 1, hence, xy = .
We define X = (xi, ..., x,). Thus, we can equivalently write
x = (xg, X).

In this paper we consider only reference frames that are
inertial, i.e., that move with respect to each other at constant
velocity. Thus, when we say that a spacetime event has coor-
dinates x in a reference frame F' and x’ in another reference
frame F’, we implicitly assume that F and F’ are inertial.

B. Minkowski spacetime and the Poincaré group
in 1 + n dimensions

Minkowski spacetime in 1+ n dimensions is a straight-
forward generalization of the standard four-dimensional
Minkowski spacetime, with the metric given by the (1 + n) x
(1 4+ n) matrix n with entries

-1, ifu=v=0,
Nw=131, ifu=v>0, ©))
0, otherwise,
for all u,ve{0,1,...,n}. As Lemma A below shows,

Minkowski spacetime follows from a set of physical
principles.

032220-7



DAMIAN PITALUA-GARCIA

PHYSICAL REVIEW A 104, 032220 (2021)

Moreover, as Lemma B below shows, the nonsingular
coordinate transformations between inertial reference frames
in Minkowski spacetime are Poincaré transformations. A
Poincaré transformation P(a, A) is a transformation on x of
the form

n
PaA)
Xy —> X, = E Apxy +ay,
v=0

(10)

where x,,a,, A,, € R, and where the following relation
holds:

n n
Z Z n;wA/thvﬂ = Nap>

n=0 v=0

(1)

for all u,a, B € {0, 1,...,n}. A Lorentz transformation is a
Poincaré transformation P((), AN).

The Poincaré transformations form the Poincaré group,
denoted here by Poing,. The Lorentz transformations form
the Lorentz group, denoted here by £, which is a subgroup
of Poingy. The proper orhochronous Lorentz group £ is the
subgroup of £sy; comprising the Lorentz transformations that
are continuously connected to the identity, i.e., the spatial
rotations and the Lorentz boosts. The proper orthochronous
Poincaré group *PBoin comprises the Poincaré transformations
P(a, A) with A € £. We are interested here only in Poincaré
transformations that are continuously connected to the iden-
tity, i.e., P(a, A) € Poin. It is easy to see from (10) that an
arbitrary pair of Poincaré transformations compose as

P(d',N)oP(a, N)=P(d@ + Na, N'N), 12)

foralla’,a e R and all A/, A € L.

C. A set of physical principles and postulates for Minkowski
spacetime in 1 + n dimensions

As Lemmas A and B below show, the following well-
established principles and postulates imply that spacetime is
Minkowski in 1+ n dimensions and the coordinate trans-
formations between inertial reference frames are Poincaré
transformations.

Principle A (Relativity Principle). The laws of physics are
identical in all inertial reference frames.

Principle B (Constancy of the Speed of Light). The speed
of light in vacuum is a constant ¢ in all inertial reference
frames.

Principle C (Homogeneity of Space and Time). The laws
of physics are identical at all locations in space and at all
times.

Principle D (Isotropy of Space). The laws of physics are
identical in all directions of space.

Postulate A (Euclidean Spatial Distance). The spatial dis-
tance |y — X| between the space locations X and y of
respective spacetime points x and y in a reference frame F
can be determined with Euclidean geometry, i.e., |y — X| =
Y Z;’=1(yi - xi)2~

Postulate B (Nonsingularity of Coordinate Transformations).
If an event in spacetime has coordinates x in a reference
frame F and x’ in a reference frame F’ then the coordinate
transformation x — x’ is nonsingular.

We note that the cosmological principle comprises Prin-
ciples C and D applied on sufficiently large scales in
the universe [86]. It implies the Robertson-Walker, also
called Friedmann-Lemaitre-Robertson-Walker, cosmological
models [83].

D. A well-known physical derivation of Minkowski spacetime
in 1 + n dimensions

The following lemmas are well known in the literature.
These are usually stated for Minkowski spacetime in 1+ 3
dimensions, but their generalization to n spatial dimensions is
straightforward. In the Appendix, we present proofs that are
close to the ones given by Refs. [1] and [2], respectively. We
note that there exist other axiomatic derivations of Minkowski
spacetime and the curved spacetimes of general relativity
(e.g., [87]).

Lemma A. If Principles A-D and Postulate A hold, then
spacetime is Minkowski in 1 + n dimensions.

Lemma B. Let spacetime be Minkowski in 1 + n dimen-
sions and let Postulate B hold. If x and x’ are the coordinates
of a spacetime event in inertial reference frames F' and F’,
respectively, then the coordinate transformation x — x’ is a
Poincaré transformation.

IV. OUR MAIN POSTULATE: SPACETIME SYMMETRIES
IN GENERAL PROBABILISTIC THEORIES

In this section we present our main physical contribution to
the literature of general probabilistic theories and axiomatic
reconstructions of quantum theory. We present a postulate
that suggests that there is a fundamental connection between
the mathematical structures of spacetime and quantum theory.
More precisely, we suggest that the Hilbert space structure of
finite dimensional quantum theory has, at least to some extent,
its origin in the symmetries of Minkowski spacetime. To the
best of our knowledge, a postulate similar to ours has not
been considered before in the framework of GPTs. However,
a similar postulate was proposed by Svetlichny [68] in the
framework of quantum logic.

Broadly speaking, in general relativity, the principle of
general covariance states that the laws of physics are invariant
under arbitrary smooth coordinate transformations, i.e., under
arbitrary diffeomorphisms. This implies in particular that Ein-
stein’s equations are the same in all reference frames. In the
particular case of Minkowski spacetime, Poincaré invariance
states that the laws of physics remain invariant under arbitrary
changes of inertial reference frames, which are given by the
proper orthochronous Poincaré transformations. The intuition
behind general covariance and Poincaré invariance is that dif-
ferent reference frames merely provide different descriptions
of the same physical events [83]. We generalize these ideas
for arbitrary spacetimes in the framework of GPTs below.

Consider an arbitrary spacetime, given by the model of
Sec. III A. Let O be an observer with a reference frame F.
That is, F' defines a coordinate system in which O describes
physical events in spacetime. A different reference frame F’
can be associated to another observer (O, or to the same
observer using a different coordinate system. Let G be a
diffeomorphism that transforms the spacetime manifold as
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FIG. 4. Transformations on reference frames. A passive transfor-
mation G~! € &, which is the inverse of a transformation G € @,
is applied to the reference frame F'. We illustrate a transformation
G € ® comprising a rotation in a two-dimensional space. Left: On
the frame F', we illustrate by blue arrows a state Z and an effect
E of a given GPT; the frame F (blue bold perpendicular axes) is
transformed into a new frame F’ (red bold perpendicular axes).
Right: In the frame F’, the state Z and effect E (blue arrows) are
transformed into a new state Z’ and a new effect £’ (red arrows),
respectively. The GPT is invariant under &, if Z’ = R*(G)[Z] and
E’ = R¥(G)[E], where R* and R are representations of @, and
if it holds that the outcome probabilities remain invariant, that is,
E'(Z') = E(Z). We illustrate the simple case R¥*(G) = R¥(G) = G.

described in F' to the spacetime manifold as described in F".
The descriptions of physical events in the reference frames F
and F' are in general different. But, it is sensible that the laws
of physics should not change in different frames. In particular,
the probability of any physical event is expected to remain
invariant by changing reference frames.

Thus, let us assume that there exists a group & of trans-
formations G of reference frames G:F — F’ that does not
change the laws of physics. More precisely, let the outcome
probabilities for arbitrary physical events in spacetime remain
invariant under transformations G € &. In this case, we say
that & is a group of spacetime symmetries. As mentioned
above, in Minkowski spacetime, ® = Poin. Below we define
invariant general probabilistic theories under &.

Consider a GPT with set of states ., set of effects &
and set of allowed transformations .7. The GPT’s dimension
can be finite dimensional or continuous dimensional. We are
explicitly using the notation for continuous dimensional GPTs
introduced in Sec. II C, as this will be useful in following
sections.

Let F be a reference frame in spacetime. We consider a
passive transformation G~ ! € &, which is the inverse of a
transformation G € &, applied on F (see Fig. 4). We say that
a state Z € . and an effect £ € & transform into Z’ and £’
under G if in the new reference frame F’, the state and effect
are given by Z’ and E’, respectively. We say that the GPT is
invariant under & if for any state Z € . and for any effect
E € & in the reference frame F, and for any G € &, it holds
that Z and E transform as

75 7 = RYG)[Z],
£ S £ =RYG)E], (13)

under G, where Z' € . and £’ € &, and where R* and R*f
are representations of &; and the outcome probabilities remain
invariant:

E'[Z'] = E[Z). (14)

For a € {st, ef}, R® is a representation of @& if it holds that
RY() =1,
R%(G2) oR(G1) = R*(G1 0 Gy); (15)

for all G,, G| € &, where [ is the identity element of &, It
is the identity acting on .#, and I*' is the identity acting on
&. R* is a trivial representation of & if R4(G) = 14, for all
G € & and for all a € {st, ef}.

We say that a GPT is nontrivially invariant under & if the
representations R* and R of & above are not the trivial rep-
resentations. We note from the invariance of probabilities that
if a GPT is invariant under & and one of the representations
R* and R is trivial (nontrivial) then the other representation
must also be trivial (nontrivial).

In order to provide a physical intuition of our definition
of GPTs invariant under the group & of spacetime symme-
tries let us consider now that spacetime is Minkowski in
1 4 3 dimensions. Consider an idealized thought experiment
in which in the universe there are only an observer with a set
of coordinates defining a reference frame, a physical system
B represented by a black box, and a finite set of detectors
Dy, D,, ..., Dy that completely cover the area of a sphere
surrounding the black box, and where the area of the detectors
do not intersect. Suppose that the black box is at the origin of
a reference frame F and the sphere of detectors has its center
at the origin too. In our idealized experiment we neglect the
mass of the observer, black box, and detectors, and assume
that spacetime is exactly Minkowski.

The following description of the experiment takes place
in the frame F. When a button is pressed, the box emits a
particle. With probability P(i) the particle is detected only
by the detector D;, by emitting a signal, for instance, for all
ie[N]={l1,2,...,N}. Since the detectors cover the whole
area of a sphere surrounding the black box and their areas do
not intersect, we have 1 P(i) = 1. We assume that there
is a physical state Z described by a GPT for the black box
that determines the probability distribution {P(i)};c;v;. Thus,
the detector D; is associated to an effect E;, for all i € [N].
Therefore, the GPT description of the experiment tells us that

P(i) = E[Z], (16)

for all i € [N]. Consider that the observer can prepare the box
in the same physical state Z as many times as wished. The
probability distribution (16) will be observed each time in the
reference frame F. By repeating the experiment a very large
number of times, the observer can estimate the probabilities
P(i) with arbitrarily great precision, from the obtained fre-
quencies, for all i € [N].

Now suppose that the observer changes his reference frame
to F’ by applying a rotation R~!, which is the inverse of a rota-
tion R, to his set of coordinates. Clearly, because spacetime is
Minkowski and spatial rotations are symmetries of Minkowski
spacetime, this situation is physically equivalent to rotating
the black box and sphere of detectors by R. More precisely,
in the frame F’, the black box and the sphere of detectors are
rotated by R. Thus, the probability P’(i) that the particle is
detected by D; in the frame F’ satisfies

P'(i) = P(i), a7)
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for all i € [N]. In the GPT description, this means that the
state Z and the effects E; are transformed in the frame F' to
a state Z' and to effects £/, for all i € [N]. The probability
distribution P’ in the frame F’ is given by

P'(i) = E[[Z'], (18)
for all i € [N]. Thus, from (16)—(18), we have
E\Z'] = ElZ], (19)

for all i € [N]. This means that (14) holds in Minkowski
spacetime with the coordinates transformation G = R and
the group of transformations & = SO(3). Furthermore, since
the spatial rotations form a group, the group SO(3), then
(13) must hold too with & = SO(3). That is, under spatial
rotations, the state Z and effects E,- must transform as rep-
resentations of the group of spatial rotations SO(3).

More generally, for an arbitrary physical system with GPT
state Z and for an arbitrary experiment with GPT effects £ in
Minkowski spacetime, (13) and (14) must hold with & being
the set of symmetries of Minkowski spacetime. Although the
coordinate transformations in Minkowski spacetime form the
Poincaré group ‘Boing,;, physics is observed to be perfectly in-
variant under the proper orthochronous Poincaré group ‘Boin,
but not perfectly invariant under the full Poincaré group
PBoing,,;, which includes the discontinuous transformations of
space inversion P,,,, time reversal Tiy, and P, Trey [74]. Thus,
in Postulate 1 below we consider that (13) and (14) hold in
Minkowski spacetime with & = Poin.

