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Abstract

A framework is introduced for constructing models — called quantum miniatures
— which structurally resemble standard quantum systems. To construct quantum
miniatures, we consider an ordinary quantum system but restrict the set of physical
observables, in order to examine the implications of the commonly made assumption
that all self-adjoint operators represent observables.

We investigate various consequences of placing a restriction on observables, which
allows for a natural extension of the state space of a miniature beyond the usual
quantum states. Models are developed which maximally violate uncertainty relations
both for spin variables and for position and momentum, allowing for simultaneous
sharp prediction of non-commuting observables. Another model exhibits post-
quantum non-locality, including PR box correlations.

The quantum miniature framework includes standard quantum theory as a special
case, and allows us to define consistent foil theories to quantum theory, including
providing an explicit physical setting for a well-known family of GPTs, the polygon

models of Janotta et al.
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1

Introduction

1.1 MOTIVATION AND OUTLINE

In standard quantum theory, a physical system is represented by a Hilbert space, and
every physical observable is postulated to correspond to some self-adjoint operator
on this space. The converse — that every self-adjoint operator represents some
physical observable — was occasionally assumed by early pioneers of quantum theory.
For example, in Mathematical foundations of quantum mechanics, von Neumann
demonstrates that each observable corresponds to a Hermitian operator, but remarks
in a footnote that the only operators really known to correspond to observables at
that stage were those corresponding to position, momentum and energy [64} p. 200].
Seemingly as a matter of technical convenience, von Neumann proceeds a few pages
later to assume that in fact every Hermitian operator corresponds to an observable.

In Principles of quantum mechanics [24], Dirac effectively uses the word ‘observable

as a synonym for ‘self-adjoint operator’[l| and then poses the question

can every observable be measured? The answer theoretically is yes. In
practice it may be very awkward, or perhaps even beyond the ingenuity
of the experimenter, to devise an apparatus which could measure some
particular observable, but the theory always allows one to imagine that

the measurement can be made [24].

Both von Neumann and Dirac therefore claim that every self-adjoint operator

represents a physical observable, but neither puts forward a robust justification.

!Dirac identifies ‘dynamical variables’ with linear operators (p. 26), called ‘real’ if the operator
is self-adjoint, and then writes ‘we call a real dynamical variable whose eigenstates form a complete
set an observable. [24, p. 37]
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Many more authors tacitly make this assumption, which we will term ‘the operator
assumption’; or often avoid the question altogether.

Some doubt has been raised on the operator assumption. As Wigner points out,

there is, however, no rule which would tell us which self-adjoint operators
are truly observables, nor is there any prescription to know how the

measurements are to be carried out, what apparatus to use, etc. [94]
and more strongly,

for some observables, in fact for the majority of them (such as zyp,),

nobody seriously believes that a measuring apparatus exists [93].

Furthermore, there are positive reasons to reject the operator assumption. The
existence of super-selection rules [91] is a widely cited example [92] 45| |28]. Another
indication against the operator assumption comes from the field of computability
theory, where it has been argued that this assumption leads to a contradiction with
the Church-Turing thesis [65].

One indication in favour of a weaker version of the operator assumption is given
by Swift & Wright, who have shown that, using suitable electric and magnetic fields
compatible with Maxwell’s equations, measurement of an observable corresponding to
any self-adjoint operator in a finite-dimensional space can be implemented arbitrarily
well by means of a generalised Stern-Gerlach apparatus [85]. However, no comparable
result appears to be known for observables in infinite-dimensional systems.

In this thesis, we examine the possible consequences of removing the operator
assumption, while retaining many other features of quantum theory. We consider
quantum-like theories — called quantum miniatures — in which we explicitly assert
which operators correspond to observables, motivated by the availability of experi-
mental apparatus. This modification naturally leads to the possibility of extending
the state space relative to standard quantum mechanics. We consider a range of
restrictions. Particular attention is paid to models where the restriction is especially
austere, leaving only a small finite number of observables. These models can serve as
extreme examples which starkly illustrate the consequences of restricting the set of
observables. A dual benefit is the relative simplicity of a comprehensive exposition.

The main motivation for studying quantum miniatures is to examine the role
played by the operator assumption in standard quantum theory. To isolate the
effect of the operator assumption, we consider foil theories which retain most of the

formal structure of quantum theory — we retain the familiar Hilbert space setting,
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with states acting as linear operators, and we retain the Born rule for probability
assignment.

The non-positive operators which naturally arise as states in quantum miniatures
have previously been considered in isolated cases. For example, restricted spin
measurements have been considered, with a non-quantum state space leading to a
modified notion of entanglement. This has consequences for, e.g., the possibility
of classical simulation of such a system [74]. Also, non-positive operators have
been considered in connection with the non-local correlations achievable in various
theories [1]. Quantum miniatures may provide a unified framework for a systematic
study of these and other features. Another motivation is that quantum miniatures
may provide a useful framework for defining non-quantum theories with continuous

variables, as discussed in Chapter [4

1.2 BACKGROUND

1.2.1 FOIL THEORIES

The quantum miniature framework is situated within a broad program of constructing
foil theories for quantum mechanics. This approach aims to clarify our understanding
of quantum mechanics by contrasting with other logically conceivable theories: ‘ways
the world might have been’ [19]. The point of departure for construction of a foil
theory may be either the operational content of quantum theory, or its formal
structure.

Concerning the operational content, one may identify certain features of quantum
theory (such as the strength of its non-local correlations, the appearance of uncertainty
relations, its utility for some information theoretic protocol etc.), and construct a foil
theory which mimics some of these features. This approach can help to clarify what
is distinctive about quantum theory, and give hints towards possible reformulations
(on an operational footing). A common framework for developing foil theories is that
of generalised probabilistic theories (GPTs) |7, |48, |71]. The GPT framework aims to
describe conceivable physical theories in terms of the statistics of some allowed class
of measurements, and encompasses a broad range of qualitatively different theories,
including quantum theory and classical probability theory. GPTs provide a useful

setting to explore re-axiomatisations of quantum theory (e.g. |38, (62, [17]); in this
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context, foil theories can play a role in testing the sufficiency or the independence of
certain possible axioms.

A prominent class of foil theories lying outside the GPT framework are epis-
temically restricted (or epistricted) theories, which start from a classical statistical
theory and add an epistemic restriction [81} [82]. Epistricted theories reproduce many
phenomena occurring in quantum theory [39]. However, the underlying ontology is
essentially classical, so a primary aim is to elucidate those features of quantum theory
which are not reproducible in any epistricted theory, and may thus be considered
‘intrinsically quantum’ [50].

Other approaches take a specific technical formulation of quantum theory and
modify or replace this by a structurally similar formalism. The idea is that, by
modifying some aspect of a theory and following through the logical consequences,
one can gain insight into the connections between different aspects of the theory. For
example, modal quantum theory |79] replaces complex Hilbert space by a vector space
over a finite field. Rather than assigning probabilities to measurement outcomes,
modal quantum theory prescribes only whether an outcome is possible or impossible.
Remaining formally closer to the standard formulation, it was realised by Birkhoff
and von Neumann that much of the logical structure of quantum theory is compatible
with a replacement of the complex Hilbert space by a real or quaternionic alternative
[12]. Foil theories involving such real [84} 16| 2] or quaternionic [30] Hilbert spaces
have been constructed. The real version has been shown to be experimentally
falsifiable [76].

Finally, one may consider foil theories where the basic setting remains the
familiar complex Hilbert space formulation, but where individual postulates are
altered. Weinberg has considered a foil theory with the possible dynamics extended
to allow non-linear time evolution [89]. This extension of the possible dynamics has
been shown to have radical implications, such as the possibility of arbitrarily fast
communication [35]. A recent foil theory involves replacing the projection postulate of
standard quantum theory with a ‘passive’ alternative, in which the state is unaffected
by measurement [31]. This modification affects the interpretation of mixed states,
and allows for state reconstruction on a single system, with repercussions for e.g. the
computational power of this theory relative to standard quantum theory.

The quantum miniature framework is closest in spirit to these latter approaches.
We maintain most of the formal structure of standard quantum theory, but alter one

postulate, with the aim of seeing how this affects other aspects of the theory.
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1.2.2  ALGEBRAIC QUANTUM THEORY

The quantum miniature framework is based on restricting the set of observables
relative to a reference quantum system. This restriction can result in sets of
observables which are not closed under addition. This limitation marks a departure
from standard quantum theory, where an important feature is that the collection
of observables forms an algebra. Indeed, there is significant literature devoted to
re-deriving (and generalising) the Hilbert space formulation of quantum theory from
an abstraction of the algebraic structure of observables (herein referred to as the
algebraic approach) [51}, 180, 28].

The basic elements in the algebraic approach are a set of observables O, a set
of states &, and a map ((-,-)) : O x & — R, which is interpreted as providing
expectation values for observables in any state. It is postulated that observables are

entirely defined by expectation values so, for X, Y € O,
(X,w) =(Y,w) foranywe & = X =Y. (1.1)

Alternatively, this can be thought of as defining an equivalence relation, and then
dealing with equivalence classes of observables.

Given any two observables, X,Y € O, the sum X &Y is defined by the property
that

(XoY,w) =(X,w) +{(Y,w) forallwe 6. (1.2)

It is then a postulate that the sum, X &Y, is an element of £, i.e., an observable
(Structure Axiom 3(iii) in [28]). Similarly, given an observable X € O and a real
number A, the scalar multiple AX is defined by the property that

(AX,w) = M(X,w)) for all w € G, (1.3)

and it is postulated that any scalar multiple of an observable is also an observable. The
map ((-,-)) thus furnishes O with the structure of a real vector space. Furthermore,

9 is equipped with a partial order =<, defined by
X <Y if and only if (X,w)) < (Y,w)) for all w € &. (1.4)

Further postulates furnish O with the structure of a Jordan algebra — the full

details are unnecessary for the present discussion but may be found in e.g. |28, [83].
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It suffices to note that integer powers of any observable are also assumed to be
observable.

In the algebraic approach, the expectation value of a series of measurements of
an observable X is treated as fundamental. The possible outcomes of an individual
measurement of X are then derived as the support of a probability measure which
is defined by its moments ((X™)), for n € N. In contrast, the quantum miniature
framework takes the possible outcomes of an individual measurement to be funda-
mental, with expectation values derivable from the probabilities for each outcome in

a given state.

1.3 PRELIMINARIES

Before describing some examples of quantum miniatures, we introduce some useful

concepts from standard quantum mechanics.

Notation Given a Hilbert space H, the space of all self-adjoint linear operators
H — H is denoted by L*(H). An operator p : H — H is called positive if the
quadratic form |¢) — (| p|1) is positive semi-definite. We adopt the following
notation:

o Tr[X] denotes the trace of a trace-class operator X € L*(H).

e (X,Y)ys =Tr {X TY] is the Hilbert-Schmidt inner product (used for finite-

dimensional miniatures).

« (X), = Tr[pX]; when p is a state and X is an observable, this has the

interpretation of the expectation value for X in the state p.

o A*(X|p) = (X?), — (X)2Z; when p is a state and X is an observable, this has

the interpretation of the variance of X in the state p.
. A(X|p) = /22(X]p).
« [X,)Y]=XY -YX.
Given a vector space V and a subset X C V,
e cone(X)={ r|ze X, AR}
o conv(X)={ +(1-Ny|z,ye X,\€[0,1]}.
e A cone C C V is pointed if C N (—C) = {0}.
o A cone C' CV is generating it C — C =V.
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1.3.1 POSTULATES FOR QUANTUM THEORY

We adopt the following postulates for quantum theory, synthesised from e.g. [64, 29,
68, 186]:
Kinematics:

Q A physical system is represented by a complex Hilbert space, H.

O Observables are represented by self-adjoint operators on H.

S States of a system are represented by positive, unit-trace operators on H.

C Given systems A and B, with Hilbert spaces H4 and Hpg, respectively, the

Hilbert space of the joint system AB is given by the tensor product H, ® Hpg.

Measurement: Given a system in state p, and an observable represented by X €

L*(H), with eigenvectors |z) and corresponding eigenvalues z,

E the possible outcomes of a measurement of X are the eigenvalues x;

B the probability to obtain outcome x is given by the Born rule,
P(x|p) = Tr[p|z)(zl]. (1.5)

Dynamics:
P If an observable represented by X is measured and the eigenvalue x is obtained,
then the post-measurement state of the system is a projector onto the associated

eigenvector |x).

T Between measurements, states p evolve via unitary operators U on ‘H according

to the map p — UpUT.

