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1 Introduction

General probabilistic theories (GPTs) provide a framework for the study of operational theories
beyond quantum theory. Within this framework quantum theory appears as one non-classical theory
amongst many. Examples of GPTs (excepting classical and quantum theory) include Boxworld [7,
4,17, 112} [1]], quantum theory over the field of real numbers [[13} 2, [18]] or quaternions [8]], theories
based on Euclidean Jordan algebras [3]], quartic quantum theory [[19]], d-balls [5, (15} [14]], density
cubes [6] and quantum systems with modified measurements [9]].

The aim of this paper is to provide tools to systematically explore the space of non-classical
systems. Rather than generating examples of non-classical systems we show how to give full clas-
sifications of families of non-classical systems which share a common dynamical structure (pure
states and reversible dynamics) but different probabilistic structures (measurements and measure-
ment outcome probabilities).

Using a notion of distance between probabilistic structures we introduce the property of rigidity
of probabilistic structures: a probabilistic structure is rigid if it cannot be continuously deformed.
All previously studied GPTs have rigid probabilistic structures. We find necessary and sufficient
conditions on the dynamical structures for the existence of non-rigid probabilistic structures. We
explore in detail an example of a non-rigid system, and show that by continuously deforming the
probabilistic structure one can change the number of perfectly distinguishable states. We also
introduce new families of non-classical systems and provide a full classification of a family of
systems which includes both quantum theory and quartic quantum theory as special cases.

2 The OPF framework and rigidity of probabilistic structures

We provide a characterisation of single systems within the GPT framework which emphasises the
pure states and reversible dynamics. This will allow us to consider families of systems with the
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2 How dynamics constrains probabilities in general probabilistic theories

same pure states and reversible dynamics, but different measurements. This is a generalisation
of 9, [10l [16] where all systems with the same pure states and reversible dynamics as quantum
theory were classified and their informational properties studied.

The dynamical structure of a system Sy is a set X acted on by a group G. We assume the
action to be transitive and hence X = G/H for some subgroup H of G. The probabilistic structure
Fx is a set of functions f: X — [0, 1] which are closed under mixing and composition with group
elements. For a given dynamical structure X, different choices of probabilistic structures .Fx will
lead to different equivalence classes of indistinguishable ensembles and hence different sets of
mixed states.

An unrestricted probabilistic structure .Fy is rigid if any other unrestricted probabilistic struc-
ture .#y of the same linear dimension is at a finitely bounded distance.

3 Results

There are two main results in this work. The first is a theorem about the classification of proba-
bilistic structures for a given dynamical structure.

Theorem 1 (Classification theorem). Let 9 = (G,H) be a transitive dynamical structure, and let
us consider probabilistic structures 7 /g such that R[ﬁg/f[] is finite-dimensional. Every system
Z6/m = (G,H,F ) has an associated representation I : G — GL(R[F¢/y]").

i. Every probabilistic structure F gy (up to tomographic equivalence) has an associated rep-
resentation I of the form:

r=@pr;, (1)
J

where each term (I';,V;,R) is a real-irreducible representation with least one trivial subrep-
resentation when restricted to H.

ii. Conversely every representation of the form (1)) is associated to at least one probabilistic
structure F .

iii. When (G,H) forms a Gelfand pair the correspondence between representations (I',V,R) of
the form and probabilistic structures (up to tomographic equivalence) F ¢y is one-to-
one.

iv. When (G,H) does not form a Gelfand pair then some representations (I',V,R) of the form
have infinitely-many tomographically inequivalent probabilistic structures gy associated
to them.

We also identify which dynamical structures allow for non-rigid probabilistic structures.
Theorem 2. Let 9 = (G,H) be a dynamical structure.

1. If (G,H) is a Gelfand pair, then every unrestricted probabilistic structure F ¢y is rigid.
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2. If (G,H) is not a Gelfand pair, then there exist probabilistic structures FG/u which are not
rigid, which are those with associated representations I which admit H-invariant vectors
related by invertible transformations which do not commute with I'i.

A group/subgroup pair (G, H) form a Gelfand pair if and only if all irreducible representations
of G contain at most one H-invariant subspace.

Following this we explore in depth an example of a non-rigid system as well as provide a full
classification of all systems with pure states given by the manifold of all k-dimensional subspaces of
the complex linear space C“ (k < d). This manifold is known as a Grassmann manifold Gr(k,C%).
It is a generalisation of the space of pure states of quantum theory which is PC¢ = Gr(1,C%)

4 Discussion
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Figure 1: Map of the space of transitive non-classical systems with compact pure states X = G/H.
‘2 point hom.” stands for two point homogeneous. For I, Gry is the family of systems with pure
states given by the Grassmann manifold Gr(IF¢,F¥) for all 2 < d < oo, k < d. PF is the family
of systems with pure states given by projective space over F¢ for all 1 < d < oo. QTy is quantum
theory over IF whilst Quy is quartic quantum theory over F. ‘EJA;’ labels special Euclidean Jordan
Algebras (EJA) and ‘EJA,’ the exceptional EJA. V; is the d—sphere in the standard embedding in
R4*+! whilst §¢ is the family of systems with pure states given by ¢ (hence embeddings of §¢ in R¥
where k not necessarily equal to d + 1). This map does not capture all the relations, namely there
are ‘coincidences’ like the qubit being both in QT and V.

By making us of representation theoretic tools for the classification of GPT systems we can
further explore the space of non-classical systems. In Figure[I] we provide a summary of the new
families of systems introduced, and where known GPTs figure in this classification.