In the rest of this paper we use the terms “particle,”
“(four) momentum,” and “mass,” as they are understood in
classical physics in Minkowski spacetime, i.e., in special
relativity. This is justified by the following two facts. First,
unless otherwise stated, in what follows we will assume that
spacetime is Minkowski in 1 4 n dimensions, and the mean-
ing of these terms can be straightforwardly extended to the
case n # 3. Second, as explicitly stated in Postulate 2 be-
low, we will also assume that the considered theory allows
a class of states in which particles have classical momen-
tum, and our derivation works only with this class of states.
Thus, in our derivation we will consider only particles hav-
ing a well-defined classical momentum in 1 + n Minkowski
spacetime. In this sense, our treatment for the spacetime de-
grees of freedom is classical, while the particles’ internal
degrees of freedom are treated more generally within the
framework of finite dimensional GPTs. More precisely, in
what follows, “particle” refers to the physical system under
consideration, “momentum” refers to the 1 +» momentum
p in 1 4+ n Minkowski spacetime, which extends the con-
cept of four-momentum to the case n # 3, and the “mass”
m appears in the quantity m* = >~ _ >0 _( 0 Pupy, Which
remains invariant under Lorentz transformations. We note
that in relativistic quantum mechanics the mass arises as an
invariant number from the Casimir operator of the Poincaré
group [83].

In some of the following postulates we will refer to a
particular type of physical system, defined as follows.

Definition 1 (Particles of the type P). Particles of the type
‘P are massive particles with mass m > 0. Each particle is
described by the same GPT. The state space, space of effects,
and set of allowed transformations for a particle are denoted

by .7, & and .7, respectively. These describe the spacetime
degrees of freedom, like the momentum, which can be contin-
uous dimensional, as well as the internal degrees of freedom,
which are finite dimensional. The state space, space of effects,
and set of allowed transformations for a particle’s internal
degrees of freedom are denoted by S, £, and 7, respec-
tively. These are described by a finite dimensional GPT with
dimension d.

Postulate 1 (Poincaré Structure). If spacetime is
Minkowski in 1 + n dimensions then there exists an arbitrarily
large number of particles of the type P. The GPT describing
each particle satisfies the following two conditions.

(1) Nontrivial Poincaré Invariance. The particle’s GPT is
nontrivially invariant under Boin.

(2) Nontrivial Structure. If consistency with Nontrivial
Poincaré Invariance requires a class of states from the state
space S of any of the particle’s internal degrees of freedom to
transform as a representation of a subgroup of ‘Boin then such
a representation must be nontrivial.

We believe that this postulate is the main physical contri-
bution of this paper to the literature of general probabilistic
theories and reconstructions of quantum theory. To the best of
our knowledge, postulates similar to this one have not been
considered before in derivations of quantum theory within
the framework of GPTs. This postulate suggests a connection
between the mathematical structures of Minkowski spacetime
and of finite dimensional quantum theory. As Lemma 1 given
in Sec. VI A shows, this postulate provides a first crucial
step in establishing a relationship between the symmetries of
spacetime and the state space of a massive particle’s internal
degrees of freedom of the type P.

We state Postulate 1 for a particular type of physical sys-
tem, a particle of a type that we have called P, and which has
mass m > 0. This is motivated by the fact that in physics we
have different types of physical systems, and in particular dif-
ferent types of elementary particles. A priori, different types
of physical systems can behave in different ways. We need to
assume only that this postulate holds for the particular type of
physical systems considered.

Regarding Postulate 1.1, in general, we could assume that
for any type of physical system, the GPT describing it is in-
variant under the proper orthochronous Poincaré group ‘Boin.
But, for some physical systems, the GPT states and effects
could transform as trivial representations of ‘Poin. That is,
we cannot assume that for all physical systems the GPT is
nontrivially invariant under ‘Boin. The assumption that the
representations R* and R°' are not the trivial ones at least
for one type of physical system, i.e., for the particles of the
type P, is motivated by the observation that in quantum theory
the spin degrees of freedom of massive particles arise due to
Poincar€ invariance [73,74]. One of our goals here is to inves-
tigate the structure of the spin degrees of freedom that follows
from Poincaré invariance, independently of the mathematical
structure of quantum theory.

Similarly, we cannot assume that Postulate 1.2 applies to
any physical system. However, the assumption that Postu-
late 1.2 applies to some physical systems, the particles of
type P, is a natural condition given our motivations here. As
mentioned above, one of the goals in this work is to inves-
tigate the structure of the state space S of finite degrees of
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freedom following from Poincaré invariance. We notice that
Postulate 1.2 holds in the quantum case, where the states of
massive particles’ spin degrees of freedom corresponding to
Hilbert spaces of finite dimension greater than one transform
as irreducible (hence nontrivial) unitary representations of a
subgroup of Poin [73,74].

Although in nature there exist particles with zero mass,
e.g., the photons, it is mathematically useful for our analysis
to consider that the particles of the type P are massive. We re-
strict their mass to be positive because particles with negative
mass are not observed in nature [74].

Although this postulate restricts to a particular type of
physical system, we make a connection with arbitrary physical
systems with any finite number of degrees of freedom by using
Postulates 3 and 7, introduced in Sec. V. These postulates
roughly state that each particle of the type P encodes in its in-
ternal degrees of freedom an elementary system in the theory,
and that an arbitrary physical system described by an arbitrary
and finite number of degrees of freedom can be described by a
sufficiently large number of elementary systems, respectively.
For this reason, we require to assume in Postulate 1 that the
number of particles of the type P can be arbitrarily large. This
is motivated by the fact that in quantum theory, any quantum
system of finite Hilbert space dimension can be described by
a sufficiently large number of qubits. This is true of any type
of physical systems used to encode the qubits, for example,
polarization degrees of freedom of photons, spin degrees of
freedom of elementary particles, energy degrees of freedom
of atoms, etc.

The particles of the type P can be considered in quantum
theory to be electrons, for example. The internal degrees of
freedom of electrons are called spin and are represented by a
Hilbert space of dimension 2. That is, a qubit can be encoded
in the spin degrees of freedom of an electron. Since elec-
trons and other elementary particles are more appropriately
described as excitations of quantum fields, we can assume that
there can be an infinite number of them. Thus, our assumption
that we can have an arbitrarily large number of particles of the
type P is justified by our current understanding of physics.
We emphasize that this is just an example, that we are not
assuming the particles P to be electrons or any other particular
type of known elementary particle. In fact, we are not assum-
ing quantum theory to hold, as our aim here is to reconstruct
finite dimensional quantum theory within a broader class of
probabilistic theories.

As mentioned in the introduction, an important motivation
to reconstruct quantum theory from physical postulates is that
by modifying the postulates we can investigate modifications
of quantum theory. This is particularly relevant in the in-
vestigation of quantum gravity theories, in which potentially
general relativity and/or quantum theory have to be modified.
Thus, it is physically motivated to investigate variations of
this postulate in which spacetime is not Minkowski. Poincaré
invariance could then be replaced by invariance under the
set of spacetime symmetries. For example, a modification of
this postulate could be investigated for the spacetimes that
are allowed by general relativity. Variations of this postulate
could also be investigated for different spacetimes predicted
by proposed modifications of general relativity, with the goal
of investigating candidate theories for quantum gravity, for

A x .
® 3p ® 5p
® 2p ® 4p
® p ® 3p
T,
® 0 —_— ® 2p
® _p ® )
® _2p ® 0
° 3p ® b
N=5

R(206)
L ——» g

9=2/‘I/N (0
€ 4]

FIG. 5. Toy spacetime and GPT satisfying Postulate 1'. Top: A
spacetime in 1 + 1 dimensions with discrete spacetime values given
by (20) has as group of symmetries &, which is the group of space
translations 7 acting on spacetime points like in (21), for all integers
k. Bottom: A physical system in this spacetime is described by a
polygon theory presented in Sec. II B 4 (see Fig. 3), for an arbitrary
integer N > 3. A space translation 7; induces a rotation R(k6) in the
last two (of the three) dimensions of the states { € S and the effects
g €&, where 0 = %” The rotations R(k6) leave S and &£ invariant
and satisfy &'(¢") = e(¢), for arbitrary ¢ € S and ¢ € £, where ¢’
and ¢’ are the transformed states and effects, respectively. The group
of rotations R(k6), with k an arbitrary integer, is a nontrivial repre-
sentation of &. Thus, Postulate 1’ is satisfied. The case of N = 5 and
k = 2 is illustrated.

instance. With these motivations in mind, we can state a
modification of Postulate 1 that holds in arbitrary hypothetical
spacetimes.

Postulate 1’ (Structure from the Spacetime Symmetries).

In a spacetime with group of symmetry transformations &
there exists a type of physical system described by a GPT
satisfying the following two conditions.

(1) Nontrivial Invariance. The GPT is nontrivially invari-
ant under &.

(2) Nontrivial Structure. If consistency with Nontrivial
Invariance requires a class of states from the state space S
of any of the internal degrees of freedom of the system to
transform as a representation of a subgroup of & then such
a representation must be nontrivial.

In order to provide an intuition of how this postulate could
be applied to different spacetimes, we present a toy example
illustrated in Fig. 5. This example does not fit within the
model of spacetime given in Sec. III A, but provides a simple
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illustration. Consider a hypothetical spacetime with one time
dimension ¢ and one spatial dimension x. Let # and x have
discrete values given by

t =ia andx = jb, (20)
in some reference frame, where a > 0 and b > 0, for all inte-
gers i and j. Suppose that the group of symmetries & for this
spacetime comprises only the space translations 7 acting on
a spacetime point like

Ti(t, x) = (t, x + kb), (21)

where k is an arbitrary integer. Suppose that there exists a
physical system in this spacetime described by a polygon
theory, discussed in Sec. II B 4, for an arbitrary integer N > 3.
Furthermore, suppose that under a translation 7, the states ¢
and effects ¢ transform by applying a rotation R(k6) of an
angle k0 in the last two (of the three) vector entries of ¢
and ¢, i.e., on the two dimensions illustrated in Fig. 3, with
0 = ZW” and for every integer k. As discussed in Sec. II B
4, the rotations R(kf) leave the state space S and the space
of effects £ invariant. For example, the set of pure states ¢;,
given by (3), and the set of extremal effects ¢; and &;, given
by (5) and (6), remain invariant, as given by (7). It also holds
that '(¢") = &(¢), for all ¢ € S and all ¢ € £, where ¢’ and
¢’ are the transformed states and effects, respectively. It is
straightforward to see that the rotations R(k6) forms a group,
and that this group is a nontrivial representation of the group
® of space translations described above. Thus, the system’s
GPT is nontrivially invariant under the group of spacetime
symmetries &, and Postulate 1’ holds.

The previous is only a simple example to illustrate how
Postulate 1’ could hold in a spacetime that is not Minkowski
and with a GPT that is not quantum. We leave the investigation
of this postulate for more general spacetimes and GPTs as an
open problem.

V. A SET OF PHYSICAL POSTULATES FOR FINITE
DIMENSIONAL QUANTUM THEORY

In addition to Postulate 1 introduced in Sec. IV, we use
the following postulates in Secs. VI and VII to reconstruct the
qubit Bloch ball and finite dimensional quantum theory, and
to derive that the number of spatial dimensions in Minkowski
spacetime must be n = 3.

As Postulate 1, Postulates 2 and 3 assume that there exist
particles of the type P, given by Definition 1. Furthermore,
Postulate 2 assumes that spacetime is Minkowski in 1 +n
dimensions, with n being an arbitrary positive integer. In or-
der to avoid repetition, we do not state this explicitly in the
postulates.

Postulate 2 (Existence of a Classical Limit). For a particle
of the type P, there exists a classical limit for the set of states.
This postulate is twofold:

(1) Existence of Classical Momentum. There exists a class
of states Z¢3 ¢ .7 describing a particle of the type P with
classical weli-defined 1 + 7 momentum p and internal degrees
of freedom in an arbitrary state ¢ € S, for arbitrary physi-
cally realizable momentum p for a particle of the type P.
Under an arbitrary proper orthochronous Poincaré transforma-

tion P(x, A) € Poin, the states Z;l‘;“ € ¢ transform into the
states Zf\l;‘,“, €./, with¢' € S.