1.3.2 UNCERTAINTY RELATIONS

Quantum theory predicts certain constraints on the uncertainties of two or more
observables in a given state. ‘In its most general form, the uncertainty principle
states that it is never possible to simultaneously predict the measurement outcomes
for all observables of the system’ [42]. Quantitative statements to such an effect are
known as uncertainty relations, and typically consist of an inequality involving the
variances of two or more observables. The best known of these is the Heisenberg

relation for position @) and momentum P [40, 52, |90]:

AQAP > 1 (1.6)
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This follows immediately from the more general Robertson relation [77],
2 2 1 2
N(Alp)AX(Blo) > ¢ {[A, B (1.7)
This is universally valid, i.e., it holds for any pair of observables A and B, in
any number of dimensions. The relation (1.7)) is particularly useful in the case of
position and momentum (or other canonical pairs), since ([@, P]) is state-independent.
However, in general, the Robertson relation does not provide a state-independent
bound. Indeed, unless all eigenvalues of [A, B] are strictly negative or strictly positive,
then ([A, B]), = 0 for some state p, so gives no bound at all for the variances
under consideration, and does not entail the general conclusion above.
In finite dimensions, for any collection of observables, A;, which do not share a
common eigenstate, there is no quantum state for which all of these observables may
all be sharply predicted [42]. Hence, there is a non-zero lower bound on the sum of

the variances:
> A*(Alp) > UL (1.8)

The particular constant U will depend on algebraic relations between the observables
A;.
Several results are known in the case where the observables in question are spin

components. For a spin s system,

Z AQ(S,”]/)) > s. (1.9)

i=1,2,3

where m,,m,, 15 are any three mutually orthogonal directions |9} 23]. For spins up
to s = 3/2, results are also known for the sum of variances in any two directions [23],

which may not be reduced to a truncated version of the 3 component bounds [42]:

S A(S,lp) = eals). (1.10)

i=1,2

For spin s = 1/2 in particular, ¢o(1/2) = 1/4 and the result (1.10]) can be generalised
to any pair of directions, not necessarily orthogonal to one another. Namely, if

and m’ are a pair of directions separated by an angle of ¢, then

A%(S,) + A%*(Sy) > ;sin2 (6/2). (1.11)
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Uncertainty relations such as those discussed above place limitations on the
set of possible values for the uncertainties achievable by some quantum state. A
more complete description of this set is given by the preparation uncertainty region
[14]. Given a collection of N observables, A;, the quantum uncertainty region,
PURg(Ay,. .., An), is defined as the set of possible values that may be realised as

the uncertainty in each observable in some quantum state:
PURg(A1, ..., Ay) = {(AA;,...,AAN)|Tp e Qg : A,(A) = AA}. (1.12)

We emphasise the word ‘quantum’ here, and add a subscript @), since we later
consider uncertainty regions for models other than quantum theory. For the case
of position and momentum, the quantum uncertainty region is fully defined by the
Heisenberg relation (L.6)), i.e., [14]

PURG(Q, P) — {(AQ,AP) ‘ AQAP > Z} (1.13)

Similarly, for the case of spin s = 1/2, the quantum uncertainty region for a
pair of spin components in orthogonal directions is fully defined by the additive
uncertainty relation (1.10)), along with the individual maxima AS,, AS, < 1/2:

1 1
PURG(S,, 5,) = {(As,,,,Asy) AS, AS, < o, ASP+ASE > 4}. (1.14)

1.3.3 WIGNER FUNCTIONS

The usual description of a quantum state gives the probability densities for either
position or momentum. However, given one of these it is not straightforward to
visualise the other. It would be desirable to encode both within a single function,
akin to a probability distribution over phase space.

This is the idea of the Wigner function [95], defined as the Wigner transform [41]

of the density operator:

1 i
W,(q,p) = %/dq% 200 g+ q' | plg— ). (1.15)

Since p is Hermitian, the function W, is real-valued, and since p is normalised, W,
is normalised. W, is not a true probability distribution, since it will in general

assume negative values at some points. However, the marginals for each variable do
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4, |
3, |
A
4 2f :
1, |
0, |
\ \ \ \ \
0 1 2 3 4
AQ

Figure 1.1: The quantum uncertainty region for position and momentum,

PURg(Q, P), as defined in (1.13).

constitute valid probability distributions, and agree with the distributions given by

the original density operator:

[ dpWila.) =T [pla)al. (1.16)

| daWW,(a.p) = Trlp p)pl. (1.17)

For any quantum state, p, the magnitude of the Wigner function is bounded:
Wyla.p)l < — (1.18)

14 Q7p — ﬂ_h' .

Since W is normalised, this restricts how localised a Wigner function can be.

Given the Wigner function of a state, one can recover the density operator via
the Weyl transform |90, |41]:

ia(Q — q) + ib(P —p)> |

h
p—%/mdadbdpdqu(q,p)eXp( -

(1.19)
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19

Figure 1.2: The quantum uncertainty region for an orthogonal pair of spin compo-

nents, PURg(S;, Sy), defined in ([1.14)).

Another way to express the correspondence between Hilbert space operators and

functions on phase space is given by the Wigner kernel [78| 33, 3]. The Wigner kernel,

A~

A(g,p), may be expressed in terms of the parity operator, II, and a two-parameter

family of operators effecting phase-space translations,

ipQ + zqﬁ)

T(q,p) = exp ( :

as

A

A(g,p) = WlhT(q,p)HT’(q,p)-

The Wigner transform ({1.15) may then equivalently be written

Walg,p) = Tr |[AA(q,p)] .

Similarly, the Weyl transform ((1.19)) may be written

A= /dqdeA(q,p)A(q,p)-

(1.20)

(1.21)

(1.22)

(1.23)
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The use of an operator kernel to establish a correspondence between Hilbert space
operators and phase space functions admits a generalisation to quantum systems
other than the non-relativistic particle, such as spin systems [87, 33]. Wigner

functions for spin systems are discussed briefly in Appendix [A]

1.3.4 COHERENT STATES AND SQUEEZED STATES

Coherent states are eigenstates of the annihilation operator for the harmonic oscillator,
a= (@ + 215) /+/2. Labelling these states by their eigenvalue, o, we have

) = e P2 Y Xy (1.24)

neN n!

Here, |n) are the harmonic oscillator eigenstates. These have position-basis wave-

(gln) = \/%(Wh)l/ﬁx exp <—§;> H, (\;%) , (1.25)

where H, are the Hermite polynomials. The harmonic oscillator ground state is

functions

itself a coherent state, with a = 0.

The Wigner function of a coherent state is a Gaussian in ¢ and p, centered at

(g0 po) = (V2Rea, v2Ima):

1
Wiay(¢:p) = — exp (1.26)

(_ (¢ —q)*+ (p - p0)2>
7h '

h

The width of this Gaussian in each direction is directly related to the variances in ¢

and p.

; azpn (1.27)

h
AQ =12
©=3 2

Coherent states are states of minimum uncertainty in the sense that they saturate

Heisenberg’s uncertainty relation for position and momentum [40, 52, (90],

2
A’QA*P > Z. (1.28)

A more general class of minimum uncertainty states are the squeezed states.

Squeezed states are obtained by applying the squeezing operator,

S(z) = exp (z*czz;zcﬂ) (1.29)
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to the harmonic oscillator ground state |0). The parameter z is a complex number
which describes how the distribution in phase space is altered. For real positive z,
the distribution is contracted along the position axis and correspondingly stretched
along the momentum axis, preserving the product of their variances. This may be

seen in the Wigner function for such a state:

1 ¢/t + p*t
W) = oo (<), (130

where ¢ = exp(2z). The variances are

b
2Vt

In the limit ¢ — oo, we recover a position eigenstate, and in the opposite limit ¢ — 0,

AP P = h—\/%. (1.31)

2
A\Z)Q - 9

we recover a momentum eigenstate.
If z is not real, this distribution is also rotated in phase space by an angle given

by the phase of z.
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Quantum Miniatures

In this Chapter, we introduce the general framework of quantum miniatures. We
begin with the central idea of taking a reference quantum system and restricting the
set of available measurements. We then introduce the general description of states in
quantum miniatures. This involves a natural extension of density operators familiar

from usual quantum mechanics, and a discussion of equivalence classes.

We introduce postulates for quantum miniatures regarding each aspect of the
theory in turn, using as a reference the postulates for standard quantum theory given
in Section [I.3] The postulates for quantum miniatures are collected in Section [2.6]

2.1 REDUCED SETS OF OBSERVABLES

In describing observables within quantum miniatures, we take the approach that
the set of observables in a given theory is directly informed by the experimental
apparatus available. We further assume that any observable we can measure is
correctly described by quantum theory. If, according to standard quantum theory,
a given experimental setup may be used to measure a particular observable, then
we assume that the same setup in a quantum miniature allows measurement of the
same observable. This observable is represented by the same Hermitian operator,
and we continue to assume that the possible outcomes of the measurement are the

eigenvalues of this operator.

We therefore make the following postulates for quantum miniatures, cf. postulates

Q and O in standard quantum theory:

22
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M A physical system is represented by a complex Hilbert space, H, and a set
Op C L*(H).

Ont Observables are represented by elements of O,y.

For each particular quantum miniature, we will present an experimental scenario,
according to which we assert that some particular collection of observables may be
measured. These are called the basic observables, which define the miniature. It is
then implicit that any function of a single basic observable may be considered to
be observable. In particular, we always implicitly assume that the identity operator
on the relevant Hilbert space is an observable for every miniature. The set of basic
observables for each miniature will be denoted O,;, with a subscript specifying
the particular miniature in question. In each case, Oy is a subset of the set, O,
consisting all Hermitian operators: Oy C Og.

We do not, however, make any general assumptions about an experimenter’s
ability to measure combinations of observables, such as the sum or symmetric product.
As noted in Section [1.2.2] this marks a departure from standard quantum theory,
which is illustrated especially clearly by comparison with the algebraic approach.
An essential component of the algebraic approach is the assumption that the sum
of any two observables, defined by , is also an observable. The motivation for
this postulate has been questioned [69], and we do not adopt any such postulate in

general for quantum miniatures. As Bell points out (though in a different context),

a measurement of a sum of noncommuting observables cannot be made
by combining trivially the results of separate observations on the two

terms — it requires a quite distinct experiment [10].

It is not guaranteed that such an experiment exists or, more weakly, that it is
available to an experimenter. It has been pointed out that demanding compatibility
of states with sums of observables as defined in , i.e., characterising states as
positive linear functionals constitutes ‘a non-trivial extrapolation over the strict
physically motivated structure’ [83, p. 19]. If we decline this extrapolation, then it is
possible to find probability distributions for a pair of observables, X and Y, such
that the value given by has no tenable interpretation as the expectation value
of their sum. For example, we will see in Section |3.1.1] an example of a miniature
which provides consistent statistical predictions for spin components in orthogonal
directions but, if linearly extended to account for spin in other directions, predicts

expectation values lying outside the spectrum of possible outcomes, and negative
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‘probabilities’ for supposed measurement outcomes.

2.2 STATES IN QUANTUM MINIATURES

We now turn to the definition of states in quantum miniatures. In the standard
quantum case, we can think of Postulate S as a restriction on the types of operators
which are admissible as states, in particular that these operators must be positive and
have unit trace. These restrictions are related to Postulate B in that they describe
conditions under which the Born rule produces valid probability distributions. In
particular, positivity of the operator implies the distribution defined in (1.5 will be
everywhere non-negative, and having unit trace implies the distribution is normalised.
Assuming that all Hermitian operators constitute valid observables, we have also the
converse, i.e., the distribution being non-negative for all observables implies
that p is positive, and normalisation of the distribution implies that p has unit trace.
We may therefore alternatively classify states in quantum mechanics as exactly
those operators which furnish valid probability distributions for measurements of all
observables.

We carry over this alternative classification to quantum miniatures. Staying
close to standard quantum theory, we postulate that states are described by linear
operators acting on a Hilbert space, and that probabilities are given by a trace
rule . However, the set of operators which give valid probability distributions
for all observables may differ from that of standard quantum theory, since the set
of observables is different. Since there are in general fewer observables than in
quantum mechanics, the requirement of valid probability distributions will place
fewer constraints on the states of a restricted quantum theory. We will still require the
operators corresponding to states to be self-adjoint so that probability distributions
are real-valued, and to have unit trace so that probability distributions are normalised.
There is, however, no general requirement that states correspond only to positive
operators.

We define a quasi-density operator to be a self-adjoint operator with unit trace.
Given a quasi-density operator p and an observable X we say that p is compatible

with X (and vice versa) exactly if

Tr [pla)(a]] 2 0 (2.1)
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for any eigenvector |z) of X. A quasi-density operator predicts non-negative, nor-
malised probability distributions for any observable with which it is compatible. For
a quantum miniature having a set of observables O,; we therefore require that any
quasi-density operator representing a state in that miniature is compatible with all
elements of Oy;. We also assume that every quasi-density operator compatible with
all observables represents a state — this assumption is similar to the no-restriction
hypothesis for generalised probabilistic theories |18] |49]. This leads to the following
postulate on states in a miniature:

Sm States of a system are represented by quasi-density operators, p, on H, subject

to the requirement that
Tr [p|z)(z|] = 0 (2.2)

for every eigenvector, |x), of every observable. Every quasi-density operator
satisfying represents a state.
We denote the space of all states in a given miniature by §2,,. This set is determined
by the set of observables O,;; we can think of each observable as placing a set of
constraints on the state space, i.e., each eigenvector of each observable places a
linear inequality on the possible states, and {23, consists all quasi-density operators
satisfying these inequalities. Note that compatibility of a quasi-density operator, p,
with an observable X, implies that p is also compatible with any function f(X), since
the projectors onto eigenstates of f(X) are a subset of the projectors for X itself. To
define the state space of a miniature, it therefore suffices to demand compatibility
with every basic observable.
There are some features common to the state spaces of all miniatures. Firstly, we
note that ), is convex for every miniature, since compatibility with any observable

is preserved by convex combinations. Given any |z) € H, we have
Tr[(Ap + (1= N)p) [2) (2] = AT [pla)(z]] + (1= NTr [o |z)(l] . (23)
so, for any 0 < X <1,
Trfp|z)(zl] 2 0 and Tr[p'[z)(z]] 2 0 = Tr[(Ap+ (1 = A)p) [z)(z]] = 0. (2.4)

Applying this result to each eigenvector of the observables within a given miniature,
we find

p, 0 €y = Ap+(1=XN)p €Qu (2.5)
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for any 0 < X < 1, i.e., Q) is a convex Setﬂ We call a state extremal if it can not be
expressed as a convex combination of other states.