How dynamics constrains probabilities in general probabilistic theories

References

(1]

(2]

(3]

(4]

(5]

(6]

(7]

(8]

(9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

Sabri W Al-Safi & Anthony J Short (2014): Reversible dynamics in strongly non-local Boxworld
systems. Journal of Physics A: Mathematical and Theoretical 47(32), p. 325303, doi;10.1088/1751-
8113/47/32/325303.

Antoniya Aleksandrova, Victoria Borish & William K. Wootters (2013):  Real-vector-space
quantum theory with a universal quantum bit. Physical Review A 87(5), p. 052106,
doi:10.1103/PhysRevA.87.052106.

Howard Barnum, M. Graydon & Alexander Wilce (2016): Composites and Categories of Euclidean
Jordan Algebras. eprint ArXivi1606.09331 quant-ph.

Jonathan Barrett (2007): Information processing in generalized probabilistic theories. Phys. Rev. A
75, p- 032304, doii10.1103/PhysRevA.75.032304.

Borivoje Dakic & Caslav Brukner (2011): \Quantum Theory and Beyond: Is Entanglement Special?
In H. Halvorson, editor: Deep Beauty - Understanding the Quantum World through Mathematical
Innovation, Cambridge University Press, pp. 365-392.

Borivoje Daki¢, Tomasz Paterek & Caslav Brukner (2014): Density cubes and higher-order interfer-
ence theories. New Journal of Physics 16(2), p. 023028, doi;10.1088/1367-2630/16/2/023028|

E.B. Davies (1972): Example Related to the Foundations of Quantum Theory. Journal of Mathematical
Physics 13(1), pp. 39-41, doi:10.1063/1.1665846. Available at http://aip.scitation.org/doi/
10.1063/1.1665846.

David N. Finkelstein (1959): Notes on Quaternion Quantum Mechanics. CERN publications: Euro-
pean Organization for Nuclear Research, CERN.

Thomas D. Galley & Lluis Masanes (2017): Classification of all alternatives to the Born rule in terms
of informational properties. Quantum 1, p. 15, doi:10.22331/q-2017-07-14-15.

Thomas D. Galley & Lluis Masanes (2018): Any modification of the Born rule leads to a violation of
the purification and local tomography principles. Quantum 2, p. 104, doi:10.22331/q-2018-11-06-104.
Available at https://doi.org/10.22331/9-2018-11-06-104.

Thomas D. Galley & Lluis Masanes (2020): How dynamics constrains probabilities in general proba-
bilistic theories. arXiv e-prints:arXiv:2002.05088.

David Gross, Markus Muller, Roger Colbeck & Oscar C. O. Dahlsten (2010): All Reversible
Dynamics in Maximally Nonlocal Theories are Trivial. Phys. Rev. Lett. 104, p. 080402,
doi:10.1103/PhysRevLett.104.080402.

Lucien Hardy & William K. Wootters (2012): Limited Holism and Real-Vector-Space Quantum The-
ory. Foundations of Physics 42, pp. 454-473, doii10.1007/s10701-011-9616-6.

Marius Krumm & Markus P. Miiller (2019): Quantum computation is the unique reversible circuit
model for which bits are balls. npj Quantum Information 5:7, doi;10.1038/s41534-018-0123-x.

L1 Masanes, Markus P. Mueller, David Perez-Garcia & Remigiusz Augusiak (2014): Entanglement
and the three-dimensionality of the Bloch ball. Journal of Mathematical Physics 55(12), p. 122203.

LluAs Masanes, Thomas Galley & Markus P. Muller (2019): The measurement postulates of quantum
mechanics are operationally redundant. Nature Communications 10(1361).

Anthony J Short & Jonathan Barrett (2010): Strong nonlocality: a trade-off between states and mea-
surements. New Journal of Physics 12(3), p. 033034, doi:10.1088/1367-2630/12/3/033034,


http://dx.doi.org/10.1088/1751-8113/47/32/325303
http://dx.doi.org/10.1088/1751-8113/47/32/325303
http://dx.doi.org/10.1103/PhysRevA.87.052106
https://arxiv.org/abs/1606.09331
http://dx.doi.org/10.1103/PhysRevA.75.032304
https://dx.doi.org/10.1093/philmat/nkr014
http://dx.doi.org/10.1088/1367-2630/16/2/023028
http://dx.doi.org/10.1063/1.1665846
http://aip.scitation.org/doi/10.1063/1.1665846
http://aip.scitation.org/doi/10.1063/1.1665846
https://books.google.co.uk/books?id=KsGKpwAACAAJ
http://dx.doi.org/10.22331/q-2017-07-14-15
http://dx.doi.org/10.22331/q-2018-11-06-104
https://doi.org/10.22331/q-2018-11-06-104
http://dx.doi.org/10.1103/PhysRevLett.104.080402
http://dx.doi.org/10.1007/s10701-011-9616-6
http://dx.doi.org/10.1038/s41534-018-0123-x
http://dx.doi.org/10.1088/1367-2630/12/3/033034

Thomas Galley & Lluis Masanes 5

[18] William K. Wootters (2013): Optimal Information Transfer and Real-Vector-Space Quantum Theory.
arXiv eprintsiquant-ph/1301.2018.

[19] Karol Zyczkowski (2008): Quartic quantum theory: an extension of the standard quantum mechanics.
Journal of Physics A: Mathematical and Theoretical 41(35), p. 355302.


https:/arxiv.org/abs/quant-ph/1301.2018

	Introduction
	The OPF framework and rigidity of probabilistic structures
	Results
	Discussion