(2) Existence of the Classical Bit. The state space S for
the internal degrees of freedom of a particle of the type P
contains two or more states that can be perfectly distinguished
in a measurement.

We believe this postulate is very natural. To the best of our
knowledge, physics allows a classical limit in which classical
momentum and the classical bit exist, given by particular
quantum states that we call “classical.”

To our knowledge, Postulate 2.1 has not been considered
before. We think this postulate is an important physical con-
tribution to the literature of GPTs and reconstructions of
quantum theory because it makes a first step in considering
a particle’s spacetime degrees of freedom and continuous
dimensional degrees of freedom.

In this paper we consider only states with classical mo-
mentum. As shown by Lemma 1 in Sec. VI A, this suffices to
establish a connection between Minkowski spacetime and the
state space S of the internal degrees of freedom of a particle
of the type P.

We note that the nontrivial unitary representations of Boin
must be infinite dimensional [74]. In quantum theory, a parti-
cle’s quantum state can be transformed as a nontrivial unitary
representation of Boin by including in the transformations the
spacetime degrees of freedom, namely, the four-momentum,
which are continuous dimensional, and the spin degrees of
freedom, which are finite dimensional. Similarly, the states
and effects considered here transform as representations of
PBoin, with the outcome probabilities remaining invariant, by
including in the transformations the momentum degrees of
freedom, which are continuous dimensional, and the internal
degrees of freedom, which we have defined as finite dimen-
sional (see Lemma 1).

We further note that our derivation of finite dimensional
quantum theory is via the internal degrees of freedom of
particles of the type P (see Postulates 3 and 7 below). Regard-
ing the momentum degrees of freedom, we assume only (in
Postulate 2.1) that there are states with classical well-defined
momentum. It would be interesting to investigate probabilistic
theories where the spacetime degrees of freedom, like the
momentum, are not only in classical states. We think that this
requires a deeper analysis of continual dimensional general
probabilistic theories and is thus out of the scope of this paper.

Postulate 2.1 implies in particular that there exists a ref-
erence frame Fy in which a particle of the type P has
momentum pres = (m, 0,0, ...,0)" with m > 0. In our no-
tation, the first component is temporal and the other n are
spatial. We use units in which the speed of light is ¢ = 1.
The set 1, = {p = Apres|A € £} includes all physically
possible 1 + n» momentums for a particle of the type P, which
has mass m > 0. Mathematically, Postulate 2.1 says that the
considered theories include a set of states

yclass = {Z;}?S'p c le_esl, IS S} C :5”, (22)
and a set of effects

s = {E;}g“m €M, c€&}cé, (23)
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that perfectly distinguish the value of the momentum p for
states in .7°12% that is, such that

E [z =80 = pre - ¢, (24)

forall p',pe I, ,all ¢ € Sandall ¢ € £. A measurement
of the momentum for the states in .71 is given by the set of
effects {E;}ffs € £} pen,, ., where u € € is the unit effect
on S. Since the state of a particle with classical momentum p
transforms into a state with classical momentum A p under a
Poincaré transformation P(x, A) € Poin, the states Z;f?ss and

effects E5%* transform into
RSt(P(X A))[chass] _ chass
’ P& 17 TApR(P(x,A))E>

R A[ES™©) = Epnye @)
where R*(P(x, A)) and R'(P(x, A)) are representations
of Poin and Ry (P(x, A)):S — S, Rff(P(x, A)):E — & are
transformations on the states and effects for the internal de-
grees of freedom of a particle of the type P, respectively,
which in general depend on p.

In quantum theory, the states Zgiiss and the effects E;}iss
correspond to the projectors |a,){a,| and |az){as|, where |a,)
are the eigenstates of the four-momentum operator with eigen-
values p, in which the states { € S and effects ¢ € £ are
associated to a density matrix p, and a POVM element E,
in a finite dimensional Hilbert space, respectively. A theory
in which the states Z;f%“, with ¢ € S pure, are the only pure
states in . is a classical theory in the momentum degrees of
freedom. We are not restricting here to this particular case. We
allow the possibility that there exist other pure states, although
we do not investigate them in this paper.

Postulate 2.2 is clearly satisfied by quantum theory because
any quantum system with a nontrivial state space has a Hilbert
space dimension greater than one and thus, containing a qubit
in some subspace, can perfectly encode at least one classical
bit. We note that this assumption has implications on the space
of effects £ associated to S. That is, there exist at least two
states £y, {1 € S and two effects g9, &1 € £ satisfying £;(¢;) =
8, foralli, j € {0, 1}.

Postulate 2.2 makes a weaker assumption than some pos-
tulates considered in previous reconstructions of quantum
theory (e.g., [19,20,28]). For example, Ref. [19] assumes
“Perfect distinguishability,” which states that every state that
is not completely mixed can be perfectly distinguished from
some other state. Ref. [20] assumes in “Requirement 5 that
for a system with at most two distinguishable states the set
of effects £ equals the set of normalized effects E,orm, i.€., all
effects giving valid outcome probabilities for such a system
exist in the theory. Similarly, Ref. [28] assumes in the pos-
tulate “Existence of an Information Unit” that there exists a
system called “gbit” for which £ = &yom. In this paper we
do not make the strong assumption that & = &y for any
system. In fact, we derive this property for a particular system,
the elementary system introduced below, from Postulate 2.2
together with a few more of our postulates (see Lemmas 2
and 4 in Sec. VIB).

Postulate 3 (Minimality of the Elementary System). There
exists an elementary system in nature, defined as having a
nontrivial state space Seem With the smallest nontrivial finite

dimension deem > 1 in nature. The GPT of the elementary
system can be physically implemented in some of the internal
degrees of freedom of a particle of the type P. The dimension
delem achieves the minimum value that is consistent with the
set of considered postulates.

This is arguably a strong assumption. However, we think
that among theories satisfying the same physical postulates,
the theories that require the least number of real degrees of
freedom are in some sense mathematically simpler and more
efficient. We believe it is a natural assumption that physical
theories should have mathematical structures that are as sim-
ple as possible, while still describing a broad range of physical
phenomena, like the existence of entanglement as given by
Postulate 6 below, for instance. If two physical theories de-
scribe the same physical phenomena, where the first one needs
d) real degrees of freedom to describe the elementary system
and the second one needs d, > d; real degrees of freedom
for this, why would nature “choose” the second theory? Of
course, the second theory could perhaps be more elegant than
the first one by some standards, or it could involve mathemati-
cal calculations that are simpler than the first one. But, without
knowing this a priori, we consider sensible that a measure of
mathematical simplicity for a physical theory is the number of
real degrees of freedom that it requires.

Nonetheless, we think that Postulate 3 does not make a
very strong assumption if we compare it with other postulates
used in previous derivations of quantum theory. For example,
Hardy’s derivation [12] uses a “Simplicity Axiom,” which
roughly states that the number d of real degrees of freedom
to specify a state takes the minimum value consistent with the
other considered axioms. Our postulate states that this needs
to hold only for the system of smallest dimension deep, i.€.,
for the elementary system, while Hardy’s axiom states that
this holds for systems of arbitrary dimension d.

The assumption that the GPT of the elementary system
can be physically implemented in some internal degrees of
freedom of a particle of the type P seems also like a strong
assumption because it gives a very special role to the particles
of the type P. However, this assumption has a more mean-
ingful significance when considered together with Postulate 7
below, which roughly states that any physical system with
finite number of real degrees of freedom can be described by
the GPT of a sufficiently large number of elementary systems.

In quantum theory, the elementary system is the qubit and
any finite dimensional quantum state can be encoded in a
sufficiently large number of qubits. As previously mentioned,
in quantum theory, we can imagine particles of the type P to
be electrons, for instance. In this case, since the electron has
spin %, its spin degrees of freedom encode a qubit exactly.
But a particle of the type P can be any other massive parti-
cle, like an atom. Although the internal degrees of freedom
of an atom have Hilbert space dimension larger than two,
we can find a subspace of dimension two that describes a
qubit.

Ideally, we would like to have derivations of quantum
theory with the least number of postulates and with postu-
lates that have the strongest physical motivations. Thus, we
think it is interesting to investigate whether this postulate is
really necessary as stated, or if our reconstruction of the qubit
Bloch ball and finite dimensional quantum theory can still be
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obtained with a relaxed version of this postulate in which dejem
is not assumed to achieve the minimum value that is consistent
with the other postulates.

Postulate 4 (Continuous Reversibility). For every pair of
pure states there exists a continuous reversible transformation
that transforms one state into the other.

This postulate was introduced by Hardy [12] and has
been used in several reconstructions of quantum theory (e.g.,
[16,20,24,28]). It is physically motivated by the continuity
of time evolution, which holds in Minkowski spacetime, for
instance. In quantum theory the set of reversible transforma-
tions is the set of unitary operations, which is continuous. We
believe that this postulate should be relaxed when considering
the possibility that spacetime could have a discrete structure,
when investigating possible theories for quantum gravity, for
instance.

It is interesting to note that this postulate alone excludes the
possibility that nature can be described by GPTs with discrete
sets of pure states, like classical probabilistic theory of finite
dimension or box world. This is because, as previously men-
tioned, reversible transformations take pure states into pure
states. Thus, if a reversible transformation that takes a first
pure state into a second pure state is continuous then there
must be a continuous set of pure states connecting the first
and second pure states.

Postulate 5 (Tomographic Locality). The state of a com-
posite system is totally characterized by the outcome proba-
bilities of the local measurements on the subsystems.

Introduced by Barrett [45], this postulate allows us to de-
scribe composite systems. It implies a simple relation between
the number of real degrees of freedom d4p required to describe
states of a composite system AB and those of the subsystems,
given by 1 +dup = (1 4+ da)(1 + dp), as initially considered
by Hardy [12]. Tomographic locality has been considered
in many reconstructions of quantum theory (e.g., [12,16,19—
21,24,28]).

Postulate 6 (Existence of Entanglement). The state space
of any bipartite system contains at least one entangled state.

A state is entangled if it cannot be written as a convex
combination of product states. In our opinion, this postulate
has great physical significance. In quantum theory, many im-
portant properties of quantum information arise due to the
existence of entangled states, like the violation of Bell in-
equalities [88], quantum teleportation [89], superdense coding
[77], and the existence of quantum computation algorithms
that are exponentially faster than the best known classical
algorithms [90,91], for instance. For these reasons, we believe
it is physically sensible that nature allows the existence of
entanglement. Postulate 6 has been considered before (e.g.,
[24,28]).

Postulate 7 (Universal Encoding). For any physical sys-
tem, any state of finite dimension can be reversibly encoded
in a sufficiently large number of elementary systems.

This postulate is similar to the postulate of “Existence of an
Information Unit” given in Ref. [28], which states that there
exists a type of system called the “gbit” such that the state of
any physical system can be reversibly encoded in a sufficiently
large number of gbits. We note that the gbit plays the role
of the qubit in quantum theory, like the elementary system
in this paper does. We think that the postulate of Ref. [28]

should specify that this property holds for any physical system
of finite dimension. This is because in quantum theory there
are systems described by Hilbert spaces of continuous dimen-
sions, which cannot be completely characterized by any finite
number of qubits. The postulate of Ref. [28] also assumes
that gbits can interact, which is equivalent to Postulate 6
(Existence of Entanglement) here. An important difference
of Postulate 7 with the postulate Existence of an Information
Unit of Ref. [28] is that we do not assume that all normalized
effects are observable, which is arguably a strong assumption.

Postulate 7 says that at a fundamental level all physical
systems with discrete degrees of freedom are described by
the same mathematical theory. This holds in quantum the-
ory, where the elementary system is the qubit. An arbitrary
finite dimensional quantum state is perfectly encoded in a
finite number of qubits. This encoding is independent of the
physical systems used to prepare the qubits, which can be,
for example, the spin degrees of freedom of massive particles,
the polarization degrees of freedom of massless particles, the
energy levels of atoms or molecules, etc.

VI. A PHYSICAL DERIVATION OF THE ELEMENTARY
SYSTEM AND THE QUBIT

This section is divided in three subsections. Lemma 1, pre-
sented in Sec. VI A, is our main technical result, in the sense
that the proofs of our most important results use this lemma.
Lemma 1 roughly states that if spacetime is Minkowski in
1 + n dimensions then Nontrivial Poincaré Invariance (Postu-
late 1.1) and the Existence of Classical Momentum (Postulate
2.1) imply that there exists a class of states for a massive
particle of the type P whose internal degrees of freedom
transform as a representation of the group SO(n). This result
provides a first crucial step to establish a connection between
Minkowski spacetime and the structure of the state space S of
the internal degrees of freedom of a particle of the type P.