Another feature common to all miniatures is that €2); always contains g as a
subset, (g C Q. This is because any positive operator p satisfies for any |z),
and is therefore compatible with every possible observable. Hence, these operators
(corresponding to quantum states) are always elements of the state space of any
quantum miniature. As a particular special case, we may consider the miniature
where the set of observables consists all self-adjoint operators, so that Oy = Og. In

this case, states must satisfy
Tr [plz){z]] = 0 (2.6)

for every projector |x) (x| on H, i.e., they must be positive operators. The state space
is therefore equal to that of standard quantum theory, 2y, = Qg. The quantum
miniature framework includes standard quantum theory as a special case.

There are also many cases where the inclusion Qg C €2 is strict, so that 2,
contains non-quantum states represented by quasi-density operators with some
negative eigenvalues. These negative eigenvalues only occur if a measurement
containing a projector onto the associated eigenspace is impossible to perform using
the apparatus available, so negative eigenvalues can never be observed in a miniature.

A broad class of miniatures which are readily seen to contain non-quantum states
are those miniatures where the dimension of the Hilbert space and the number of basic
observables are both finite. In this case, every basic observable introduces finitely
many linear inequalities, and € is therefore a convex polytope (not necessarily

bounded). Since g is not a polytope, we immediately conclude that Qy; # Qq.

2.3 EQUIVALENCE CLASSES

In standard quantum mechanics, distinct density operators may always be distin-

guished by appropriate measurementﬂ. Viewing quantum mechanics within the

!The fact that quantum miniatures always have a convex state space indicates compatibility
with the GPT framework.

2For example, given distinct density operators p and p’, the operator D = p — p is Hermitian
and therefore an observable in quantum theory. D is non-zero since p and p’ are distinct and
hence has non-zero Hilbert-Schmidt norm. Noting that || D|%¢ = (D), — (D), we have that
(D), # (D), so the density operators may be distinguished by repeated measurements of D. In a
given quantum miniature, this measurement may not be performable.
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framework of generalised probabilistic theories, this is essential in matching density
operators to the more general notion of state: by definition, states in a generalised
probabilistic theory are distinguishable on the basis of probability measurements.

In the case of quantum miniatures, the hypothetical measurement which could
distinguish between a given pair of quasi-density operators may not correspond to
an observable in the miniature. This means that, with the apparatus available, these
quasi-density operators can not be distinguished on the basis of experimental data
obtained from performable experiments.

We can instead define states as equivalence classes of operators, where two
operators, p and p’, are equivalent (denoted p ~ p’) if they generate identical
probability distributions for all available measurements. Thus, p ~ p’ if and only if,

for every observable X € O, and for every eigenvalue x of X, we have
Tr[p|z) (=] = Tr[p |z){z]], (2.7)

i.e., the probability for each outcome of every performable measurement is the same.

We denote equivalence classes by square brackets:

[o] = {0 €Q|p’ ~p}, (2.8)

and the space of all equivalence classes by an overbar:

Q= {lp]p e} (2.9)

In many cases, we define this set by a convenient choice of representative for each
class.
The space €2 inherits a natural convex structure from €2 if we define convex

combinations of equivalence classes in the following way:

Aol + (1= N[o] = Ao+ (1= Mg, (2.10)

where A € [0,1] and p and ¢ are any representatives of their respective equivalence

classes. We can define probability maps for equivalence classes:

P(x[[p]) = P(x|p) for any p € [p]. (2.11)

By construction this is independent of the choice of representative. The probability

maps [p] — P(z|[p]) are convex-linear.
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We note that, while quantum miniatures generically contain additional non-
quantum states, the property of observational indistinguishability is not a novel
feature of these states. The indistinguishability rather arises as a result of miniatures
not possessing the full set of measurements available in standard quantum theory.
We will see examples in Section [3.1.1] of pairs of proper quantum states which are
indistinguishable, as well as quantum states which are indistinguishable from non-
quantum states. It is often of interest, within a particular miniature, to distinguish
between those equivalence classes which contain at least one proper density operator,
and those which do not. We will refer to equivalence which contain at least one

proper density operator as quantum states.

24 SYMMETRIES

In many miniatures of interest, the set of observables has some symmetry, i.e. Oy
is invariant under some collection of unitary maps, G. The state space inherits this
symmetry in the sense that, given a state p € 23, and a unitary U € G, the operator
o = U'pU is also a valid state. This is related to the covariance of the positivity
constraints of Syy. To see this, let p be a state of €2);. Given any X € O, denote
X' = UXUT so that, by assumption, X’ € Oy,. If |z) is an eigenvector of X with

eigenvalue z, then U |z) is an eigenvector of X', also with eigenvalue x. Now,

Te [/ fa) (o] = T [U7pU ) o] (2.12)
=Tr [pU\:c)(a;\UT] (2.13)
=P(X' = zlp). (2.14)

Since p is a state and X' is an observable, we have that

0<PX ==zlp) <1, (2.15)
and so

0 < Tr o/ o (af] < 1. (2.16)

The quasi-density operator p’ is therefore compatible with the observable X. Since
X was chosen arbitrarily, p’ must be compatible with all observables, so represents

a state. Hence, the state space is invariant under the map p — p = UfpU.
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Furthermore this map is invertible and the inverse is convex-linear so that, if p is an
extremal state, p’ is also extremal.
We finally note that symmetry transformations acting on quasi-density operators

preserve equivalence classes. More generally, we have the following:

Proposition 2.4.1. If the state space is closed under a linear map U : L(H) — L(H),

then U preserves equivalence classes, i.e., if
UQCQ (2.17)
then
pr~p = Up~Up for all p,p' €. (2.18)

Proof. Assume U : p — U(p) is a linear map which does not preserve equivalence
classes. There thus exists a pair of quasi-density operators, p and p’, such that p ~ p’

and U(p) ~ U(p'), so (without loss of generality)
P(x|U(p)) > P(z|U(p)) (2.19)
for a measurement outcome x of some observable. Define
o= (1+N)p = \p; (2.20)

this is a valid state for any value of A since P(z|o) = P(x|p) > 0 for all x.
Under U, this maps to

Ulo) = (1+ N U) — AUp). (2.21)

so that
P(x|U(o)) = (1 + NP(z|U(p)) — AP (z[U(p)) (2.22)
This, however, is negative for any value of \ satisfying

P|U(p)
(x|U(p)) = Pl U(p)

A 2.23
> > (229

For such values of A\, the operator U(o) is not a valid state and so the state space is

not closed under the map U. O
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2.5 COMPOSITE SYSTEMS

In quantum miniatures, we maintain the postulate, C, that the Hilbert space of a

joint system is given by the tensor product of the Hilbert spaces of each subsystem,
HAP = HA @ HE. (2.24)

In standard quantum mechanics, with the additional postulate that all Hermitian
operators are observable, this tensor product postulate is sufficient to determine the
complete sets of observables and states for the joint system (since each is entirely
determined by the Hilbert space). There are therefore general relations between O,
OF and 057, and between QF, QF and Q3”. The space of observables in this case

is itself a Hilbert space and inherits the same tensor product structurerf]:
AB A B
We can also define a valid tensor product of convex sets, ®, by the property
D(HYQD(HP) = D(H” @ HP), (2.26)

where D(H) denotes the space of density operators on H (for details, see e.g. [71],
sections 5.1 and 8.2), so that

Q5% = Q5008 (2.27)

For a quantum miniature, the set of observables must be specified in its own right,
and the state space is determined from the observables. Just as for single systems,
the set of observables of a joint system is determined by the scope of the experimental
apparatus available. This is decided not only by the individual capabilities of the
measurement apparatuses for each subsystem, but also by the manner in which
these apparatuses are able to interact and be used jointly. Hence, O is not fully
determined by O4 and OPF; it is necessary also to give the full physical context.

For example, we may wish to describe an experimental set-up involving distant
parties, A and B, where each party has access to a localised measurement apparatus.

In this case we assume that A can measure observables from a set O4, and B can

3Note that it is more common in the GPT literature to refer to tensor products between the
effect space of each party. In our context, the effect space is the convex hull of the set of projectors
associated to each observable.
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measure observables from a set OF. We further assume that there is no interaction
between the apparatuses, and that A and B are both able to communicate the
results of their measurement. This experimental setup allows the measurement of
any observable which is the tensor product of observables for each party. Thus, the

set of joint observables, O4B . consists exactly those of product type:
O ={XeY|Xec0'Yec0}. (2.28)

Note that this is different from the minimal tensor product, which would also include
convex combinations of product observablesﬂ

We may also imagine setups where the subsystems are more localised. In this
case, there may be measurement devices capable of performing non-separable joint
measurements and projecting onto non-separable elements of the joint Hilbert space.
In all cases, the joint state space is determined by the joint observables in accordance

with the postulate Syg.

Reduced states Given a composite physical system, we may wish to describe the
reduced state of a particular subsystem. In standard quantum mechanics, this
reduced state is given by the partial trace. A defining property of the partial trace
is that it correctly reproduces the statistics for measurements performed by a single
party. Given a density operator p € D(HAP), denote the reduced state ps = Trp(p),
then for any projector E on H4,

Tr[p(E® 1) = Tr[paE]. (2.29)

This property is not dependent on the positivity of p, and continues to provide
a useful notion of reduced state in the context of quantum miniatures. Consider a
bipartite miniature which allows for measurements on a single subsystem, A, and
denote the space of all observables measurable in this way by O4. Then the partial
trace of any bipartite state produces a valid state within the single-system miniature
defined by the observables O4, i.e., if

Xe0! = X®lec04® (2.30)
then
p € QP — Trp(p) € Q4 (2.31)

This follows immediately from ([2.29)).

4The minimal tensor product would correctly describe the joint effect space.
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2.6 POSTULATES FOR QUANTUM MINIATURES

We now summarise the postulates developed over the course of the preceding section.

Kinematics:
M A physical system is represented by a complex Hilbert space, H, and a set
Oum C L*(H).
On Observables are represented by elements of Oyy.

Sy States of a system are represented by quasi-density operators p on H, subject

to the requirement that
Tr [p|z)(z|] = 0 (2.32)

for every eigenvector, |x), of every observable. Every quasi-density operator
satisfying (2.32) represents a state.

C Given systems A and B, with Hilbert spaces H4 and Hp, respectively, the

Hilbert space of the joint system AB is given by the tensor product Ha ® Hp.

Measurement: Given a system in state p, and an observable represented by X € Oy,
with eigenvectors |z) and corresponding eigenvalues z,

E the possible outcomes of a measurement of X are the eigenvalues x;

B the probability to obtain outcome x is given by the Born rule:
P(x|p) = Tr[p|z)(z]]. (2.33)

If we supplement these postulates with the assumption that all self-adjoint
operators correspond to observables, the postulates above are equivalent to those
presented in for kinematics and measurement in standard quantum theory.

In this work, we do not treat dynamics in full generality for miniatures, so we do
not adopt any general postulates. For individual models, it is possible to identify
some possible options. For example, Section describes a quantum miniature for
a particle system; in this case we can define a consistent dynamics, and can also
rule out certain seemingly reasonable alternatives, including evolution by the free
Hamiltonian. In general, it is expected that miniatures having a state space larger
than quantum theory, the dynamics will be restricted relative to the usual quantum
case. At the minimum, we will require that dynamics must preserve the state space.
In Section [3.1.1 we identify a possible source of ambiguity when seeking to define a

rule for state update in quantum miniatures.
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2.7 QUANTUM MINIATURES AS GPTS

In this section, we will show how quantum miniatures can be described within
the framework of generalised probabilistic theories (GPTs). A particular theory in
the GPT framework is specified by a collection of possible ways for systems to be
prepared; a collection of possible measurements on a system, and a collection of
possible outcomes for each measurement; the probability for a measurement on a
system to return a specified outcome, given a specified preparation of the system. If
two preparations of a system yield the same probability for any given measurement
outcome to occur, these preparations are said to be operationally equivalent. A state
is defined to be an equivalence class of such operationally equivalent preparations.
Similarly, two measurement outcomes are said to be operationally equivalent if
they occur with equal probability for any given preparation. Equivalence classes of
measurement outcomes are called effects. For a comprehensive review of GPTs, see
e.g. [48,[71].

There are several equivalent approaches to defining specific theories within the
GPT framework, as discussed in [71]. One may start from the state space (with
effects acting as probability-valued maps on states), or start from an effect algebra
(with states acting on probability-valued maps on effects), or from a description of
the collection of conditional probabilities which may theoretically be observed. In
quantum miniatures, a specific model is defined by the set of observables, and the
state space derived therefrom. The approach which most closely resembles this is to
construct a GPT from an abstract effect algebra.

An effect algebra [32] consists of a set € with a partially defined binary operation
+ and elements 0,1 € £. Given a,b € £ we write a L b if a + b exists. For any

a,b,c € £ we require that:

(E1) Ifa L bthenb L aand a+b=0b+a.

For every a € £ there exists a’ € £ such that a 1. @’ and a +a’ = 1.

E4

)
E2) Ifa Lband (a+b) Lcthenb Lc,al (b+c¢)and (a+b)+c=a+ (b+c).
)
) If a L 1 then a = 0.