In Sec. VIB we assume that spacetime is Minkowski in
1 4+ n dimensions and leave n as a free variable. As is well
known, and as discussed in Sec. III, this follows from clear
physical principles, like the principle of relativity and the
invariance of the speed of light. From Postulates 1-3, and
using Lemma 1, Lemma 2 below shows that the state space
and the space of effects of the elementary system correspond
to a n-dimensional Euclidean ball.

In Sec. VIC we assume that spacetime is Minkowski in
1 4 3 dimensions. From Postulates 1-4 and using Lemma 2,
Lemma 5 below shows that the elementary system is locally
equivalent to the qubit, i.e., the state space, space of effects
and set of reversible transformations of the elementary system
correspond to those of the qubit.

A. Main technical result: In Minkowski spacetime in 1 + n
dimensions some massive particles’ internal degrees of freedom
must transform as representations of SO(n)

Lemma I. We assume that spacetime is Minkowski in
1 +n dimensions and that Postulates 1.1 and 2.1 hold.
We consider a state Zﬂj:“; € .78 of a particle of the

type P, which has mass m > 0, with well-defined classical
1 + n momentum prg = (m, 0,...,0)" in a given reference
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frame, with internal degrees of freedom in an arbitrary state
¢ € SC R We define A,_ (p) € £ as the proper or-
thochronous Lorentz transformation that takes p,es into p, for
all p e I, = {Apres|A € £}. From (25), under proper or-
thochronous Poincaré transformations P(x, A, (p)) € Poin,
the state Z;ljfsg transforms as

. P(X,A e (P))
class Prest class
Presi»¢ Zp [ (26)
where the transformed state ¢’ for the internal degrees of
freedom is

¢ =R, [P(x, Ay (P))E. 7

Then, for any internal degrees of freedom of a particle of
the type P, it holds that the set of transformations R‘;‘m[ isa
representation of the group SO(n), that is,

Ry (P(0, 0)R; (P(0,01)) =R, (P(0,0,01)). (28)

Prest

for all O0; = ((1) 3) with O; € SO(n), and for all i € {1, 2}.
In our proof of Lemma 1, the inclusion of the states Z;f;“ €

7185 with well-defined classical 1 4+ 7 momentum p, as fol-
lows from Postulate 2.1, allows us to use Wigner’s method
of induced representations [73,74]. Then, from Poincaré
invariance (Postulate 1.1), we show that under proper or-
thocrhonous Poincaré transformations in a reference frame
in which the particle is stationary, with momentum pret =
(m,0,...,0), the states { € S C R*! for the particle’s in-
ternal degrees of freedom must transform as representations
of the little group for massive particles, the group that leaves
Drest invariant, which is SO(n).

Proof of Lemma 1. A proper orthochronous Poincaré
transformation P(x, A) € Poin denotes a translation by
the spacetime vector x € R!™ and a proper orthochronous
Lorentz transformation A € £. From (10) and (12), under
a Poincaré transformation P(x, A), a pair of spacetime and
momentum 1 + n vectors (b, p) transform as

P(x, A)(b, p) = (x + Ab, Ap), 29)

and an arbitrary pair of Poincaré transformations compose as
P, Ao P(x, A) =P + A'x, A'N), (30)

forallx',x,b, pc R"" and all A/, A € L.

We consider a state Z5'3* € .7** with well-defined clas-
sical 1 +n momentum p € I1,_ . and arbitrary state { € S C
R!*+" for any of the internal degrees of freedom of a particle of
the type P, in a reference frame F' in which the 1 + n momen-
tum is p. Under a Poincaré transformation P~'(x, A) € Poin,
the reference frame F is transformed into a reference frame
F’. From Postulate 1.1, in the frame F’, the state is

RYU(PGr, M)Z8°] = Z35 escpisae (1)

where ﬁS‘(P(x, A)) is a representation of Poin and
R‘;‘(P(x, A)):S — S is a transformation on the states for the

discrete degrees of freedom, for all x € R, all p e I,
and all A, A’ € £. In other words, the state Z;f?.ss is trans-

formed into the state R®(P(x, A))[Zl‘jf?.“] given by (31) under
the Poincaré transformation P~'(x, A) of the reference frame.

In what follows we simply say that Z;l‘;“ is transformed into

RY(P(x, A))[Z;}‘;SS] under P(x, A) (see Fig. 4).
We define the Poincaré transformation

P (a.x A p) = P(= AL (AP +a). A, (Ap))
OP()C +a— Ax’ A) e} P(X, Aprm(P))v
(32)

where 0 denotes the null spacetime vector 0= 0,0,...,0),
foralla, x € R, p eI,  and A € £. This transformation
takes the pair (6, Drest) t0 (X, p), then to (x + a, Ap), and then
back to (6, Prest)- Thus, it is an element of the little group of
(6, Prest)» Which is the subgroup of Poin that leaves (6, Prest)
invariant. The little group of (©, Drest) 18 SO(n). This can be
seen as follows. From (29), an arbitrary Poincaré transfor-
mation P(b, A’) € Poin transforms (O, Prest) Int0 (b, A’ prest).
Thus, in order that P(b, A’) belongs to the little group of
(0, prest), it must hold that » = 0 and A’ prest = Prest, Which re-
quires that A" € SO(n), as prest = (m, 0, ..., 0), withm > 0.
We show below that

R;tm( plitte (a x+a, A Ap))R;tm (Pli"]e (a,x, A, p))

= R;‘m[ (lele (d,x+a, N, Ap)o the (a,x, A, p)
(33)
and that
RY (P(©0.D) =1 (34)

where I*! is the identity acting on S, for all @, a, x € R'*", all
pell,  andall A, A € £ We also show that A,_ (p) can
be consistently chosen in a way that it generates any p € I1
and that

Prest

P"¢ (a,x,0,p) = P(0, 0), (35)

for any pure rotation O, i.e., for all O = ((1) g) with O €

SO(n), for all a,x € R and for all p € I,_.. Thus, the
transformations Pg‘;}'e (a,x, A, p) generate the whole little

group SO(n), for alla, x € Rt p e, and A € £ There-
fore, it follows from (30), (33), (34), and (35), and from the
fact that A, A’ € £ are arbitrary that R;tm is a representation
of the little group SO(n), as claimed.

We show (33) and (34). From (31), it is straightforward to
see that in order that R (P(x, A)) be arepresentation of Poin,
it must hold that

Ry, (P(B', AR, (P(b, A)) = R, (P(t/, A') o P(b, A))
(36)
and that

RY(P(0,1)) =TI', (37)

for all ¥/,b e R'"™, all pe I, and all A’, A € £ From
(32), le]e (a X, A, p) takes Pret tO Prest. Thus, (33) and (34)
follow from (36) and (37).

We show that A, (p) can be consistently chosen in a way
that it generates any p € I, . Let p be the n momentum of p,
i.e., the vector whose components correspond to the n spatial
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dimensions of p. Let || p|| > 0 be the Euclidean norm of p, and
let

|"BL

p
121

be the unit vector in the direction of . We define
Ap(p) = Q(PSUBINQ™ (D), (38)

where Q(p) is a pure rotation that takes the first axis of the
spatial dimensions into the axis p and

~

y VyE—=1 0 0 0 0

Vy2—1 y 0 0 0 0

saph=] o 0 10 0 0
0 0 o 0 ... 0 1

is a pure boost in the first axis that depends only on the
magnitude of p, and where

_ VI

= - .
We see that any momentum p € IT,  can be obtained from
Prest DY such a transformation. Thus, we do not loss any
generality by defining A,_. (p) as in (38).

We use the definition (38) of A, (p), forall p € IT, . We
complete the proof by showing (35). From the definition (32)
of P(.l)‘“l‘““ (a, x, A, p), we have

hme © (a,x, A, p) = P(0, A;rels[(A PAA,  (p),  (39)

and all A’, A € £. Thus,

G o

for all a,x e R, all pe I,
from (38) and (39), if O is a pure rotation, i.e., if O =
with O € SO(n), we have

Py"* (a,x,0, p)

= P(0, Q0p)S (1pINQ' (0, PSUIBINC ™" (), (40)

where

0'(0, p) = Q' (0p)OQ(p)

is a pure rotation that takes the first axis into p, then into
Op, and then back into the first axis, hence, it corresponds
to a rotation around the first axis, and thus commutes with
S(IpID). It follows from (40) that Péi‘;; (a,x,0,p)= P(0, 0),

as claimed. |

B. If spacetime is Minkowski in 1 4+ n dimensions then the
elementary system corresponds to an Euclidean n-ball

Lemma 2. Suppose that spacetime is Minkowski in 1 + n
dimensions. If Postulates 1-3 hold then the state space and
the space of effects of the elementary system corresponds to
an Euclidean ball of dimension d = n, that is, Sgjem = Sé’;l)l
and Egjem = 5be1, respectively.

The proof of Lemma 2 uses Lemma 1, given in Sec. VI A,
and Lemmas 3 and 4 given below, and is provided at the end
of this subsection.

Lemma 3 uses Nontrivial Structure (Postulate 1.2) and
Lemma 1 to show that the inequality d > n between the

number d of real internal degrees of freedom of a massive
particle of the type P and the number of spatial dimensions n
must hold.

Lemma 3. If spacetime is Minkowski in 1 + n dimensions
and Postulates 1 and 2.1 hold then the dimension d for the
state space S of any of the internal degrees of freedom of
a particle of the type P is bounded by d > n. Let pry =
(m, 0, ...,0)" be the 1 + n momentum of a particle of the type
‘P, which has mass m > 0. If d = n then in Lemma 1, we have

R (P(0,0)) =P, 0), (41)

Prest

for all pure rotations O, i.e., with 0 € SO®n).

Proof. From Lemma 1, the states ¢ € S C RY*! for any
of the internal degrees of freedom of a stationary massive
particle of the type P transform as R5‘ (P(x, A))¢ under
a Poincaré transformation P(x, A) € ‘Bom where R;‘ L isa
representation of SO(n). From Postulate 1.2, we discard the
possibility that R“t (P(x A)) be the trivial representation
R;}m‘ (P(x,AN) =1 i Where I*' is the identity acting on S. The
nontrivial representatron of SO(n) with the smallest dimen-
sion is SO(n) itself:

RY (P(0.0)) = P(0.0), (42)

/1 0
0= (O 0)’ (43)
with 0 € SO(n).

We can also have equivalent representations

for all

RY (P(0.0))=L"'P@.0)L, (44)

for any invertible linear map L and for all O given by (43).
We note that because P(0, 0) is a (1 + n) x (1 + n) matrix
[given by (43)], and since L is an invertible linear map, the
representation given by (44) is a matrix acting on R'*¢ with
d’ > n. If we have the representation (44), we can transform
the states, effects, and transformations by

¢ — Cnew = L,
& = Enew = (L_l)tg,
T = Tpew = LTL7', (45)

for all ¢ €S, all e €&, and all t € T, without changing
the physics. This is because the outcome probabilities do not
change:

5new(§new) = 8(4‘)9
Enew (Tnew Cnew) = €(T8), (46)

forall¢ € S,alle € £,and all T € T.

Thus, from (46), if we have a representation RSL given
by (44), we can apply the transformations (45) and obtain a
new representation given by (42) that gives the same outcome
probabilities. It follows that, in general, the dimension of the
representation R;‘ , and thus of the state space S, satisfies
d > n. Furthermore if d = n then (42) holds, as claimed. W

Lemma 4 below proves, from Postulates 1 and 2 and using
Lemma 3, that if the state space of the elementary system is
an Euclidean ball of dimension n, i.e., if Sgem = Slgzl)l, then
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the space of effects of the elementary system is Ejem = EIEZI)I.
The Existence of the Classical Bit (Postulate 2.2) means that
there is a pair of states that can be perfectlgf distinguished
in a single measurement. Since Seem = S™  this requires

ball’
that there exists an effect of the form gy = 2;'0 € Eelem With

L= ( ) Sé’;l)l pure, that is, with ry € R"” and |ro|| = I.
Thus, we obtain from Poincaré invariance that by applying
all the Poincaré transformations that correspond to the group
of spatial rotations SO(n), all extremal effects in 5&;’1)1 must be
included in the set of effects &g Of the elementary system.
Since Eelem 18 convex, we obtain that Egjem = SbZ”

Lemma 4. Suppose that spacetime is Minkowski in 1 +n
dimensions and Postulates 1— 3 hold. If the elementary system
has the state space Seem = Sball’ then its space of effects is

given by Eejem = Sé';f]

Proof. First, we note that since Sejemy = Sé’;l)l, the dimen-
sion of Seiem 18 d = n. Let Eelem be the set of effects associated
t0 Selem = 81521)1- We show that Egem = 5{);1)1, where 81521)1 was
(0) the
unit effect u = ((1)), and the extremal effects &, = ;( ), where
0,7 € R”, 0 is the null vector, and ||¢|| = 1 (see Fig. 2).

As previously mentioned, we have in general that

norm ( 47)

elem °

defined as the convex hull of the zero effect gy =

5elem g
where
Eoem =1 € R0 < £(0) <

elem

1V e 51521)1}

is the set of normalized effects associated to Seem = Sézl)l It
is not difficult to see that

dom' = o (48)
It follows from (47) and (48) that
gelem = gézl)] (49)

Thus, from (49), we need to show only that all effects ¢ € 51521)1
are elements of &, that is, we need to show that

EM C Eetem- (50)

We show (50). From Postulate 3, the elementary system
can be physically implemented with some internal degrees of
freedom of a particle of the type P. We focus on these degrees
of freedom in what follows. Thus, we can consider states
Zel*s e /9% and effects E C'af“ € &°13 for a particle of the
type P such that the internal degrees of freedom correspond
to an elementary system, i.e., with ¢ € Sgjem and & € Egjen.

From Postulate 2.2, there exists a pair of states ¢y, {| €
Selem and a pair of effects gy, € € Ejem such that

(&) = &i ), (51)

for all i, j € {0, 1}. Since Sgjem = St():1)1’ it is easy to see that
this condition requires ¢; to be pure, i.e., such that

Q=C>,WMWM=L (52)

and r; € R”, for all i € {0, 1}, and satisfying
r = —ro, (53)

and that &; are extremal effects of the form

& = 34, (54)

forall i € {0, 1}.

From Postulate 3, the elementary system can be physi-
cally implemented with some internal degrees of freedom
of a particle of the type P. Thus, we can consider the state
Z;fjsgo € .73 gand the effect E}  class 0 € & with ¢ € Selem
and ¢ € Eem. It follows stralghtforwardly from (24) and from
(51) that

Eclass [chass ]= 1. (55)

Prest»€0 L Prest» S0

From Poincaré invariance, this outcome probability remains
the same after the Poincaré transformation P(x, A) € Poin.
More precisely, from (13), (25), and (55), we have

Eclass ,[chass ,] =1 (56)

Aprest-80 Apreshg()

where
g =R (P(x, M),
=R (P(x, A))eo, (57)

are the transformed states and effects for the discrete de-
grees of freedom, after the Poincaré transformation P(x, A) €
Poin, respectively.

From (24), we see that (56) is possible only if ¢, is a pure

state
, 1
é-(] = (r(/))a

and ry € R", and if ¢ is an extremal effect

with 7] = 1, (58)

= 3¢- (59)
Thus, from (57) and (59), we have
gy = 3R (P(x, M), (60)

where P(x, A) € Boin. In (60), we take x = Oand A=0a
pure rotation, i.e., with O € SO(n). Since the dimension of the
state space for the elementary system is d = n, from Lemma
3 we have that

Ry, (P©.0) = 0

for all pure rotations O, i.e., for all O € SO(n). Thus, it fol-
lows that

= 30k, (61)

where O € SO(n). Therefore, from (61), we can generate all
extremal effects g;, given by (58) and (59), with

ry = Ory,

for all O € SO(n). That is, all extremal effects in 5(21)1 are
elements of &em. As previously mentioned, the zero effect
&0 and the unit effect u are included in the space of effects.
Since &lem 18 convex, any convex combination of the extremal
effects, the zero effect g and the unit effect u is an element of
Eelem, that is, 5152111 C Eqjem, as claimed. [ |

Having stated and proved Lemmas 1-4, we proceed to
show Lemma 2.
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Proof of lemma 2. From Lemma 3, the dimension of the
state space S for the internal degrees of freedom of a particle
of the type P satisfies d > n. From Postulate 3, the elemen-
tary system can be physically implemented in some internal
degrees of freedom of a particle of the type P and has the
state space Sejey Of minimum dimension dejer, consistent with
the considered postulates. Since consistency with Postulates 1
and 2 is satisfied, the elementary system achieves dejem = 1.
It will be seen later that this is consistent with Postulates 4—7
too. Thus, we assume that the case dqy, = 7 is achieved.

It follows from the previous discussion and from Lemma 3
that

R (P(0, 0)) = 0, (62)

dist

for all O € SO(n). We show that in this case Seem = Slizl)l.
Consider a state Z;l“fbc e .78 After a Poincaré transfor-
mation P(x, A) € Poin, we obtain from (25) that Z;lafsg
transforms into the state

ﬁSt(P(x, A))[chass ] — chass

Prests§ Aprest; "
where
' =R (P(x, N)¢ (63)

Prest
is the transformed state for the internal degrees of freedom.
Thus, R;‘mt (P(x, A))is an allowed transformation on Sgjery and
é‘ e Selem-
Consider a state

gr = (i) € Selema (64)

whose vector r € R” has the biggest Euclidean norm
Il >0 (65)

among all states in Sejery. Without loss of generality, we can
take

Iril =1, (66)

as we argue. In general, the state ¢, with the biggest Euclidean
norm ||r|| must satisfy ||r|| > 0. Otherwise, S would have a

single state {y = ((1)) This would mean that R;}m[ (P((), A))isa

trivial representation R‘;‘m[ (P(x, A)) = I'" acting on R. Since
this case is discarded from Postulate 1.2, we have ||r| > 0. If
7]l # 1 we can rescale the states and effects by applying the
transformation

L. =diag(1l,c,...,c), ©67)
with
c=r|", (68)

t0 Seiem and (L.) ™' to Epem, Which leaves all outcome proba-
bilities unchanged, and so describes the same physics.

From (62), the state ¢, is transformed into the state s, by
applying the transformation P(0, 0), for all 0 € SO(n). This
means that S.jer, contains a set of states ¢, with » € R” defin-
ing a unit sphere in n-dimensional Euclidean space. Since
Selem 1S cOnvex, any state ¢, with r in a unit n-ball is in Sejep.
Furthermore, we said that the biggest norm of the vectors r
is 1. It follows that the state space S, must be precisely an
Euclidean n-ball S"), defined in Fig. 2.

Finally, it follows from Lemma 4 that Eeje, = Eé;’fl. [ ]

C. If spacetime is Minkowski in 1 + 3 dimensions then the
elementary system is locally identical to the qubit

Lemma 5. If spacetime is Minkowski in 1 + 3 dimensions
and Postulates 1-4 hold then the state space, the space of
effects and the group of reversible transformations of the
elementary system are those of the qubit, i.e., Selem = SBB,
gelem = gBB and Rejem = RpB.

This means that the measurement statistics and reversible
transformations for the elementary system are identical to
those of the qubit. Therefore, the elementary system is locally
identical to the qubit.

Proof of lemma 5. From Postulates 1-3 and Lemma 2, the
state space and the space of effects of the elementary system
correspond to an Euclidean ball of dimension d =n = 3,
that is, Sejem = Séfﬂ)l and Egem = Eéil)l. The state space and
the space of effects of the qubit correspond to the Bloch
ball: Sgg = S}g])] and Egg = Sﬁﬂ (see Fig. 2). Thus, we have
Selem = SBB and gelem = gBB-

From Continuous Reversibility (Postulate 4), every pair
of pure states must be connected by a continuous reversible
transformation. The set of pure states in the Bloch ball is the
Bloch sphere Sgg = Ss(s})lm. Any continuous reversible trans-
formation that takes pure states into pure states corresponds
to a rotation of the Bloch vector. The group of rotations of the
Bloch vector is Rpp (see Fig. 2). |

VII. A PHYSICAL DERIVATION OF FINITE
DIMENSIONAL QUANTUM THEORY AND THE NUMBER
OF SPATIAL DIMENSIONS IN MINKOWSKI SPACETIME

The results of this section are twofold. First, in Sec. VII A
we assume that spacetime is Minkowski in 1 + 3 dimensions.
From Postulates 1-7 and using Lemma 5 and the results of
Ref. [24,28], Theorem 1 shows that any physical system of
any finite dimension can be described by finite dimensional
quantum theory (see a summary of the proof in Fig. 6).

Second, in Sec. VIIB we assume that spacetime is
Minkowski in 1 + n dimensions and leave n as a free variable.
As discussed in Sec. III, this follows from well-established
physical principles. From Postulates 1-7 and using Lemma 2
and the results of Refs. [24,28,75], Theorem 2 shows that
the elementary system is the qubit, the number of spatial
dimensions is n = 3, and any physical system of any finite
dimension can be described by finite dimensional quantum
theory (see a summary of the proof in Fig. 6).

A. A physical derivation of finite dimensional quantum theory
if spacetime is Minkowski in 1 + 3 dimensions

Theorem 1. Consider that spacetime is Minkowski in 1 +
3 dimensions and that Postulates 1-7 hold. Then, any physical
system of any finite dimension can be described by finite
dimensional quantum theory.

To prove Theorem 1, we use Lemma 5 and Lemma 6,
which is given below. The following lemma is shown in
Ref. [24] (Theorem 2 of Ref. [24]).

Lemma 6. Consider any locally tomographic theory in
which the individual systems are identical qubits. If the the-
ory admits any continuous reversible entangling interaction
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Finite dimensional
quantum theory

Theorem 1 T

N-qubit
theory

___________________________________________  —————

The elementary system is
Lemma 5 locally identical to the qubit

ﬂk

|
Minkowski spacetime in 1+3 dimensions Iil IU_EI

Finite dimensional
quantum theory

Theorem 2

The elementary system
corresponds to the qubit N-qubit
n=3 Bloch ball theory

The state space and space of effects of
Lemma 2 the elementary system correspond to
an Euclidean ball of dimension n

Minkowski spacetime in 1+n dimensions

Lemmas A and B and Poincaré transformations

T |
e ] o ] 0 ] () e | (] [

FIG. 6. Summary of our reconstructions of Minkowski spacetime and finite dimensional quantum theory. The considered physical principles
and postulates are the Relativity Principle (RP), Constancy of the Speed of Light (CSL), Homogeneity of Space and Time (HST), Isotropy of
Space (IS), Euclidean Spatial Distance (ESD), Nonsingularity of Coordinate Transformations (NSCT), Poincaré Structure (PS), Existence of
a Classical Limit (ECL), Minimality of the Elementary System (MES), Continuous Reversibility (CR), Tomographic Locality (TL), Existence
of Entanglement (EE), and Universal Encoding (UE), given in Secs. III, IV, and V. The dotted lines indicate which lemmas and theorems
in this paper prove the stated results. Top: Assuming that spacetime is Minkowski in 1 + 3 dimensions, Lemma 5 in Sec. VIC shows that
the elementary system is locally identical to the qubit. This result is used by Theorem 1 in Sec. VII A to reconstruct finite dimensional
quantum theory. Bottom: Minkowski spacetime in 1 4+ n dimensions and the Poincaré transformations are derived by Lemmas A and B in
Sec. III and the Appendix from well-established physical principles and postulates. Then, assuming that spacetime is Minkowski in 1 4+ n
dimensions, Lemma 2 shows in Sec. VIB that the state space and space of effects of the elementary system corresponds to an Euclidean
ball of dimension n. This result is used by Theorem 2 in Sec. VII B to derive that the number of spatial dimensions is n = 3, the elementary
system corresponds to the qubit Bloch ball, and that any physical system of any finite dimension can be described by finite dimensional
quantum theory.

between systems, then the allowed states, measurements, and Now we consider N massive particles of the type
transformations must be identical to those in quantum theory. P where each of them encodes an elementary system,

Proof of Theorem 1. From Postulates 1-4, and from which is locally identical to a qubit, in its internal de-
Lemma 5, the elementary system is locally identical to the grees of freedom. For these N elementary systems, which
qubit, i.e., the state space, the space of effects and the set  are N identical local qubits, it follows from Continuous

of reversible transformations of the elementary system cor- Reversibility (Postulate 4), Tomographic Locality (Postu-
respond to those of the qubit: Seiemy = SgB, Eelem = EBB, and late 5) and the Existence of Entanglement (Postulate 6),
Relem = RBB. and from Lemma 6 that the allowed states, measurements
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and transformations must be identical to those of quantum
theory.