(
(E3
(
An effect algebra £ is called a convex effect algebra [36] if for every a € £ and

A € [0, 1], there exists an element Aa such that the following conditions hold for all
A €10,1), a,b € €:

(C1) u(Aa) = Ajua).
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(C2) If A+ p <1, then Aa L pa and Aa + pa = (A + p)a.
(C3) If a L b, then Aa L Ab and Aa + A\b = A(a + D).
(C4) la = a.
A representation theorem for convex effect algebras establishes a useful description

in terms of convex cones. Given a vector space V' and a convex, pointed cone C C V,

we may define a partial order <¢ on V such that, for v,w € V,
v2cw <= w—veC. (2.34)

It has been shown that, for any convex effect algebra &, there exists a vector space
V' and a pointed convex cone C C V such that £ is affinely isomorphic to an interval

with respect to the partial order <. [37],
E={veV]0=cv=cu}, (2.35)

where u is a non-zero element of V. Conversely, any convex pointed cone equips the
interval ([2.35)) with the structure of a convex effect algebra [71].
Given an effect algebra characterised by a cone C, we define the pre-state space

S(€) by
SE) ={feC|f(u) =1}, (2.36)

where C* is the dual cone to C. If C is a generating cone, then this is a state space
(cf. Definition 3.29 in [71]).

In standard quantum theory, effects are represented by positive operators,
bounded by identity [32]:

Eo={XeL(H)|0<X <1} (2.37)

Projection operators are extremal elements of this convex set [25].

Effect algebras for quantum miniatures ~ We may define effect algebras for quantum
miniatures in a similar way, by considering different partial orders on the space
L*(H). Consider a given quantum miniature with set of observables Oy, and denote
by Pas the set consisting of all projectors onto the eigenvectors of each observable in
Opr. From the set Py, we construct the smallest cone containing the projectors in

P, and their convex combinations,

Cy = cone(conv(Pyy)). (2.38)
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We will show that this cone is pointed and convex.
By definition, every element of Cj; is a non-negative multiple of a convex combi-
nation of projectors in the set Py;. Hence, given X, X’ € Cy;, we may write
X =a) wk, X' =do) pE;, (2.39)
icl jed
where a, o’ € Ry, {#i}ier, {1 }jes are probability distributions and Ej, E; € Pyy.
Now, given A € (0, 1), we have

AX +(1- =Y dawE;+ Y (1 - Na'yiE (2.40)
el jeJ
=a” Wiy (2.41)
kelUJ

where o' = Ao+ (1 — A\)a/ and
2% 0k kel E, kel
pr = : Ey; : (2.42)
WXy ke E, kel

Here, o’ € Ry, {p} }rervs is a probability distribution and E} € Py, so AX + (1 —
M) X' € Cpy, which demonstrates that Cy; is convex.

Furthermore, note that Py, contains only positive operators (in particular, projec-
tion operators). Any convex combination of elements of P,;, and any non-negative
scalar multiple thereof, is also a positive operator, i.e., Cy; contains only positive
operators. Hence, X € Cyy N (—Cyy) only if X =0, i.e., Cy is a pointed cone.

We can then define the effect algebra &), of the quantum miniature in analogy
with as an interval with respect to the partial order <,,,

By Proposition 3.23 in [71], £y has the structure of a convex effect algebra.

Since Cy; contains only positive operators, we have
X=2yY = XY, (2.44)

It follows that the effect algebra of a quantum miniature is always a subset of
the quantum effect algebra £g. Elements of Py, are extremal points in £ys: being
projection operators, they can not expressed as non-trivial convex combination of
elements in &g, in particular of elements in the subset &£y,. It also follows that the
effect algebra of a quantum miniature is equal to the quantum effect algebra only if

Py contains all projectors.
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Quasi-density operators as pre-states ~ We now construct the naturally associated
pre-state space (), in the sense of (2.36). First we must construct the dual cone,
Cys- This is a cone in the dual vector space [L*(H)]* of linear maps L*(H) — R,
defined by

w={f €L (H)]| f(X)>0forall X €Cy} (2.45)

Since L*(H) is a real inner product space under the Hilbert-Schmidt inner product,
the Riesz representation theorem [75] guarantees that, for every map f € [L*(H)]*,
there exists a unique operator p € L*(#) such thatf]

f(X)=Tr[pX] for all X € L*(H). (2.46)
Hence, C}, is isomorphic to a set of self-adjoint operators:
CryZ{peL*(H)|Tr[pX] >0 for all X € Cp}. (2.47)

The pre-state space associated to £y, consists of the normalised elements of the dual

cone,
S(€m) ={f €Cy | f(1) =1} (2.48)
This is isomorphic to a set of quasi-density operators:
SEm)={pe L"(H)|Tr]p] =1, Tr[pX] > 0 for all X € Cp/}. (2.49)

Note finally that the quasi-density operators in the set (2.49) are exactly those which

are compatible with all projectors in Py, since
Tr[pX] >0 for all X € Cpy <= Tr[pX] >0 for all X € Py. (2.50)

The set of quasi-density operators in ([2.49)) is therefore exactly the set €25, described
in Section 2.2l

Equivalence classes By definition, states in GPTs are distinguishable on the basis of
measurement probabilities. Distinct quasi-density operators may generate identical

probabilities for all available measurements in a miniature. To align with the GPT

>The operator p is specified uniquely by the action of f on the whole of L*(H); distinct operators
may result in the same action on a given subspace of interest. This point is developed below in the
discussion of equivalence classes.
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definition of states, quasi-density operators may be sorted into equivalence classes,
as discussed in Section [2.3] By construction, equivalence classes are distinguishable
on the basis of measurement probabilities.

An alternative approach when describing miniatures in terms of convex cones is to
recognise that Cy; may be understood as a cone in the subspace of L*(#) spanned by
the projectors onto eigenstates of the basis observables, Vi, = span(P),), rather than
the full vector space L*(H) if these differ. In this case, Cj is a generating cone in
Var. We may then understand the dual cone Cj; as a cone in the dual space V. The
Riesz representation theorem still holds, which shows that all equivalence classes have
a unique representative in span(P,). Note that we always have 1 € span(P)y) since

Py contains at least one measurement, i.e., a collection {F;}; such that 3, F; = 1.
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Finite dimensions: quantum miniatures

for spin systems

31 SPIN s=1/2

3.1.1 SQUARE-WORLD

Set-up Consider an experimental set-up where one has access to a Stern-Gerlach
apparatus to perform measurements of spin. This particular apparatus can not
be rotated arbitrarily so as to measure spin components in an arbitrary direction,
but rather is limited to a fixed pair of mutually orthogonal directions, which we
label x and z respectively. It is observed that there are two possible outcomes from
each measurement, which we label + and —, respectively. We aim to construct a
Quantum Miniature, which we call Square-world, to describe this set-up. It will be
shown that this theory reproduces the predictions of Boxworld (also known as the
g-bit or squit), a well-known example of a GPT, studied in detail in [7].

Following the principles laid out in Chapter[2] the theory is developed in terms of a
Hilbert space, here H = C?, and anything which can be measured by the experimental
apparatus is to be considered an observable within the theory. Furthermore, we
assume that any such observable is represented by the same Hermitian operator as
appears in the usual quantum mechanical description. Any property which can not

be measured is not treated as an observable in the theory.

In the case considered here, the apparatus allows measurements of spin in the
directions x and z, so we include the usual operators o, and o, as observables in the

theory. Since our apparatus is limited to these directions we do not, for example,

38
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take spin in other directions to be observable.

The full set of basic observables, Oggyqre, for this particular miniature is therefore
Osquare == {Uxa Uz}' (31)

State space We now construct the state space of Square-world. In line with the
general idea of Quantum Miniatures, we allow as a state any normalised Hermitian
operator p : H — H which is compatible with all available measurements. Given
any Hermitian operator, p, we may write

1
P=3 (acy + boy, + co, + d1) (3.2)

for some a,b,c,d € R. Compatibility is defined by the condition that these gen-
erate valid probabilities for each possible measurement outcome of the available

measurements o, and o,. The projectors onto the eigenstates of o, and o, are

=1 pr=17 (33)
Ei:]l;(’z, EZ:HEUZ, (3.4)

and these define the probabilities for each outcome:
Plo, = *|p) = Tr [pEL], Plo. = +|p) = Tr [pEL] . (3.5)

By direct computation,
Tr [p] = d, (3.6)
and the predicted probabilities are

Tr [pES| = d;t“, Tr [pE7| = d;tc. (3.7)

We require that states have unit traceﬂ and that predicted probabilities are non-
negative. No other positivity constraints are enforced. Hence, p is a valid state if
and only if d =1, =1 <a <1 and —1 < ¢ < 1. This defines the space, Qsquare, of

Square-world states:

1
quuaf/‘e — {2 (:H- +ao, + bUy + Caz)

—1§a,c§1,b€]R}. (3.8)

'If we adopt the idea of unreliable preparations from the generalised probabilistic theories
framework, then we take 0 < Tr[p] < 1, and the state space is a square-faced pyramid rather than
the square face itself. Throughout this work, we restrict attention to reliable preparations, i.e., all
states considered have unit trace.
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We can compare this with the space, (), of states available in standard quantum

theory:
1
Qo = {2 (1 + a0, +boy, + co.) |(a® + b + )2 < 1}- (3.9)

We see that () is a strict subset of (0sguqare, S0 that Square-world contains all quantum
states, but also states which are not admissible in quantum theory with a full set of
observables. In particular, there are states which predict negative probabilities if we
apply the Born rule to operators which are observable in standard quantum theory
but not in the miniature.

Consider, for example, the state p = (1 + 0, + 0,)/2. For a hypothetical
measurement of the operator (o, + 0,)/v/2, we would predict, according to the Born
rule, that

.+ o 1+ /2 .+ o 1— /2
770+0:+‘,0=+\/_, P0+U:—‘p: V2
/2 2 2 2

Placing a restriction on the available measurements has thus allowed for a wider

(3.10)

class of states to be admissible in the theory.
An alternative approach is to consider a construction in the manner of (1.2)).

Thus, we can define an operator A by the property that

(A1) = Z5((oulp) + {o2lp))  for all p € Pugar (3.11)

This uniquely identifies

A= \}ﬁ(ox +0.). (3.12)

However, (A|p) has no tenable interpretation as an expectation value if we assume
that measurement outcomes are eigenvalues of the associated operator. Making this
assumption, then a measurement of A has possible outcomes +1. A probability

distribution over two outcomes is completely determined by its expectation value:

“P(A=+1lp)" = 5(1+ {Alp)) (313)
“P(A=1lp)" = 51~ (A]p)) (3.14)

For some states, this ‘probability’ is negative, e.g. for p = (1 + 0, + 0.)/2,

1-V2

PlA=-1lp)" = —

< 0. (3.15)
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We therefore can not interpret A as being observable, even in principle. We see
that compatibility with some collection of operators does not imply compatibility
with linear (even convex) combinations thereof. Hence, the state space — being
defined by compatibility with basic observables — is not necessarily compatible with

an extension of Oggyere by closure under linear combinations.

Equivalence Classes So far, we have carried over the notion from quantum me-
chanics that (quasi-) density operators correspond to states one-to-one. In quantum
mechanics, distinct density operators may always be distinguished by appropriate
measurements. In Square-world and other miniatures, however, it is not guaranteed
that the measurement which could distinguish the relevant operators is admissible
in the theory.

It may be more appropriate then to define states in Square-world as equivalence
classes of operators, where two operators are equivalent if they generate identical
probability distributions for o, and ¢, measurements.

Two operators in Qguare,
1 1
pzi(ﬂ—iraam—i—bay—l—caz), p’:i(ﬂ—ka’ax—i—b'ay—i—c'az), (3.16)

are equivalent if and only if a = @’ and ¢ = . Hence, the equivalence class of an

operator p = (1 + ao, + bo, + co,)/2 is

1
[p] = {2 (1 +ao, +bo,+co,)|b € IR} : (3.17)

Denote by quuwe the space of equivalence classes:

quuare = {[p” P c quuare} . (318)

We can identify each equivalence class by any operator within the class, and for
convenience we will choose representative operators for which b = 0:

~ 1

Qsquare = {2(]1+aax+caz) —1<a,c< 1}. (3.19)
This set of representatives is closed under convex combinations, and gives a concrete
realisation of the convex structure of quwre, in accordance with (2.10). Any state

in Qgguere may be written as a convex combination of the four extremal states

~ ]l+0x+az ~ :u-+ax_0z

P1 = ) P2 = ) (320)
2 2

_ 1-0,—0, . l—0,+40,

_ _ 10t 3.21
P3 9 ) P4 2 ( )
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P1 P2 P3  Pa
E*l1T 1 0 0
E*l0 0 1 1
Ezl1 0 0 1
EZlo 1 1 0

Table 3.1: Table of fiducial probabilities for Square-world.

Using these and the projectors , we can generate the following table of fiducial
probabilities: These reproduce the statistics for fiducial measurements in Boxworld
[7]. The probabilities of any measurement outcome in any state may be calculated
from these fiducial probabilities by linearity.

From the probability table [3.1 we see that the additional, non-quantum, states
found in Square-world have properties different from any quantum state. For example,
the extremal states all predict definite outcomes for a measurement of o,, and also
predict definite outcomes for a measurement of o,. No quantum state has this
property since the operators o, and o, have no eigenstates in common.

The extremal states, p,, are examples of joint quasi-eigenstates. A state, p,
is a quasi-eigenstate of an observable, X, if p predicts a definite outcome for a

measurement of X, or equivalently if the variance vanishes,
2 _
AL(X) =0. (3.22)

We do not, however, require that Xp = Ap.