Finally, as argued in Ref. [28], Universal Encoding (Pos-
tulate 7) implies that any finite dimensional state space of
any physical system can be perfectly encoded in a sufficiently
large number of elementary systems. Thus, any finite dimen-
sional state space in the theory, together with its space of
effects and set of transformations is described by finite dimen-
sional quantum theory. |

B. A physical derivation of the qubit, of finite dimensional
quantum theory, and of n = 3 if spacetime is Minkowski in
1 + n dimensions

Theorem 2. Suppose that spacetime is Minkowskiin 1 4 n
dimensions, for n € N, and that Postulates 1-7 hold. Then,
the elementary system is the qubit, the number of spatial
dimensions is n = 3, and any physical system of any finite
dimension can be described by finite dimensional quantum
theory.

To prove Theorem 2, we use Lemmas 2 and 6, and Lemma
7, which is given below. The following lemma is shown in
Ref. [75] (Theorem 1 of Ref. [75]).

Lemma 7. Consider a bipartite system AB, where the local
system A and the local system B have the state space and
space of effects of an Euclidean ball of dimension n, St():1)1

and Eézl)l, respectively, for n € N. Consider any group R of
continuous reversible transformations that acts transitively on

the set of pure states of St(,zl)l, ieonS"™  with R different

sphere’
to the group of qubit reversible transformations: Rgg = {‘L’ =
(b 9|7 € SOB3)}. For any connected group Rap acting on
the set of pure states of the bipartite system AB satisfying
R xR C Rapand (¢ ® €)(Rap(¢ ® ¢)) C [0, 1], for any ef-
fect e € 81521)1 and any sate ¢ € Sézl)], there is no entanglement
interaction between the systems A and B.

Proof of Theorem 2. From Postulates 1-3, and from
Lemma 2, the state space and the space of effects of
the elementary system corresponds to an Euclidean ball of
dimension d = n, that is, Sejem = Sézl)] and Egem = Eézl)l, re-
spectively. The set of pure states for the elementary system is
given by Ss(g}:ere'

Now consider a bipartite system AB, where the lo-
cal systems A and B are elementary systems, with state
spaces S; = St and Sp = S\"), and with space of effects
Ex =&Y and & = &), respectively. This can be imple-
mented by having two massive particles of the type P
where each of them encodes an elementary system in its
internal degrees of freedom, for instance. The joint state
space Sap must include the tensor product of local states.
Similarly, the joint space of effects £45 must include the
tensor product of local effects. That is, Sp ®min Sp S Sap
and &4 Qmin £ C Eap, Where Sy Qmin Sp = convex hull{¢ ®
C'lc € Sa, ¢’ € Sp} is the minimal tensor product, and where
Ex Pmin Ep = convex hull{e ® &'|e € &4, &' € E}.

From Continuous Reversibility (Postulate 4), for every pair
of pure states there exists a continuous reversible transforma-
tion that transforms one state into the other. Let the group
of continuous reversible transformations acting on the set of

pure states Ss(gﬁere of the elementary system be the group

R. This group must act transitively on Ss(sliere. Let Rap be
a connected group of continuous reversible transformations
acting on the set of pure states of the bipartite state space Sap.
As mentioned above, we must have S4 ®pmin Sg € Sap. Thus,

(. ®¢) € Spp, for any state ¢ € SIEZI)I. Similarly, we must
have Rap(¢ ® ¢) € Sap, for any state ¢ € Sézl)l. It must also

hold that (¢ ® &) € E4p, for any effect ¢ € Eé;’l)]. Therefore, it
must hold that (¢ ® €)(Rap(¢ ® ¢)) € [0, 1], for any effect
e € &M and for any state ¢ € S Clearly, the tensor product
of two local continuous reversible interactions acting respec-
tively on the subsystems A and B is a continuous reversible
interaction acting on the bipartite system AB. That is, we
have R x R C Ryp. It follows from Continuous Reversibility
(Postulate 4), Tomographic Locality (Postulate 5) and the
Existence of Entanglement (Postulate 6), and from Lemmas
6 and 7, that the bipartite state space Sag, the bipartite space
of effects €45, and the bipartite set of allowed transformations
Tap are identical to those of quantum theory for a two qubit
system and the dimension of the state space is n = 3. This
means in particular that the elementary system is identical to
a qubit.

Now we consider N massive particles of the type P where
each of them encodes an elementary system, which is lo-
cally identical to a qubit, in its internal degrees of freedom.
For these N elementary systems, which are N identical local
qubits, it follows from Continuous Reversibility, Tomographic
Locality and the Existence of Entanglement, and from Lemma
6 that the allowed states, measurements, and transformations
must be identical to those of quantum theory.

Finally, as argued in Ref. [28], Universal Encoding (Pos-
tulate 7) implies that any finite dimensional state space of
any physical system can be perfectly encoded in a sufficiently
large number of elementary systems. Thus, any finite dimen-
sional state space in the theory, together with its space of
effects and set of transformations, is described by finite di-
mensional quantum theory. ]

VIII. DISCUSSION AND OPEN PROBLEMS

Quantum theory and relativity are the most fundamental
theories in physics. In our view, it would not be surprising
if they were connected at a deep level. In this paper we
have proposed the postulate of Poincaré Structure suggesting
that the state space and the space of measurements of some
physical systems are constrained in such a way that the states
and measurements must transform as nontrivial representa-
tions of the group of symmetry transformations of Minkowski
spacetime, which is the proper orthochronous Poincaré group.
From this and other physically sensible postulates, and with
the help of results of Refs. [24,28,75], we have reconstructed
finite dimensional quantum theory and derived the number of
spatial dimensions of Minkowski spacetime.

Am important piece in our reconstruction is Lemma 1,
which roughly says that, from Poincaré invariance, the states
and effects for a massive particle’s internal degrees of free-
dom that has classical well-defined 1+ »n momentum in
Minkowski spacetime of 1+ n dimensions must transform
as representations of SO(n), with the measurement outcome
probabilities remaining invariant. This is an encouraging rea-
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son to investigate what sets of states S and effects £ are
consistent with this condition when such representations are
nontrivial.

In particular, it would be interesting to investigate for
which bipartite systems with local states spaces S and local
spaces of effects £ of this type there can exist entanglement.
If by imposing Continuous Reversibility and Tomographic
Locality it can be shown that these type of bipartite systems
can have entanglement only if the local states transform as the
representation of SO(n) given by SO(n) itself, then our result
follows without the assumption we have made in our postulate
Minimality of the Elementary System that the dimension dejem
of the elementary system takes the minimum value that is con-
sistent with the postulates. Investigating the previous question
would be an interesting extension of the result of Ref. [75]
used in our analysis, which roughly says that for a bipartite
system with local state and effect spaces given by Euclidean
balls of dimension d satisfying continuous reversibility and
tomographic locality, entanglement can exist only if d =
3, in which case the bipartite system is described by
quantum theory.

It would also be interesting to investigate the sets of
correlations arising from local measurements on bipartite
(and multipartite) systems with local state and effect spaces
S and & of the type mentioned above, where the states
and effects transform as nontrivial representations of SO(n)
and where the outcome probabilities remain invariant. In
particular, can the quantum Tsirelson bound [71] on the
CHSH Bell inequality [72] be violated by some bipartite
system of the form described? Considering this question is
to some extent motivated by the results of Refs. [92,93],
which show that the correlations obtained for bipartite sys-
tems with local measurements described by quantum theory
that satisfy the no-signaling principle can be obtained with
quantum theory, even if the joint system is in principle
not quantum.

Finally, as previously mentioned, an important motivation
to investigate foundational physical principles of quantum the-
ory is to explore new theories that follow by modifying these
principles. The problem of unifying gravity and quantum the-
ory is a compelling reason to do so [43,44]. The postulate
of Structure from the Spacetime Symmetries that we have
proposed in this paper generalizes the postulate of Poincaré
Structure to arbitrary spacetimes with arbitrary groups of
symmetry transformations. This postulate allows us to explore
possible modifications of quantum theory in spacetimes that
are not Minkowski. It would be very interesting to investigate
the implications for quantum theory within the framework
of GPTs arising from this postulate in curved spacetimes of
general relativity, and more broadly in spacetimes of natural
modifications of general relativity.

ACKNOWLEDGMENTS

The author acknowledges helpful conversations with Serge
Massar, Stefano Pironio, and Lucien Hardy. The author be-
gan this work at the Laboratoire d’Information Quantique,
Université libre de Bruxelles, with financial support from the
European Union under the project QALGO, from the F.R.S.-
FNRS under the project DIQIP and from the InterUniversity

Attraction Poles of the Belgian Federal Government through
project Photonics@be. The author continued and completed
this work at the Centre for Quantum Information and Foun-
dations, DAMTP, University of Cambridge, with financial
support from the UK Quantum Communications Hub Grant
no. EP/T001011/1.

APPENDIX: PROOFS OF LEMMAS A AND B

Proof of Lemma A. We present a proof that is close to the
one given by Ref. [1]. Let F and F’ be any two inertial
reference frames. Let Ey and E; be two spacetime events
with respective spacetime coordinates x and y in reference
frame F', and with spacetime coordinates x” and y’ in reference
frame F’. Let the spacetime intervals between these spacetime
events be As and As’ in the reference frames F and F’,
respectively. We define these by

(As) = —(o —x0)" + Y (i — %)%,

i=1

(As'Y = =0 — x> + D0} — x)%

i=1

(AL)

From Postulate A, the spatial distance |y —X| between

the space locations X and y in the reference frame F is

given by Euclidean geometry: [y —X| = /> (i — x:)%

Similarly, in the reference frame F’, we have |j/ —X'| =
Y (v = x[)%. Thus, from (A1), we have

(As)? = —(yo — x0)* + |[§ — XI%,

(A = —(yy —xp)> + 1§ — %1% (A2)

By definition, Minkowski spacetime in 1 + n dimensions is
the set of spacetime points x € R'*" such that the spacetime
interval As is the same in all inertial reference frames, for
any pair of spacetime points x,y € R'*". Since F and F’ are
arbitrary inertial reference frames, it remains to show that
As = As', for any pair of spacetime points x, y € R!*",

We first show that if As = 0 then As” = 0. We assume that

As=0 (A3)
holds. From (A2) and (A3), we have
[y — X = |yo — xol- (A4)

Without loss of generality let yg > x¢. Since we are using units
in which the speed of light in vacuum is unity, i.e., c = 1,
(A4) means that a light signal leaving the space location
X =(xy,...,x,) at time xy and traveling through vacuum in
a straight line reaches the space location ¥ at time y,y. That is,
in the frame F, the spacetime events E( and E; can correspond
to a light signal traveling through vacuum from the spacetime
point x to the spacetime point y.

From Principle A, in the frame F’ the spacetime events Ey
and E; can also correspond to a light signal traveling through
vacuum from the spacetime point x” to the spacetime point y'.
From Principle B, the speed of light in vacuum is ¢ =1 in
both reference frames F and F’. Thus, we have

7 — % = lyh — xpl- (AS)
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It follows from (A2) and from (AS5) that the spacetime interval
As’ between the spacetime points x' and y" in the frame F’
satisfies As’ = 0, as claimed.

We now consider that

As # 0. (A6)
We show that As’ = As. We define a by
As = aAs'. (A7)

From (A6), we have that a # 0. In general, a is a function of
the spacetime coordinates x, y, x’, and y’, and of the velocity
¥ of the reference frame F’ with respect to the reference
frame F. However, due to Principle C, a cannot depend on
any spacetime coordinates, as otherwise some spacetime co-
ordinates would be treated in a special way. Furthermore,
due to Principle D, a cannot depend on the direction of v,
as otherwise different directions in space would be treated
differently. Thus, a can depend only on the magnitude v
of ©.