P4 P1

P3 P2
Figure 3.1: For a Square-world state p = %(]1 +r- o), r may lie anywhere in the
blue square shown, while quantum states are restricted to the dashed circle.
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Uncertainty Relations Quantum theory predicts certain constraints on the uncer-
tainties of two or more observables in a given state. The observables available in
Square-world, S, and S,, have no eigenstates in common. Quantum mechanics
therefore predicts that there is no state in which both of these observables can
simultaneously be sharply predicted, i.e., in which the variance for both observables
is zero. For spin-1/2, a quantitative bound is given by

AN(Sz) + A%(S:) > (3.23)

| =

where p is any quantum state.

We have seen, however, that Square-world contains states which are not quan-
tum states. The proof of relation (3.23)) does not apply to these states, since the
corresponding quasi-density operators are not positive-semidefinite. In fact, there
is no non-trivial lower bound on the sum of the variances, since all four extremal
states, p;, predict zero variances for both measurements:

2 2
A7 (S:) + A5.(S.) = 0. (3.24)

A general expression for the sum of variances in a state p = (1 + ao, + co,)/2 is

given by

1 a?+
Az(Sgg) + Ai(SZ) =5

(3.25)

which illustrates that the relation (3.23)) is in fact violated by all non-quantum states
of Square-world. The full Square-world uncertainty region, PURyare(Sz, S2), for
the observables S, and S, is defined simply by independent upper and lower bounds,

with the lower bounds themselves being trivial:
PURsquare(Sz, S:) = [0,1/2] x [0,1/2]. (3.26)

In moving to the quantum miniatures framework, we have not changed the
description of observables compared to the ordinary quantum mechanical description.
In particular, any relationship between these is preserved, including commutation
relations. Thus, while uncertainty relations like refer explicitly only to S, and
S, their validity is implicitly related to the ability (in principle) to measure other

observables which do not feature directly in the relation.
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Dynamics and state update A spin-1/2 system in standard quantum mechanics has
spherical symmetry, related to the ability to (in principle) rotate the measurement
apparatus in an arbitrary direction, or a passive equivalent. Restricting the measure-
ments breaks this symmetry, leaving a state space which is symmetric only under
permutations of the extremal states. This is related to a relabelling of the directions
available to the measurement apparatus, and of the outcomes spin-up or spin-down.
There are no non-trivial continuous dynamics which respect this symmetry.
Another novel feature of Square-world is that the state in which measurement of
a given observable has definite outcome is non-unique. For example, in any state
which is a convex combination of p; and ps, a measurement of ¢, will result in the +
outcome with probability 1. This may have implications for the post-measurement

state.

3.1.2 POLYGON-WORLDS

It is possible to construct a wide variety of quantum miniatures in the same spirit
as Square-world, by considering similar Stern-Gerlach apparatuses with different
restrictions. We again assume we have access to an ensemble of spin-1/2 systems and
a Stern-Gerlach apparatus, which may be directed in a certain set of directions. An
interesting family of miniatures — including Square-world as a special case — arises if
we take these allowed directions to exhibit discrete rotational symmetry. The state
space of each miniature is a polygon which inherits the symmetry of the observables
in each case, illustrating the general argument of 2.4} Disk-world may be seen as a
limiting case where the number of directions approaches infinity, and reproduces the

rebit, a subtheory of quantum mechanics |16, [2].

Observables The Hilbert space in each case is H = C2. A particular miniature
within the Polygon-world family is specified by a natural number, N, which specifies
how many directions spin can be measured in. In each case, we take these directions,

7,,, to be evenly spaced around the zz-plane:

coS O, o 0
m=| o |, where ¢, = % (3.27)
sin ¢,
forn=1,..., N . Our experimental apparatus allows measurements of spin com-

ponents in each available direction, S, = (7, - 0)/2. We note that there is some
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symmetry inherent in the set-up. This is because, for any direction 7, we have that
S_y = =Sy, so any apparatus capable of measuring S,, is also effectively capable of
measuring S_,. The directions available to our apparatus therefore come in pairs,
and it is natural to only consider cases where N is even. Furthermore, it suffices
to take only those spin components within a given half-plane, say with 0 < ¢,, < 7.

This gives the set of basic observables for an N-gon model:
On-gon = {M,, - U}n=1,...,N/2 : (3.28)

States States of each model are those quasi-density operators which predict valid
probabilities for each outcome of each observable. The projectors onto to the +

eigenstates of n,, - o are

_lztnn~a

E* (3.29)
2
Given any quasi-density operator p = (1 +r - o)/2, we have
1£mn, -
Tr [pEE] = % (3.30)

Thus, p is a state exactly if each of these probabilities is non-negative for every basic
observable. Since the respective probabilities for the + and — outcomes sum to one,
positivity also implies that each probability is no greater than 1.

The state space is thus constrained by N inequalities:

> —1 N
Mt = foreachn=1,..., —, (3.31)
L/E <1 2
or, equivalently,
n, r<l1 foreachn=1,..., N. (3.32)

These inequalities define N lines bounding the state space. The lines indexed by
n and m respectively are linearly independent if and only if n # m. The extremal
states are at points where two of these lines meet, subject to satisfying the remaining
inequalities. This occurs only for lines whose indices differ by one, intersecting at

the N points, r,, which satisfy n,, -r, =n,,, -r, = 1L

2rn _ w
r, = sec (;) (:j EQQ\; B g)) : (3.33)

N
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The extremal states, p,, are then given by

pn==-(1+r, o). (3.34)

DO | —

These are joint quasi-eigenstates of n,, - o and n,,,, - o, each having value +1 with
probability 1. Extremal states therefore violate the quantum uncertainty relation
(1.11)).

The state space is the convex hull of the extremal points r,. This is a regular
N-gon with radius Ry = sec(m/N), defined as the maximum magnitude of the vector
r compatible with . The edges of the polygon are normal to the directions in
which spin measurements can be performed.

These models reproduce the predictions for single-party systems of the polygon
models introduced by Janotta et al [47].

3.1.3 DISK-WORLD AND THE BLOCH DISK

We now consider an experimental setting where we again have a Stern-Gerlach
apparatus which is limited to the xz-plane, but we now assume that this apparatus
is able to rotate freely within the plane. Every spin component within this plane is
therefore an observable. Denote by P, the set of unit vectors within the zz-plane,
then

Odisk = {77 o ’ nc sz} (335)

The state space is constrained by inequalities of the form (3.32)), related to every

direction in the zz-plane:
n-r<l for all m € P,.. (3.36)

These inequalities are collectively satisfied only if p is equivalent to a positive operator,
after modding out r,. Every state of Disk-world is therefore also a quantum state.

We have an equality of equivalence classes,
Quisk = Q- (3.37)
Here, QQ denotes the set of quantum states, modulo the equivalence relation

p = ry(p) =10, (3.39)
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We can characterise QQ by a set of representatives which have r, = 0:

_ 1
Qo = {2 (1 +ao, + co,)

< 1} . (3.39)

These representatives constitute all positive semi-definite 2 x 2 matrices with real-
valued entries and unit trace. This gives the Bloch disk, the state space of the
rebit.

The state spaces of the n-gon models converge to the state space of Disk-world

as n — 00, in the sense that Qg C Q, for all n and, given any point r ¢ Qg

AN € N such that n > N = r ¢ Q,. (3.40)
In particular,
lim R, = 1. (3.41)
n—oo

The equality of equivalence classes Quisk = QQ implies that the uncertainty
region [14] for any tuple of observables in Disk-world is identical to the quantum
uncertainty region: no quantum uncertainty relation concerning operators which

represent Disk-world observables can be violated by any Disk-world state.

3.1.4 CYLINDER-WORLD

We have so far considered models in which the available directions for spin measure-
ments are restricted to (a subset of) the plane. We now consider an experimental
apparatus which can freely rotate within the xz-plane, similarly to Disk-world, and
can also rotate discretely at an angle of /2, in a manner similar to Square-world,
to point in the y-direction.

Thus, with this apparatus one can measure spin components in all directions
within the xz-plane, and in the y-direction, but not in any intermediate directions.

The observables are

Ouyi={n-o|lneP,.tU{o,} (3.42)
This model exhibits continuous symmetry under rotations in the xz-plane.
States Every Disk-world observable is also an observable within Cylinder-world. We

therefore have all of the constraints imposed in Disk-world, (3.36]), and additionally

a pair of constraints on 7, reflecting compatibility with the additional observable o,:

Tr [pEF] >0 <= —1<r, <1 (3.43)
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r

-

Figure 3.2: Ilustration of the cylindrical state space of Cylinder-world, €2.,;. The
state space of standard quantum mechanics is the inscribed sphere (the Bloch sphere),
also shown.

These constraints are independent of the constraints (3.36)), which only affect the
components 7, and r,. The space of quasi-density operators fitting these constraints

can therefore be expressed in a factorisable form:
Qcyl = Qdisk X [—1, 1] (344)

The state space is a cylinder. This cylinder circumscribes the Bloch sphere, as
illustrated in Figure [3.2]

The set of Disk-world observables Oy is a strict subset of the set of Cylinder-
world observables, O.,;. Accordingly, the set (2., of quasi-density operators compati-
ble with O, is a strict subset of {245, the set of quasi-density operators compatible
with Oy, since all constraints from Oy, are imposed, as well as additional con-
straints.

However, the larger set of observables in O, allows for finer distinction between
quasi-density operators, impacting the structure of equivalence classes. Indeed, O,y
is tomographically complete, so that any pair of quasi-density operators can be
distinguished on the basis of available measurements (for example, the parameters
a,b,cin are equal to the expectation values of o,,0,, 0, respectively, so may
be determined by these measurements which are all contained in O,,;). Hence, all
equivalence classes in Cylinder-world are trivial, containing exactly one quasi-density

operator. This means that €.,; C Qg;sx, Whereas Qcyl S Quisk. In particular,

Qeyt = Qs N (R? x [-1,1]) (3.45)
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and

Qcyl = Qdisk X [_]—7 1] (346)
3.1.5 RECOVERING STANDARD QUANTUM THEORY

In general, any miniature in which every self-adjoint operator is observable has a
state space equal to that of the corresponding quantum system. For spin-1/2, an

arbitrary Hermitian operator X on H = C? can be written
X = ao, + bo, + co, +d1 (3.47)

with a,b,c,d € R. This expression can be equivalently written as a function of a

single spin component,

X=An-o)+dn- o), (3.48)
where A = va? + b? + ¢ and 1 - o is the spin component in the direction
a
i (3.49)
n= . .
c

To recover the usual quantum state space, it is therefore sufficient to assume that
spin components in every direction can be measured.

It is also sufficient to assume that any dense subset of the sphere correspond to
spin components which can be measured. Let D be a dense subset of S?, then given

any direction 1 € S?, there exists a Cauchy sequence (1,,),en Within D such that

lim n, =n. (3.50)

n—oo
Given any vector r parameterising a quasi-density operator, the function x — x - r

is continuous, so

lim (1) = (lm m, ) v =n-r. (351)
It then follows that
—1<n, - r<lforalneN = —-1<n-r<l1, (3.52)

so any quasi-density operator which is compatible with n,, - o for all n € N is also
compatible with the spin component 7 - . Hence, any quasi-density operator which
is compatible with spin components on a dense subset of the sphere is compatible

with spin components in all directions, and is therefore a proper density operator.
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32 SPINs=1

3.2.1 (GENERAL SETTING

In this section, we consider quantum miniatures for spin-1 systems. The general
setting is similar to that developed in Section for spin-1/2 systems. For each
miniature under consideration, we take the set of observables to be dictated by
the capabilities of some Stern-Gerlach apparatus. In each case, we specify a set of
directions, D C S?, which we assume are available to the measurement apparatus.
Given a direction specified by a unit vector n € S?, the spin component in that

direction is
Sp=m-8S. (3.53)
The basic observables are then the spin components in each available direction:
Op ={S,|n € D}. (3.54)

Spin-1 systems provide more scope than spin-1/2 for the range of observables
that may be considered. In spin-1/2, any Hermitian operator may be written as
a function of a single spin component; in particular as a linear combination of a
spin component and the identity operator. Spin-1, in contrast, allows for non-trivial
quadratic expressions in the spin components. For example, given spins in mutually
orthogonal directions, S, and Sy, the symmetric product (.S,S, + Sy Sy)/2 is not

expressible as a function of any single spin component.

States We can parameterise quasi-density operators for spin-1 systems in a similar
way to those of spin-1/2 systems. Given any unit-trace Hermitian operator p : H —
H, we may write [85]
1 i 1
p:§1+2riTi:§]l—|—r-T, (3.55)
i=1

where r; € R and T; are spin multipole operators:

T1 = Sa” T2 = Sy, T3 = Sz; (356)

1 1 1

2 2
2 2
Ty =57 - 31, Ty=5;- 3L (3.58)
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Each of these operators is traceless. With respect to the Hilbert-Schmidt inner
product, (A, B)gs = Tr [ATB}, each pair of basis elements is orthogonal, with the
exception that (77, Ts)gs = —1/3. The Hilbert-Schmidt norms of each multipole

operator are
1 2
T = L) = |T5)? =2, [T =T = |Te* = 5 To? = |Tx|* = 3 (3.59)

Expressing as matrices in the .S, eigenbasis:

. 010 . 0 —i 0
Tl:ﬁ 10 , TQZE i 0 —il, (3.60)
010 i
10 0
Tg(o 0 0 |; (3.61)
00 —1
. 00 —i . 0 —i 0
Li=5100 , T5=ﬁ i 0 i, (3.62)
i 0 0 —i 0
. 0 0
Tﬁzﬁ 1 0 —1]; (3.63)
0 -1 0
. -1 0 3 . -1 0 -3
r=g(0 2 0], =gl 0 2 0. (3.64)
3 0 -1 -3 0 -1

By definition, states are required to give valid probabilities for each outcome of

any available observable, i.e., for any n € D,
0<Tr[pEf| <1, 0<Tr|pE)l <1 and  0<Tr[pE,| <1  (3.65)

These inequalities contain redundant information; states are normalised and the
projectors sum to identity, so that (identically, independent of any positivity con-

straints)
Tr {pEﬂ + Tr [pEg} + Tr [pE;} =Tr[pl] = 1. (3.66)
It is therefore sufficient to require that probabilities be non-negative:

Tr [pEy| > 0, Tr [pEj| > 0 and Tr [pE, | >0 (3.67)
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and it follows that each of these must be less than 1.
For any direction m, S, has eigenvalues 41,0, —1 and so we can write the spectral

decomposition:
Sy = E;“ - E,, (3.68)

where Eff are the projectors onto the +1 and —1 eigenstates respectively. Hence,

the projectors onto the eigenvalues are
1
+ _ 2
By =3 (S2+5,) (3.69)
0_ 2
E,=1-25, (3.70)

Given a quasi-density operator p, the probabilities for each outcome are given by
P(+|p) = Tr [pE,;r } etc., and p is compatible with the observable S,, if and only if
each of these quantities is a valid probability. Compatibility is then expressed by

the following inequalities:

<52>p + <Sn>p >0 (3.71)
<5127>p o <Sn>p >0 (3-72)
1—(Sp), >0 (3.73)
or, equivalently,
[(Sy) | < (Sp) < 1. (3.74)
These can be expressed by linear inequalities on the vector r = (74, ..., 7rs) appearing
in (3.55)):
2
Q\n-rlgVn-r—i—ggl, (3.75)
where
a 0
b 0
c 0
0 ab
= , V, = . 3.76
n 0 7 be (3.76)
0 ca
0 a*—1/3
0 b —1/3
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Note that any value pair {(Sy),(S7)} consistent with (3.74) is attainable by

some quantum state. Consider

p=a (Sl mul L2 ) sa- o e

this is a quantum state for any 0 < a <1, -1 < 3 <1, and
(S.) = ap, (8% = a, (3.78)

which exhausts all possible values consistent with . This suggests that the
non-quantum character of any states which may appear in a spin-1 miniature can not
be identified by the measurement statistics of any individual spin component, but
rather in relationships between the statistics of distinct measurements. Uncertainty
relations are an example of such relationships.

For each miniature we consider, we aim to identify the range of parameters r;
such that the associated quasi-density operator represents a state of that miniature.
In standard quantum theory, the analogous problem has received much attention |15,
54, [11], and various bases have been used for parameterising density operators [46,
55, [11]. Even for standard quantum theory, the problem of identifying the space of
parameters corresponding to valid states is known to be complicated. The basis we
use, introduced in , does not have the property of a ‘practical basis’ [11], since
not all basis elements are orthogonal, but is well adapted to specific consideration of

spin measurements.

Overview We consider three models for spin-1 miniatures. One of these, Cube-world,
has its state space completely characterised, with a complete list of extremal states
given in . For the other two models, Cylinder-world and Sphere-world, partial
results are available. In Cylinder-world, two distinct continuous families of extremal
states have been identified, and , but we are able to show that this
list is incomplete. The full set of extremal states is unknown. For Sphere-world,
no non-quantum states have been identified, and it is unknown whether or not the
state space of Sphere-world is equal to that of standard quantum theory. Some
implicit steps towards characterising the state space include a demonstration that
Sphere-world states are compatible with symmetric products of orthogonal spin

components, despite these not being observables in the model.
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3.2.2 CUBE-WORLD

Observables Consider firstly a spin-1 system where only three orthogonal spin

components S;, S, and S, are assumed observable,
Ocube - {Sma Sya Sz} (379)

Recall that this implies that any function of a single spin component such as
al+ S, +~52 is also observable, but joint functions such as S, + .5, or S,.S, + 5,5,

are not. We refer to this miniature as Cube-world.

States Given a quasi-density operator, p = %]1 +r-T,

2 1 2
(Se), = 211, (S2), = ST gt (3.80a)
1 2 2
<Sy>p = 27y, (55),; =3 + 3" + 3 (3.80b)
1 1 2
<SZ>,; = 2r3, <S§>p = —§7’7 — grs + 3 (3.80C)
According to (3.74)), p represents a Cube-world state if and only if
2 2 1
2‘7’1’§§+§T7—§T8§1, (3.81a)
2 1 2
Arol < g —grrtgre =1, (3.81b)
2 1 1
2|rs| < 37377 3" <1. (3.81c)

The parameters r4, 75 and rg do not feature in the probabilities, so factor out when
considering equivalence classes. In the following, we therefore work with a reduced
parameter vector, r = (r1,re, r3,77,73). By rearranging, the constraints (3.81)) can

be expressed as a set of nine linear inequalities,
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for each i € 7 = {1a, 1b, 1¢, 2a, 2b, 2¢, 3a, 3b, 3c}, where

= (—6,0,0,—2,1)7, Tia =2, (3.83)
vy, = (6,0,0,-2,1)", Ty = 2, (3.84)
=(0,0,0,2,-1)T, Tie = 1, (3.85)
= (0,-6,0,1,-2)7, Toq = 2, (3.86)
vy = (0,6,0,1,-2)", Top = 2, (3.87)
=(0,0,0,-1,2)", Toe = 1, (3.88)
= (0,0,-6,1,1)T, T3q = 2, (3.89)
vy = (0,0,6,1,1)7, Ty = 2, (3.90)
= (0,0,0,—1,—-1)T, Ty = 1. (3.91)

Each inequality defines a half-space and the state space of Cube-world is the convex

polytope given by the intersections of these half-spaces:
chbe = {I‘ € RS |\V/Z S j', V;-r S Ilfl} (392)

The polytope Qeupe is bounded by the hyperplanes v; - r = x;, for i € Z.

Identifying extremal states, which are vertices of the polytope, represents a vertex
enumeration problem [27], for which a wide range of algorithms are known [63, |26],
5. In this simple case, the vertices can be enumerated by hand. In dimension d,
any linearly independent collection of d hyperplanes intersect at a unique point,
known as a basic solution. Such a point saturates d inequalities; if it also satisfies
the remaining inequalities, it is an extremal point of the polytope, known as a basic
feasible solution. If a basic solution for one collection of inequalities violates another
inequality, it corresponds to a point lying outside the polytope.

Here, d = 5. Given a 5-element subset Z C Z we can form the matrix Vz, whose
rows are the vectors v; for each i € Z. We similarly define the vector, xz, with
entries x; for each ¢ € Z. For example, if Z = {1b, 1¢, 2b, 3a, 3b},

VZ: ’l);a = X7z = (393)

S O O O O
S O o O O
N NN =N

— = = N
|
[\
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The intersection, rz, of the five hyperplanes in Z satisfies
VIrI = X7. (394)

Since we consider linearly independent sets of hyperplanes, the matrix V7 will in

each case be non-singular, and can therefore be inverted to find rz:
rr = VI_1XI~ (395)

To identify all extremal points, it therefore suffices to construct Vz for all linearly
independent, 5-element subsets Z, to solve for the basic solutions, and finally
to check whether each of these is compatible with the remaining inequalities.

To identify the linearly independent subsets, note that every such set must contain
at least one of vy, or vy, for each k € {1,2,3}. We can therefore eliminate from
consideration sets which do not meet this requirement or which contain any of the

following linearly dependent subsets:
{1a, 1b, 1¢},{2a, 20, 2¢}, {3a, 30, 3c}, {1¢, 2¢, 3¢}, {1a, 1b, 2¢}, {2a, 20, 1c}.  (3.96)

It may be verified by exhaustion that this eliminates all linearly dependent sets.
Table 1ists all linearly independent 5-element subsets Z C Z, and the associated

basic solutions r7z. The table also indicates which of these are the feasible solutions:

these correspond to the extremal states. The following is a complete list of the 12

extremal states of Cube-world:

1.1 2 2

P = gl+ 5 (ES: £5,) + (S}j — 31) + (Sj — 31) : (3.97a)
1.1 2 2

Pros) = gL+ (£S5 £5:) + (Sﬁ — 31) - (53 - 31) : (3.97b)
1.1 2 2

Poety = 31+ 5(£8, £5) + (s; - 31) 4 (53 - 31) . (3.97¢)

Each of these is a joint quasi-eigenstate of all three basic observables, S, S, and
S.. Exactly one of these observables has eigenvalue zero in each case, while the

remaining two are 41, with every combination being possible. The subscripts in
(3.97) indicate the eigenvalues of (S,,S,,S) for each state.

A degenerate model A miniature related to Cube-world emerges if we consider an
experimental set-up where only the squares of spin components can be measured,

ie.,

Ocurer = {52, 52,52} (3.98)
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‘ Via ‘ Vi ‘ Vic ‘ V2q ‘ V2 ‘ Vac ‘ V3a ‘ Usb ‘ U3c ‘ Iz ‘

v ° v X (0,0,—1,-2,-2)

v ° w | (0,-1/2,—-1/2,-1,0)
v X v (0,-1,0,0,2)

v W e |(0,—-1/2,—-1/2,-1,0)
° v W (-1/2,0,—-1/2,0,—1)
° v (-1/2,0,—1/2,0,—1)
° W (-1/2,-1/2,0,1,1)
X v (—1,0,0,2,0)

W v (-1/2,0,—1/2,0,—1)
W ° (-1/2,—-1/2,0,1,1)

(0,—-1/2,—1/2,—1,0)
(1/2,—1/2,0,1,1)
(1/2,0,—1/2,0, —1)
(1,0,0,2,0)
(1/2,0,—1/2,0, —1)
(1/2,—1/2,0,1,1)
(0,—1/2,—1/2,—1,0)
(0,1,0,0,2)
(0,1/2,—1/2,—1,0)
(—1/2,1/2,0,1,1)
(—1/2,0,—1/2,0,—1)
(—1/2,1/2,0,1,1)
(0,1/2,—1/2,—1, 0)
(0,0,1,—2,-2)
(0,—1/2,1/2,0,—1)
(—1/2,-1/2,0,1,1)
(—1/2,0,1/2,0, —1)
(—1/2,0,1/2,0, —1)
(1/2,1/2,0,1,1)

ol Qoo [[[Q)e|0 || o0
\ooooo\&é\\\\\ooooooooooooooooo

oooooooooo02\\\\0000ooo&\ooé\\\\\ooxéo\\&
(AR AN AN AN AN AENEK EENE AN AN AN AN AN RENEK EENE BENE FENE IENE IENE BENE RENE IN FENENENE BN AN

(B AN AN BN AN NN EENE EENE AN EENEK RN EENE EENE EENE BENE RENEK ERNE BENE NN

ooéooooooo\\\ooz\\&\\oooooooos\&&\\\\oooo
&\&&&\oooo&&é\\ooooooooooooooooooooooo

é\oo\\é&\&oooooooooooé\\&&\\\ooooooooooo

I ENEY PNENENEA S ENPNENENEY PNENEIFIEN PPN A P ENENENPNE

W (1/2,0,—1/2,0, —1)
WV (1/2,1/2,0,1,1)

v (0,1/2,—1/2,—1,0)
o | W (1/2,0,1/2,0, —1)
W e (1/2,0,1/2,0, —1)
v |V (0,1/2,1/2,—1,0)
% (0,1/2,1/2,—1,0)
e | W (1/2,0,1/2,0,—1)
% (0,1/2,1/2,—1,0)

Table 3.2: Table with columns labelled by the vectors v;, and rows consisting all
linearly independent, 5-element subsets Z C Z. Dots indicate elements of Z for each
row, with other entries denoting whether the associated solution, rz, is compatible
(v') or incompatible (X) with each inequality, v; - rz < z;. Double checkmarks
indicate that the inequality is saturated, i.e., v; - rr = x;. Basic feasible solutions
are marked in bold.
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The possible outcomes of each measurement are 0,+1. In this case, each basic
observable is degenerate, having a 2-dimensional eigenspace associated to the outcome
+1 and a 1-dimensional eigenspace associated to the outcome 0. Physically, such a
measurement might be implemented by an apparatus similar to the Stern-Gerlach
device which performs Cube-world measurements, but is unable to distinguish the
sign of the outcome.

The rank-2 projector onto the +1-eigenspace of Sf, is just 572, itself, and the rank-1
projector onto the O-eigenspace is 1 — Sf,. Hence, in a state p, the probabilities for

each outcome are given by
P(S2=1|p) = Tr [pSz], P(S2=0lp) = Tr [p(1 - S})], (3.99)
so a quasi-density operator p is compatible with SZ if and only if
0< (S, <1 (3.100)

Applying this to n = z,y, 2, a quasi-density operator p = éﬂ +1- T is compatible
with O.upe if and only if

0<2+2 1 <1 (3.101a)
-+t cry— v .
=3 37 38_ ) a
()<2 1 +2 <1 (3.101b)
- —cr =T .
_3 37 38_a
0<2 1 1 <1 (3.101c)
- —orr— = : .101c
=3 37’7 37“8_

The parameters (r7,rg) are therefore limited to a triangle with vertices at (—1,0),
(0,—1) and (1,1). This provides a simpler model since the equivalence classes are

2-dimensional.