We now consider a third reference frame F”. Let x” and
y” be the respective spacetime coordinates of the spacetime
events Ey and E; in the reference frame F”, and let As” be the
spacetime interval between x” and y”. That is, from (A2), we
have (As")? = (y) — — |3 — X"|. Let ¥ be the velocity
of F” with respect to F and let 3" be the velocity of F” with
respect to F’. Thus, from (A7), we have

As = a(v)As, (A8)
As = a(v)As”, (A9)
As' = a(W")As". (A10)

From (A6), (A8), and (A9), we have a(v) # 0 and a(v') # 0.
Thus, we can divide (A8) and (A9) by a(v) and a(v’), respec-
tively, and substitute As” and As” in (A10), to obtain
As a(v")As
av) ~a()

From (A6), we can divide (Al1l) by As and multiply by
a(v") # 0, to obtain

(Al1)

a(v’)
a(v)

Since v is the velocity of F’ with respect to F, ¥’ is the
velocity of F” with respect to F, and v” is the velocity of
F” with respect to F’, we see that the magnitude v” depends
not only on the magnitudes v and v’, but also on the angle
0 between ¥ and v’. Thus, we see that the right-hand side of
(A12) depends on 9, but the left-hand side does not. Since v
and ¥’ are arbitrary, so is their angle 6. Thus, we see that (A12)
can hold only if a is a constant. It follows from (A12) that this
constant is @ = 1. Thus, it follows from (A7) that As’ = As,
as claimed. ]

Proof of Lemma B. We reproduce a proof given by
Ref. [2]. Let F and F' be an arbitrary pair of inertial reference
frames. We consider two spacetime events Ey and E; with
spacetime coordinates separated by infinitesimal spacetime

=a("). (A12)

intervals ds and ds’ in the reference frames F and F’, respec-
tively. These are given by

ds* =) " Nup dxy dxp, (A13)
- Z Nys dx), dxj, (Al4)
Y.

where 7 is the metric given by (9), where «, 8, y and § run
over {0, 1,...,n}, and where x, and x, are the spacetime
coordinates in the reference frames F and F’, respectively, for
alla € {0, 1, ..., n}.

From Postulate B, the coordinate transformation x — x’
is nonsingular. Thus, the functions x'(x) and x(x’ ) are well-

behaved differentiable functions and the matrix —¢ has a

well-defined inverse i We express the 1nﬁn1te51mal inter-

vals dxy as a functlon of the infinitesimal intervals dx,, for
all o,y €{0,1,...,n}, by taking partial derivatives. From
(A14), we have

/
dxu, dxg.

Z L axa

o,f,y,6

(A15)

By definition of Minkowski spacetime in 1 4 n dimen-
sions, the spacetime interval between the spacetime events E
and E; is the same in all inertial reference frames. Thus, we
have

ds® = ds”. (A16)
It follows from (A13), (A15), and (A16) that
3)6 Bx
Z (Z Nys 7 Ix ﬂaﬂ)dxa dxg = 0. (A17)

a.p
In order that (A17) holds for arbitrary dx,, we must have

Z ax 3x5
CLrr 0Xy 8x

foralla, B € {0, 1,...,n}.
We take the partial derivative of (A18) with respect to x,,
and obtain

%x, 9x,  0x, 9%
0 — )4 $ + e $ ,
Z ””(axe 0xq 0xg  0xy 0xc0xg
for all o, B8,€ € {0,1,...,n}. We add to (A19) the same

equation with « and € interchanged, and we subtract the same
equation with € and § interchanged, to obtain

(A18)

(A19)

2./ / / 2./
x, dxy x93

0= 7
Z s <8x6 0xy 0xp 0xy 0xc0xg

82; axy  0x, 9]

Bxu,ax6 ax,g 0xe 0x40xg
9°x, 9xj 0, %
Ty 0% Ty 0% ) (A20)
Bxﬁaxa Bxe 0xy 0xg0Xe

for all «, B,€ € {0, 1,...,n}. We see from the definition of
the metric matrix 7,5 given by (9), that in (A20), the second
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and last terms cancel each other, and so do the fourth and fifth
terms. Thus, since the first and third terms are equal, we obtain

3°x!, 3x!
0=2 Y90,
Z Ty <8)c6 0xy 0xg >
y.,8

foralla, B,e € {0, 1,...,n}.
It is easy to see from (9) that the matrix 7,5 is invertible.

(A21)

. . xk . . .
As mentioned above, the matrix ﬁ is also invertible. Thus,

the matrix ) ; 17)/5% is also invertible. It follows that (A21)
has only the trivial solution

2.7
Bxy

- 0xc 0Xy

(A22)

for all o, y,€ € {0, 1, ..., n}. The general solution to (A22)
is given by

n

X, =" Aysxs +ay. (A23)
8=0
where A5, a, € R are constants, forall y,6 € {0, 1, ..., n}.
By substituting (A23) in (A18), we obtain
Nap = Y Y MysAyalsp. (A24)

y=0 6=0

Thus, from (A23) and (A24), we see that the coordinate
transformation x — x’ is a Poincaré transformation P(a, A)
defined by (10) and (11), as claimed. |

[1] L. D. Landau and E. M. Lifshitz, The Classical Theory of Fields,
3rd ed. (Pergamon Press, Oxford, 1971), pp. 1-5.

[2] S. Weinberg, Gravitation and Cosmology: Principles and Ap-
plications of the General Theory of Relativity (John Wiley and
Sons, New York, 1972), pp. 25-28.

[3] J. von Neumann, Mathematical Foundations of Quantum Me-
chanics (Princeton University Press, Princeton, NJ, 1955).

[4] M. A. Nielsen and I. L. Chuang, Quantum Computation
and Quantum Information (Cambridge University Press, Cam-
bridge, 2000).

[5] S. Weinberg, Lectures on Quantum Mechanics (Cambridge Uni-
versity Press, Cambridge, 2013).

[6] G. Birkhoff and J. von Neumann, The logic of quantum me-
chanics, Ann. Math. 37, 823 (1936).

[7] G. W. Mackey, The Mathematical Foundations of Quantum
Mechanics (W. A. Benjamin, New York, 1963).

[8] J. M. Jauch and C. Piron, Can hidden variables be excluded in
quantum mechanics?, Helv. Phys. Acta 36, 827 (1963).

[9] E. B. Davies and J. T. Lewis, An operational approach to quan-
tum probability, Commun. Math. Phys. 17, 239 (1970).

[10] C. M. Edwards, The operational approach to quantum probabil-
ity I, Commun. Math. Phys. 16, 207 (1970).

[11] G. Ludwig, Foundations of Quantum Mechanics (Springer, New
York, 1983 and 1985), Vols. 1 and 2.

[12] L. Hardy, Quantum theory from five reasonable axioms,
arXiv:quant-ph/0101012.

[13] R. Clifton, J. Bub, and H. Halvorson, Characterizing quantum
theory in terms of information-theoretic constraints, Found.
Phys. 33, 1561 (2003).

[14] P. Goyal, Information-geometric reconstruction of quantum the-
ory, Phys. Rev. A 78, 052120 (2008).

[15] J. Rau, On quantum vs. classical probability, Ann. Phys. 324,
2622 (2009).

[16] B. Daki¢ and C. Brukner, Quantum theory and beyond: Is
entanglement special?, in Deep Beauty: Understanding the
Quantum World through Mathematical Innovation, edited by
H. Halvorson (Cambridge University Press, Cambridge, 2011),
pp. 365-392.

[17] G. Chiribella, G. M. D’Ariano, and P. Perinotti, Probabilistic
theories with purification, Phys. Rev. A 81, 062348 (2010).

[18] J. Rau, Measurement-based quantum foundations, Found. Phys.
41, 380 (2011).

[19] G. Chiribella, G. M. D’Ariano, and P. Perinotti, Informa-
tional derivation of quantum theory, Phys. Rev. A 84, 012311
(2011).

[20] L. Masanes and M. P. Miiller, A derivation of quantum the-
ory from physical requirements, New J. Phys. 13, 063001
(2011).

[21] L. Hardy, Reformulating and reconstructing quantum theory,
arXiv:1104.2066.

[22] C. Fuchs and R. Schack, A quantum-Bayesian route to
quantum-state space, Found. Phys. 41, 345 (2011).

[23] A. Wilce, Four and a half axioms for finite-dimensional quan-
tum probability, in Probability in Physics, Frontiers Collection,
edited by Y. Ben-Menahem and M. Hemmo (Springer, Berlin,
Heidelberg, 2012), pp. 281-298.

[24] G. de la Torre, L. Masanes, A. J. Short, and M. P. Miiller, Deriv-
ing Quantum Theory from its Local Structure and Reversibility,
Phys. Rev. Lett. 109, 090403 (2012).

[25] D. Fivel, Derivation of the rules of quantum mechanics from
information-theoretic axioms, Found. Phys. 42, 291 (2012).

[26] M. Zaopo, Information theoretic axioms for quantum theory,
arXiv:1205.2306.

[27] L. Hardy, Reconstructing quantum theory, arXiv:1303.1538.

[28] L. Masanes, M. P. Miiller, R. Augusiak, and D. Pérez-
Garcia, Existence of an information unit as a postulate of
quantum theory, Proc. Natl. Acad. Sci. USA 110, 16373
(2013).

[29] H. Barnum, M. P. Miiller, and C. Ududec, Higher-order inter-
ference and single-system postulates characterizing quantum
theory, New J. Phys. 16, 123029 (2014).

[30] P. A. Hohn and C. S. P. Wever, Quantum theory from questions,
Phys. Rev. A 95, 012102 (2017).

[31] P. A. Hohn, Toolbox for reconstructing quantum theory from
rules on information acquisition, Quantum 1, 38 (2017).

[32] P. A. Hohn, Quantum theory from rules on information acquisi-
tion, Entropy 19, 98 (2017).

[33] J. H. Selby, C. M. Scandolo, and B. Coecke, Reconstructing
quantum theory from diagrammatic postulates, Quantum 5, 445
(2021).

[34] A. Wilce, Conjugates, filters and quantum mechanics, Quantum
3, 158 (2019).

[35] J. v. d. Wetering, An effect-theoretic reconstruction of quantum
theory, Compositionality 1, 1 (2019).

032220-23


https://doi.org/10.2307/1968621
https://doi.org/10.1007/BF01647093
https://doi.org/10.1007/BF01646788
http://arxiv.org/abs/arXiv:quant-ph/0101012
https://doi.org/10.1023/A:1026056716397
https://doi.org/10.1103/PhysRevA.78.052120
https://doi.org/10.1016/j.aop.2009.09.013
https://doi.org/10.1103/PhysRevA.81.062348
https://doi.org/10.1007/s10701-010-9427-1
https://doi.org/10.1103/PhysRevA.84.012311
https://doi.org/10.1088/1367-2630/13/6/063001
http://arxiv.org/abs/arXiv:1104.2066
https://doi.org/10.1007/s10701-009-9404-8
https://doi.org/10.1103/PhysRevLett.109.090403
https://doi.org/10.1007/s10701-011-9603-y
http://arxiv.org/abs/arXiv:1205.2306
http://arxiv.org/abs/arXiv:1303.1538
https://doi.org/10.1073/pnas.1304884110
https://doi.org/10.1088/1367-2630/16/12/123029
https://doi.org/10.1103/PhysRevA.95.012102
https://doi.org/10.22331/q-2017-12-14-38
https://doi.org/10.3390/e19030098
https://doi.org/10.22331/q-2021-04-28-445
https://doi.org/10.22331/q-2019-07-08-158
https://doi.org/10.32408/compositionality-1-1

DAMIAN PITALUA-GARCIA

PHYSICAL REVIEW A 104, 032220 (2021)

[36] S. Tull, A categorical reconstruction of quantum theory, Logical
Methods Comput. Sci. 16, 1:4 (2020).

[37] K. Nakahira, Derivation of quantum theory with superselection
rules, Phys. Rev. A 101, 022104 (2020).

[38] C. F. von Weizsicker, The Structure of Physics (Springer, Dor-
drecht, 2006).

[39] M. P. Miiller and L. Masanes, Three-dimensionality of space
and the quantum bit: An information-theoretic approach, New
J. Phys. 15, 053040 (2013).

[40] B. Daki¢ and C. Brukner, The Classical Limit of a Physical
Theory and the Dimensionality of Space, in Quantum Theory:
Informational Foundations and Foils, edited by G. Chiribella
and R. Spekkens, Fundamental Theories of Physics, Vol. 181
(Springer, Dordrecht, 2016).

[41] P. A. Hoehn and M. P. Mueller, An operational approach to
spacetime symmetries: Lorentz transformations from quantum
communication, New J. Phys. 18, 063026 (2016).

[42] A. J. P. Garner, M. P. Miiller, and O. C. O. Dahlsten, The
complex and quaternionic quantum bit from relativity of simul-
taneity on an interferometer, Proc. R. Soc. A 473, 20170596
(2017).

[43] L. Hardy, Towards quantum gravity: A framework for proba-
bilistic theories with non-fixed causal structure, J. Phys. A 40,
3081 (2007).

[44] L. Hardy, Operational general relativity: Possibilistic, proba-
bilistic, and quantum, arXiv:1608.06940.

[45] J. Barrett, Information processing in generalized probabilistic
theories, Phys. Rev. A 75, 032304 (2007).

[46] A. J. Short and J. Barrett, Strong nonlocality: A trade-off
between states and measurements, New J. Phys. 12, 033034
(2010).

[47] J. Barrett, N. Linden, S. Massar, S. Pironio, S. Popescu, and
D. Roberts, Nonlocal correlations as an information-theoretic
resource, Phys. Rev. A 71, 022101 (2005).

[48] P. Janotta, C. Gogolin, J. Barrett, and N. Brunner, Limits on
nonlocal correlations from the structure of the local state space,
New J. Phys. 13, 063024 (2011).

[49] H. Barnum, J. Barrett, M. Leifer, and A. Wilce, General-
ized no-Broadcasting Theorem, Phys. Rev. Lett. 99, 240501
(2007).

[50] H. Barnum, J. Barrett, L. O. Clark, M. Leifer, R. Spekkens,
N. Stepanik, A. Wilce, and R. Wilke, Entropy and information
causality in general probabilistic theories, New J. Phys. 12,
033024 (2010).

[51] A.J. Short and S. Wehner, Entropy in general physical theories,
New J. Phys. 12, 033023 (2010).

[52] M. Krumm, H. Barnum, J. Barrett, and M. P. Miiller, Thermo-
dynamics and the structure of quantum theory, New J. Phys. 19,
043025 (2017).

[53] H. Barnum, J. Barrett, M. Leifer, and A. Wilce, Teleportation
in general probabilistic theories, in Proceedings of Symposia
in Applied Mathematics, edited by S. Abramsky and M. Mis-
love (American Mathematical Society, Providence, RI, 2012),
Vol. 71, pp. 25-48.

[54] S. Massar, S. Pironio, and D. Pitalda-Garcia, Hyperdense cod-
ing and superadditivity of classical capacities in hypersphere
theories, New J. Phys. 17, 113002 (2015).

[55] S. Massar and M. K. Patra, Information and communication in
polygon theories, Phys. Rev. A 89, 052124 (2014).

[56] C. M. Lee and J. Barrett, Computation in generalised probabil-
isitic theories, New J. Phys. 17, 083001 (2015).

[57] C. M. Lee and M. J. Hoban, Bounds on the power of proofs
and advice in general physical theories, Proc. R. Soc. A 472,
20160076 (2016).

[58] C. M. Lee and J. H. Selby, Generalised phase kick-back: The
structure of computational algorithms from physical principles,
New J. Phys. 18, 033023 (2016).

[59] C. M. Lee and J. H. Selby, Deriving Grover’s lower bound
from simple physical principles, New J. Phys. 18, 093047
(2016).

[60] H. Barnum, C. Lee, and J. Selby, Oracles and query lower
bounds in generalised probabilistic theories, Found. Phys. 48,
954 (2018).

[61] A. Garner, Interferometric computation beyond quantum the-
ory, Found. Phys. 48, 886 (2018).

[62] M. Krumm and M. P. Miiller, Quantum computation is the
unique reversible circuit model for which bits are balls, npj
Quantum Inf. 5, 7 (2019).

[63] J. Barrett, N. de Beaudrap, M. J. Hoban, and C. M. Lee,
The computational landscape of general physical theories, npj
Quantum Inf. 5, 41 (2019).

[64] J. Sikora and J. Selby, Simple proof of the impossibility of
bit commitment in generalized probabilistic theories using cone
programming, Phys. Rev. A 97, 042302 (2018).

[65] J. H. Selby and J. Sikora, How to make unforgeable
money in generalised probabilistic theories, Quantum 2, 103
(2018).

[66] L. Lami, C. Palazuelos, and A. Winter, Ultimate data hiding in
quantum mechanics and beyond, Commun. Math. Phys. 361,
661 (2018).

[67] J. Sikora and J. H. Selby, Impossibility of coin flipping in gener-
alized probabilistic theories via discretizations of semi-infinite
programs, Phys. Rev. Research 2, 043128 (2020).

[68] G. Svetlichny, The space-time origin of quantum mechanics:
Covering law, Found. Phys. 30, 1819 (2000).

[69] M. Pawtowski, T. Paterek, D. Kaszlikowski, V. Scarani, A.
Winter, and M. Zukowski, Information causality as a physical
principle., Nature (London) 461, 1101 (2009).

[70] D. Pitalda-Garcfa, Quantum Information Causality, Phys. Rev.
Lett. 110, 210402 (2013).

[71] B. S. Cirel’son, Quantum generalizations of Bell’s inequality,
Lett. Math. Phys. 4, 93 (1980).

[72] J. F. Clauser, M. A. Horne, A. Shimony, and R. A. Holt,
Proposed Experiment to Test Local Hidden-Variable Theories,
Phys. Rev. Lett. 23, 880 (1969).

[73] E. Wigner, On unitary representations of the inhomogeneous
Lorentz group, Ann. Math. 40, 149 (1939).

[74] S. Weinberg, The Quantum Theory of Fields (Cambridge Uni-
versity Press, Cambridge, 1995), Vol. 1.

[75] L. Masanes, M. P. Miiller, D. Pérez-Garcia, and R. Augusiak,
Entanglement and the three-dimensionality of the Bloch ball,
J. Math. Phys. 55, 122203 (2014).

[76] P. Janotta and R. Lal, Generalized probabilistic theories with-
out the no-restriction hypothesis, Phys. Rev. A 87, 052131
(2013).

[77] C. H. Bennett and S. J. Wiesner, Communication Via One-
and Two-Particle Operators on Einstein-Podolsky-Rosen States,
Phys. Rev. Lett. 69, 2881 (1992).

032220-24


https://doi.org/10.23638/LMCS-16(1:4)2020
https://doi.org/10.1103/PhysRevA.101.022104
https://doi.org/10.1088/1367-2630/15/5/053040
https://doi.org/10.1088/1367-2630/18/6/063026
https://doi.org/10.1098/rspa.2017.0596
https://doi.org/10.1088/1751-8113/40/12/S12
http://arxiv.org/abs/arXiv:1608.06940
https://doi.org/10.1103/PhysRevA.75.032304
https://doi.org/10.1088/1367-2630/12/3/033034
https://doi.org/10.1103/PhysRevA.71.022101
https://doi.org/10.1088/1367-2630/13/6/063024
https://doi.org/10.1103/PhysRevLett.99.240501
https://doi.org/10.1088/1367-2630/12/3/033024
https://doi.org/10.1088/1367-2630/12/3/033023
https://doi.org/10.1088/1367-2630/aa68ef
https://doi.org/10.1088/1367-2630/17/11/113002
https://doi.org/10.1103/PhysRevA.89.052124
https://doi.org/10.1088/1367-2630/17/8/083001
https://doi.org/10.1098/rspa.2016.0076
https://doi.org/10.1088/1367-2630/18/3/033023
https://doi.org/10.1088/1367-2630/18/9/093047
https://doi.org/10.1007/s10701-018-0198-4
https://doi.org/10.1007/s10701-018-0142-7
https://doi.org/10.1038/s41534-018-0123-x
https://doi.org/10.1038/s41534-019-0156-9
https://doi.org/10.1103/PhysRevA.97.042302
https://doi.org/10.22331/q-2018-11-02-103
https://doi.org/10.1007/s00220-018-3154-4
https://doi.org/10.1103/PhysRevResearch.2.043128
https://doi.org/10.1023/A:1003797204134
https://doi.org/10.1038/nature08400
https://doi.org/10.1103/PhysRevLett.110.210402
https://doi.org/10.1007/BF00417500
https://doi.org/10.1103/PhysRevLett.23.880
https://doi.org/10.2307/1968551
https://doi.org/10.1063/1.4903510
https://doi.org/10.1103/PhysRevA.87.052131
https://doi.org/10.1103/PhysRevLett.69.2881

SPACETIME SYMMETRIES AND THE QUBIT BLOCH ...

PHYSICAL REVIEW A 104, 032220 (2021)

[78] S. W. Al-Safi and A. J. Short, Reversible dynamics in strongly
non-local boxworld systems, J. Phys. A: Math. Theor. 47,
325303 (2014).

[79] S. Popescu and D. Rohrlich, Quantum nonlocality as an axiom,
Found. Phys. 24, 379 (1994).

[80] W. van Dam, Implausible consequences of superstrong nonlo-
cality, Nat. Comput. 12, 9 (2013).

[81] D. Gross, M. Miiller, R. Colbeck, and O. C. O. Dahlsten, All Re-
versible Dynamics in Maximally Nonlocal Theories are Trivial,
Phys. Rev. Lett. 104, 080402 (2010).

[82] B. Schutz, A First Course in General Relativity (Cambridge
University Press, Cambridge, 2009).

[83] R. M. Wald, General Relativity (University of Chicago Press,
Chicago, 1984).

[84] K. Godel, An example of a new type of cosmological solutions
of Einstein’s field equations of gravitation, Rev. Mod. Phys. 21,
447 (1949).

[85] L. Heisenberg, A systematic approach to generalisations of
General Relativity and their cosmological implications, Phys.
Rep. 796, 1 (2019).

[86] P. Coles and F. Lucchin, Cosmology: The Origin and Evolution
of Cosmic Structure (John Wiley & Sons, Chichester, West
Sussex, England, 2002).

[87] J. Ehlers, F. A. E. Pirani, and A. Schild, The geometry of
free fall and light propagation, in General Relativity, Papers in
Honour of J. L. Synge, edited by J. L. O’Reifeartaigh (Clarendon
Press, Oxford, 1972), pp. 63—84, republished in [94].

[88] J. S. Bell, On the Einstein-Podolsky-Rosen paradox, Physics 1,
195 (1964), reprinted in [95], pp. 14-21.

[89] C. H. Bennett, G. Brassard, C. Crépeau, R. Jozsa, A. Peres, and
W. K. Wootters, Teleporting an Unknown Quantum State Via
Dual Classical and Einstein-Podolsky-Rosen Channels, Phys.
Rev. Lett. 70, 1895 (1993).

[90] D. Deutsch and R. Jozsa, Rapid solution of problems by
quantum computation, Proc. R. Soc. London A 439, 553
(1992).

[91] P. W. Shor, Algorithms for quantum computation: Dis-
crete logarithms and factoring, in Proceedings of the 35th
Annual Symposium on Foundations of Computer Science
(IEEE Computer Society Press, Los Alamitos, CA, 1994),
pp- 124-134.

[92] H. Barnum, S. Beigi, S. Boixo, M. B. Elliott, and S.
Wehner, Local Quantum Measurement and No-Signaling Im-
ply Quantum Correlations, Phys. Rev. Lett. 104, 140401
(2010).

[93] A. Acin, R. Augusiak, D. Cavalcanti, C. Hadley, J. K. Korbicz,
M. Lewenstein, L. Masanes, and M. Piani, Unified Framework
for Correlations in Terms of Local Quantum Observables, Phys.
Rev. Lett. 104, 140404 (2010).

[94] J. Ehlers, F. A. E. Pirani, and A. Schild, Republication of: The
geometry of free fall and light propagation, Gen. Relativ. Gravit.
44, 1587 (2012).

[95] J. S. Bell, Speakable and Unspeakable in Quantum Mechanics
(Cambridge University Press, Cambridge, 1987).

032220-25


https://doi.org/10.1088/1751-8113/47/32/325303
https://doi.org/10.1007/BF02058098
https://doi.org/10.1007/s11047-012-9353-6
https://doi.org/10.1103/PhysRevLett.104.080402
https://doi.org/10.1103/RevModPhys.21.447
https://doi.org/10.1016/j.physrep.2018.11.006
https://doi.org/10.1103/PhysicsPhysiqueFizika.1.195
https://doi.org/10.1103/PhysRevLett.70.1895
https://doi.org/10.1098/rspa.1992.0167
https://doi.org/10.1103/PhysRevLett.104.140401
https://doi.org/10.1103/PhysRevLett.104.140404
https://doi.org/10.1007/s10714-012-1353-4