3.2.3 CYLINDER-WORLD: INVARIANCE UNDER U(1) x Z,

Observables For the next miniature, Cylinder-world, we postulate that we can
measure spin in the z-direction, as well as any direction in the zy-plane. We

abbreviate Sy = cos ¢S, + sin ¢S, and the basic observables are
Ocyi = {53 U{Ss | ¢ € [0,27)}. (3.102)

This model has cylindrical symmetry. Denote by Uy o the unitary operator which

maps S, to Sy, while leaving S, invariant:

Sy = UserSeUJ 4. (3.103)
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Define p' = U¢/¢pU¢t,¢, then

(Ser) = (S6),

so that

pis a state = p’ is a state.

and

<52/>p’ = <S§>>p

We use the shorthand Uy = Up 4, so that Uy g = Ud,,U;E and

UyTU] = (Ry & Py)T

29

(3.104)

(3.105)

(3.106)

where Ry and P, are the actions of a rotation on the linear and quadratic basis

elements respectively:

Ry =

cos’¢p —sin?¢ 0

0 coSs ¢

Py = 0 sin ¢
cos ¢ sin ¢ 0
— Cos ¢ sin ¢ 0

cosg sing 0
—sing cos¢ O
0 0 1
0 —cos¢sing cos¢sin ¢
—sin ¢ 0 0
cos ¢ 0 0
0 cos? ¢ sin? ¢
0 sin? ¢ cos? ¢

(3.107)

(3.108)

We can then express the action of an azimuthal rotation on an arbitrary state, p:

where

r' = (R, ®P))r=(R_4®P_y)r.

1
pr—>p’:§]l+r’-T

(3.109)

(3.110)

The model also exhibits symmetry under reflection in the z-direction, I1,. Under

such a reflection S, — —S, while leaving S, S, invariant, we can again express the

action on an arbitrary state via the parameters r:

r — diag(1,1,

_171a

~1,-1,1,1r.

(3.111)
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States A quasi-density operator p is a state if and only if

[ (S), | < (82), <1, (3.112a)
| (Sg), | < (S3), <1 forall ¢ € [0,27). (3.112Db)

Given a quasi-density operator, p = %]1 + 1 - T, the relevant expectation values are

(S:), = 2rs, (3.113a)
1 1 2
(82), = 3’7 3" + 3 (3.113Db)
(S5), =2(r1cos¢ +rasing), (3.113c¢)
1 1 2
(S;)p =r4cos¢sin¢ + ry (cos2 o — 3) +rg <sin2 o — 3) + 3 (3.113d)

The parameters r5 and rg do not feature in the probabilities, so factor out when
considering equivalence classes.

In the majority of miniatures we have considered so far, there have been finitely
many basic observables, and the systems have all been finite-dimensional. This
means that there are finitely many positivity constraints. The state space for each
of these miniatures is a polytope, and therefore completely characterised by a finite
number of extremal states, which can be identified from the positivity constraints by
vertex enumeration. In the case of cylinder-world, there is an uncountable family
of basic observables, leading to an uncountable family of positivity constraints, so
techniques of vertex enumeration are not applicable in this case.

These previous miniatures do however give an indication of properties we may
expect extremal states to have. In all miniatures considered so far, every extremal
state is a joint quasi-eigenstate of some pair (or triplet) of non-commuting observables.
Furthermore, if any joint quasi-eigenstates of a given pair of observables do exist,
then there is an extremal state which is a joint quasi-eigenstate of these observables.
In seeking the extremal states of Cylinder-world, we therefore aim to construct such
states.

To this end, we first consider the case where one of these observables is the spin
component in the z-direction, .S,. This does not commute with any of the azimuthal
spin components, Sy4. If any joint quasi-eigenstate of S, and Sy exists for some value
of ¢, then this is connected by a unitary map to a joint quasi-eigenstate of S, and
Sy for any other angle ¢', with the same pair of eigenvalues. It is therefore sufficient

to consider joint quasi-eigenstates of S, and S,. Furthermore, it is sufficient to
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consider those having eigenvalues 0 or +1, since the —1 quasi-eigenstates of S, are
+1 quasi-eigenstates of S_,, which means they are related by a unitary rotation map.

Recall that, for any state, p,
<S§>p + <S§>p + <Sg>p =2. (3-114)

It follows that there are no joint quasi-eigenstates having both values 0, since this
would then imply that (S?) = 2, in contradiction with the constraints ([3.112).
There are also no joint quasi-eigenstates having both values +1. Assume that p

is a state such that

(Sa), = (S2)p =1, (3.115)
<Sz>p =(82), = 1. (3.116)

From (3.113)), r1(p) = r3(p) = 1/2, and thus from (3.113c]), m2(p) = 0. Note that
2 1 2

(Sp)=3rr—3rs+ 3 (3.117)
112
(S2) =33t 3, (3.118)

so that 77(p) = 0 and rg(p) = —1. Thus, for this hypothetical joint quasi-eigenstate,

p, we can simplify the expressions (3.113c|) and (3.113d)):

(Sp), = cos ¢, (3.119)
(S2), = ra(p) cos ¢sin ¢ + cos ¢. (3.120)
In particular,
1
24) == - 121
(), = 5ralp) + 5, (3.121)
1 1
2 [ —— —
<S37r/4>p = 27“4(P) + % (3.122)
while
V2
<Sﬂ/4>p = <537r/4>p =5 (3.123)
so we require that
1 2
“ra(p) + 5> \é_ (3.124)
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and

> £; (3.125)

(]

adding these we have
1>2. (3.126)

This is a contradiction, so the initial assumption (S,) = (S?) = 1 and (S,) = (S?) =1
must be false, i.e., no joint quasi-eigenstate of S, and 5., having both values +1,
exists.

There are, however, joint quasi-eigenstates of S, and S, having definite values 0

for S, and 1 for Sy for some given angle ¢. Denote

1 1
~0 . .
T, = (2 cos go,QSmgo,O,O,l,l) (3.127)
and the associated quasi-density operator, ﬁg = %]1 + f'g T, then
()5 = . (82 = 0 (3.128)
(S5) 0, = cos(¢ — ), (S2)p = 1. (3.129)

. . ~0 . . . . . . .
The requirements (3.112)) are satisfied, so g, is a state. This is a joint quasi-eigenstate
of S,, with eigenvalue 0, and S, with eigenvalue 1 (and hence is a non-quantum
state). Azimuthal rotations act on the parameter ¢ in this one-parameter family.

Furthermore, each state in the above family is extremal, i.e., for states p; and po,
ﬁg = Ap1 + (1 = XN)py for some X € (0,1) = p; =ps = ﬁg. (3.130)

To prove this implication, we will assume the equality on the left-hand side, and
demonstrate that each of the parameters r; must be equal for the states ﬁg, p1 and

p2, and hence that the states are equal. Firstly, we note that
ASD) gy + (1= A){SD)pe = (SD)i0 =0, (3.131)

but (52),, > 0 and (S2),, > 0, so equality is only possible if (S2),, = (S2),, = 0.
This zero expectation value is sufficient to determine the parameters rs, r4, 77

and rg. Assume that p is any state for which (S?), = 0. By compatibility with S, we

have also that (S.), = 0, and so r3(p) = 0. By (3.114)) we have that r7(p) +7s(p) = 2,

and we can simplify the expression for S; in any such state:

(52), = r4(p) cos ¢ sin ¢ + 17(p) cos” ¢ + r5(p) sin” ¢. (3.132)
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In particular,

<S§>p = r7(p) and <S72;/2>p =r3(p). (3.133)

Compatibility with these spin measurements then implies r7(p) < 1 and r5(p) < 1,
so r7(p) + rs(p) = 2 only if r7(p) = rg(p) = 1. Thus, the parameters r; and rg are

fixed and we can further simplify:
(S2), = ra(p) cosgsing + 1. (3.134)

It is clear that (S3), < 1 for all ¢ € [0,2m) only if r4(p) = 0. Combining these

results, we obtain
(52), =0 = r3(p) = ra(p) = 0, 2(p) = 13(p) = 1, (3.135)

so that py, ps and ,52, all agree in these parameters.
It remains to show that p;, ps and ,62, also agree in the parameters r; and rs.
Given a quasi-density operator, p, define v(p) = (ri(p),r2(p)). Firstly note, since

the expectation value of all azimuthal spins is bounded, (Sy) < 1, we have from

(3.113c)) that

1
v(p) -u< 5 for all unit vectors u, (3.136)

ie., |v(p)] < 1/2. Hence, for any A € (0,1),

Av(on)|+ (1= Vvl < 3, (3137
with equality only if [v(p1)| = [v(p2)| = 1/2. If o2 = Ap1 + (1 — A)p2, then
v(Pg) = Av(p1) + (1 = A)v(p2). (3.138)
By the triangle inequality,
Av(p1)] + (1= N)[v(p2)| = IV(A5)] = ;, (3.139)

with equality only if v(p;) is parallel to v(ps). Combining ([3.137)) and (3.139), both
inequalities must be saturated, so that |v(p;)| = |v(p2)| = 1/2, and v(p1) || v(p2).

Along with (3.138), these imply that v(p1) = v(p2) = v(p}). We have therefore
proved the result (3.130)), i.e., that ,52, is extremal.
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Cylinder-world also contains joint quasi-eigenstates for S, = 1 and S, = 0:

— 3'

and the associated quasi-density operator, ﬁ[; = %]l + f:g -'T. The expectation values

predicted by this state are

(S2)pe =1, (S =1 (3.141)
(Se) 5 =0, (S5) 5t = sin®(¢ — ). (3.142)

Again, the conditions are satisfied, so ﬁ;ﬁ is also a state.

We have thus constructed continuous families of joint quasi-eigenstates, ﬁg, ﬁ?p -
py and 11,57, having eigenvalue pairs (S, S,) = (0,+1), (0, —1), (+1,0) and (-1, 0)
respectively, and ruled out the existence of joint quasi-eigenstates having any other
eigenvalue pair. We can show, however, that these states do not exhaust the full
set of extremal states in Cylinder-world. To this end, consider the quasi-density

operator

11

44

11 1 1
e —— 14
2°2 2 2) (8.143)

1
ﬁ:§]l+f‘-T, Wheref:<

This operator lies outside the convex hull of the states identified so far, but is

nevertheless a Cylinder-world state. We have

(S.), =1, (3.144)
(S2)s =15 (3.145)
(Sp), = ;(cos ¢ + sin ¢), (3.146)
(S2), = ;(cos Gsine +1). (3.147)

It is clear that that p is compatible with S,. To see that p is also compatible with
Sy for all ¢ € [0,27), we note that the function f : [0,27) — R defined by

from (S35 —1(S6);] (3.148)
is non-negative:

(1 —|cos¢+sing|)? > 0. (3.149)

AN,

f(o) = ;(Cosgbsingzﬁ—l— 1 —|cos¢+sing|) =
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Furthermore, sup,(cos ¢ sin ¢) = 5, SO

(S35 < = (3.150)

W~ w

Hence,
| (Sp),| < (S3)5 < 1 forall ¢ € [0,2m), (3.151)

i.e., p is compatible with all available spin measurements and so is a state.

3.2.4 SPHERE-WORLD: INVARIANCE UNDER SU(2)

Observables In Sphere-world, we assume that our Stern-Gerlach apparatus may be

rotated freely, so that spin components in all directions may be measured.
Ospn = {Sy | € 57} (3.152)

States Similar to Cylinder-world, the state space of Sphere-world is defined by an
uncountable collection of positivity constraints. Namely, for every direction n € S?

we require states to be compatible with Sy, so that
| (Sy) | < (S2) < 1forall g e S° (3.153)

Let us check that the positivity conditions are compatible with the symmetry of
the model at hand. To do so, consider any Sphere-world state, p. Then, for any n,
with i’ related according to S,, = US,,U",

(Sn)utpr = (Sw), (Sputor = (Sy)p- (3.154)

Since p is a state, it is compatible with all spin components, so in particular is

compatible with S, i.e.,
(S, | < (52), < 1. (3.155)
By the above, then
| <Sn>UTpU| < <S727>U*er <1, (3'156)

i.e., UTpU is compatible with all spin components Sy. Furthermore the map p —
U'TpU is invertible and the inverse is convex so that, if p is an extremal state, UTpU

is also extremal.
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A complete characterisation of the state space of Sphere-world is not yet known.
However, numerical sampling indicates that Sphere-world contains non-quantum
states, as discussed later in this section. We therefore have a quantum miniature
with full spherical symmetry which differs from standard quantum theory. The
existence of continuous reversible transformations between extremal states has been
identified as a ‘special feature’ of quantum theory in contrast to commonly studied
theories such as Boxworld [48]. Sphere-world shares this special feature.

As a step towards characterising the non-quantum states of Sphere-world, we
show that compatibility with linear spin components implies compatibility with
symmetric products of spin components in perpendicular directions. This is despite
the fact that a symmetric product can not be expressed as a function of any of the
basic observables, i.e., of a single spin component. We also show that non-quantum

Sphere-world states do not allow the violation of the additive uncertainty relation

[L9).

The state space is bounded Before investigating non-quantum states, it is useful
to establish quantitative bounds on the state space. We demonstrate boundedness
component by component, using the parameterisation . From the inequalities
(3.153]), we have that |n-r| < 1/2 for any n € S,. This holds in particular for the

spin components aligned with the axes z,y, 2. Hence,

——<r < for i =1,2,3. (3.157)

N | —
N | =

We also have that 0 < (Sf,) < 1 for the spin components aligned with the axes x

and y. Hence,

N | —

1
2 )
To see that the parameters r; are bounded for ¢ = 4,5, 6, consider measurements

of spin along the following directions:

1
1

My = ﬁ(l,—l, 1), (3.160)
1

N3 = ﬁ(l, 1,-1). (3.161)
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We have
V, 1= _“JFBM (3.162)
V,, T = W (3.163)
V,, T= % (3.164)

where V., are as defined in ([3.76]). By adding these pairwise, (3.153)) yields
1
) <r <1 for i = 4,5,6. (3.165)

All components of r are therefore bounded for any Sphere-world state, lying within
a hypercuboid Q C R&,

Q=1-1/2,1/2]* x [-1/2,1]® x [-1,1/2]*. (3.166)

Sphere-world contains non-quantum states Numerical sampling of quasi-density
operators indicates the existence of non-quantum states in Sphere-world. To identify
such states, one can generate a collection of pseudo-random points in the parameter
space (). This collection of points can be mapped to a collection of quasi-density
operators by the parameterisation . Non-quantum Sphere-world states can
then be identified by applying a series of filters.

Firstly, we discard from the collection any quasi-density operators which are
positive (i.e., proper density operators corresponding to quantum states). Next,
we successively generate a series of pseudo-random directions n € S?. For each
n, discard any quasi-density operators which are not compatible with S, i.e., do
not satisfy the conditions . This is checked by evaluation of the relevant
expectation values.

At each stage of computation, we are left with a collection of quasi-density
operators which are compatible with spin components in all directions sampled so far.
Finally, we select a candidate p from the remaining quasi-density operators. To check
that p is indeed a Sphere-world state, i.e., is compatible with all spin components

(not just those in the directions sampled), we minimise the following functions:
form—=1—(S0)s (3.167)
frime= (Si)s+ (Sn) s, (3.168)
formr (Sp)s — (Su)5- (3.169)

™
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The conditions (3.153)) are satisfied if and only if each function is non-negative on

the unit sphere, i.e.,

min fo(n) >0 < (S2) < 1forallype S? (3.170)
nes?
miSn filn) >0 <= —(S,) <(S2) for all ny € 52, (3.171)
nes?
misn fa(n) >0 <= (S,) < (S7) for all n € 5%, (3.172)
nes?

Note also that f1(n) = fo(—n), so min f; = min f; and it suffices to minimise just
one of these functions.

An example of a quasi-density operator p generated by the process described

above is
0.64491 0.03659 — 0.004347 —0.00991 — 0.342843
p = 0.03659 + 0.00434 0.29667 —0.03659 + 0.00434: | , (3.173)
—0.00991 4 0.342847 —0.03659 — 0.004347 0.05842

expressed as a matrix in the S, eigenbasis. The operator p is not positive, having
eigenvalues 0.805179, 0.298345 and —0.103524, so p is not a quantum state. Min-
imising the functions fy and f; (with expectation values evaluated with respect to
p), we find that

min fo(n) = 0.00307632, (3.174)

nes?

occuring at n = (0.694883,0.705908, 0.137231), and

min f,(n) = 0.0553177, (3.175)

nes?

occuring at n = (0.516326, 0.444366, 0.732083). The functions fy and f; are therefore

both non-negative everywhere on S?, so j is indeed a Sphere-world state.

Compatibility with symmetric products We now show that all Sphere-world states

are compatible (in the sense of ) with symmetric products of spin components,

(SpSy + SySy)/2, for any pair of mutually perpendicular directions n, 7.
Consider first the symmetric product of S, and Sy,

1
Ty = 5(5:5, + 5,5.). (3.176)
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T, has eigenvalues £1/2 and 0. The projectors onto eigenstates of T} are

Ef =T, + 2T}, (3.177)
E; =T, + 2T}, (3.178)
E) =1 —4T2 (3.179)

Note that 477 = S2.

Consider a measurement of spin in the directions

1 1
=|—=,——.,0], 3.180
¢~ (J5-750) (3.150)
1 1
(2 o). 3.181
&= (7575 3151
We have, for any state p € Qgpp,
2N =1 (Ef 182
<S 1>P < 4 >p7 (3 8 )
2 . o —
(s 2>p =1-(E >p (3.183)
and also
(S2),=1-(E}) . (3.184)

Since S¢,, S¢, and S are observable in Sphere-world,
2 2 2
0< <sm>p <1, 0< <S,72>p <1, 0< (52, <1, (3.185)
so that

0<(Ef) <1 0<(E;) <1 0<(E}) <1 3.186
_<4>,0_ ’ —<4>p—7 —<4>p— ( )
These are exactly the conditions that p be compatible with 7).

Since the state space is invariant under SU(2) transformations, we also have that
every state is compatible with the symmetric product (5,5, + S,Sy)/2 for each

pair of mutually perpendicular directions, 1 and 7’.

Uncertainty relations The additive uncertainty relation ({1.9)) holds in Sphere-world.

To see this, let p € Qg be an arbitrary Sphere-world state and construct a vector,
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v(p), whose components are the expectation values for spin along the coordinate

axes x,, 2:
v(p) = ((Su), (Sy), - (S2),) - (3.187)

Note that
[0(p)? = (Sa) + (S,)2 + (S2)2 = [v(p)|Tr | pSa(,)] (3.188)

where ¥(p) is a unit vector in the direction of v(p), and S is the spin component in
that direction. Since S is an observable, we have from (3.153) that Tr [pS@(p)} <1.

Hence,

() <lvlp)|  so  |u(p)| <1. (3.189)
Note also that
(2 + (52 + (520 = ({Sa)s + (Sy)2+ (S2)2) = 2= Jw(p) P, (3.190)
and so
A2(S,) + A2(S,) + A2(S.) > 1. (3.191)

This is the same bound attained for quantum states, and the bound is optimal — it
is saturated by e.g. a highest weight eigenstate of .S..

It remains open to determine whether other quantum uncertainty relations
regarding spin may be violated by Sphere-world states.

A simpler model may be considered along the lines of the degenerate model
described in Section [3.2.2] where the squares of spin components in every direction
are taken as observables. This model would have a reduced parameter space, since
the coefficients 71, 7o and r3 of the linear terms in the multipole expansion do
not feature. However, this degenerate model would be of interest since it shares the

symmetry properties of Sphere-world described above.

3.3 BIPARTITE SPIN MINIATURES

3.3.1 A PAIR OF SQUARE-WORLD SYSTEMS

Consider a situation where two parties, A and B, each have access to a spin-1/2

system and a Stern-Gerlach apparatus restricted in the manner described in Section
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3.1.1] Each party can therefore measure spin components in either the x or z
direction. We assume that A and B are widely separated, so that no non-separable
measurements can be performed.

Hence, the experimental set-up allows spin measurements on either system
individually, while performing no measurement on the other system — described
by observables of the form o; ® 1 or 1 ® 0;. We also assume that the two parties
can communicate the results of their measurements, so can perform joint spin
measurements — described by observables of the form o; ® o;. This set-up is described

by a bipartite quantum miniature, with the set of basic observables being

OQSW - {O-Ct & I]-7O-Z & ]]-7 1 ®0-£E7 1 & 02,0z & Og,0¢ & 02,02 & Og,0 & UZ}
(3.192)

We will show that this miniature allows all bipartite non-signalling correlations.

State space For composite systems, we maintain the idea that the possible states
of a theory are dictated by compatibility with all observables. States are there-
fore represented by quasi-density operators on the joint Hilbert space, subject to
the requirement that states must generate valid probability distributions for any
measurement which we are able to perform.

As such, we do not directly postulate any relationship between the state space,
Q48 of the composite system and the state spaces, Q4 and Q7 of the constituent
sub-systems; in particular we do not postulate any particular tensor product, such as
the maximum or minimum tensor products described in [71]. Instead the composite
state space is defined by the set of observables, O4Z and any tensor product structure

Q48 will be a consequence of the structure of O.

which does appear in

The Hilbert space for the joint system in this case is HA? = HA@ HP ~ C*. Any
quasi-density operator, p, on H4® can be parameterised by the expectation values
predicted for measurements of spin on each subsystem [43] — namely, r; = (o; ® 1)

and s; = (1 ® o;) — and joint spin measurements, ¢, = (0; ® oy):
1
P=1 1®l+r-o@L+1®s -0+ > tyo; Qo] . (3.193)
ik

From the nine real parameters, ¢;; € R, we form a matrix ¢.
Given a system in state p, having parameters r, s, t, we can express the probability

that a joint measurement of spin in direction j € {z, z} by party A and in direction
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k € {x,z} by party B will have the results m* and m? € {£1}:

1
P(m?, mP|j, k; p) = Z(l +mAr; + mPsp + mAmBt;). (3.194)

The probabilities for single-system measurements for each system are
, 1
P(m|j; p) = S+ mr;) (3.195)
1
P(mP|k; p) = 5(1+mBsk). (3.196)

The quasi-density operator p is a state exactly if all of these probabilities are non-
negative for each outcome of each available measurement. Note that the probabilities
for single-system measurements are equal to coarse-grainings of the probabilities for

joint measurements:

P(m?|j; p) = > P(m™, mP®|j, k; p), (3.197)
P(mP|k; p) = > P(m*,mP|j, k; p). (3.198)
mA

Hence, we can characterise the state space entirely by the set of positivity constraints

for joint measurements:
P(m*,mPj,k;p) > 0 vm*,m? € {+1}, ],k € {z, 2}, (3.199)

and the positivity constraints for single-system measurements, e.g. P(m4|j; p) > 0,
are implied.

Furthermore, the equations demonstrate that quasi-density operators
which differ only in the parameters ry, s, t;, and ,; generate identical probability
distributions. Hence, these parameters factor out in equivalence classes and, for
convenience, we may describe any equivalence class by a representative for which
each of these parameters is zero.

The state space is a convex polytope bounded by finitely many linear inequalities,
and so is entirely specified by its extremal points. To identify the extremal states, we
note that defines a map, m, from the state space 2,9y to the non-signalling
polytope with two inputs and two outputs, NS [8]. The non-signalling polytope is a
convex subspace of R'®, whose elements can be represented as vectors (‘behaviours’),
P, with 16 components indexed by the 16 total choices of inputs and outputs. In
this context we identify the inputs as the choice by each party of which direction to
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measure the spin, j, k € {z, z}, and the outputs as the results of those measurements,
mA,mP e {£1}:

P(+1,+1|z, z)

P=|PmA mP|j k) |. (3.200)

P(_la _1|27 Z)
We can thus define the map 7 : Qa5 — NS component-wise:

P(+1, 1|z, z; p)

7 p e w(p) = | PmA,mPj,kip) | (3.201)

where the components P(m*, m?|j, k; p) are as given in (3.194)).
It is straightforwardly verified component by component that the map 7 is

convex-linear, i.e., for all p, p’ € Qosy and X € (0, 1),
TAp+ (1 =XN)p) = Ar(p) + (1 = XN (o). (3.202)

Furthermore, 7 is invertible:

1
m(P) = (11 @1+ cl+10sP o+ t90 @ 0k> ;o (3:203)
7,k

where the parameters r"”), s and tg-],j) are the expectation values generated by the
behaviour P for random variables chosen to have inputs and outputs matching the

relevant spin measurements. ConcretelyEL
i = P(+L 411 k) + P41 =10, k) = P(=1,+11j. k) = P(=1,~1]j.k), (3.204)

—1
sk = P(+1,+1]j, k) = P(+1,=1]j, k) + P(=1,+1]j, k) — P(~1,=1j,k), (3.205)
") = P(+1,+1[j, k) — P(+1, =1|j, k) — P(—=1,+1[j, k) + P(=1,—1|j, k). (3.206)

2Note that the expressions (3.204) and (3.205)) are well-defined due to P being non-signalling.
This implies that the given expression for rj(-P) is independent of k, and the expression for s,(cp) is
independent of j.
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Hence, 7 : Qo9 — NS is a convex-linear bijection. This demonstrates that all
non-signalling correlations may be achieved in the bipartite Square-world miniature,
and the extremal states of (logy are exactly those which map to the extremal
behaviours of the non-signalling polytope. There are 24 distinct extremal behaviours,
characterised in [8]. These can be divided into two groups: 16 are local states and 8
are maximally non-local, in regards to the CHSH correlations discussed in Section
9.9, 2)

The sixteen local states return determinate values for spin measurements by
either party in both available directions. Local states can therefore be classified

A A
by these values: denote by g5 the state for which a measurement of spin in

direction j by party A and direction k by party B is certain to return the values mj‘
and mP:

m2 mA 1 A A B B

b = 1 (]1 +mio, +mi az> ® (IL +my, o, +m; az> ) (3.207)

A A B

The 16 possible choices for mZ, m?, m8 m? give 16 distinct extremal states. The

A A
expectation values for each available measurement in the state pZIB’ZZB are as follows:
xT z

(0;® 1) =m? (1® o) =mp, (0; ® op) = mfka. (3.208)

7

The states (3.207]) are all joint quasi-eigenstates of all available measurements, and
therefore are non-quantum states. The reduced state for either party is an extremal
state of single-system Square-world, e.g. the reduced state p? for subsystem A is

given by
m7. ,mM 1
PA = Trg [ﬁmgzng] =5 (14 mio, +mio.). (3.209)
The eight maximally non-local states may be labelled by three parameters,
a € {£1} and {,m € {z, z}:

. 1 Q
Doy = Zﬂ Q1+ 1 (00 @O+ 00 QO+ 0RO — Oy @ O (3.210)

where the directions ¢/, m’ are defined to be different from ¢, m.
The expectation values for each available measurement in the state pj,, are as
follows:
—a, ifj#Land k#m

(0, 1) =(1®o) =0, (0;RQ0;) = . (3.211)
+a, otherwise
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If A, B measure in directions ¢, m’ respectively, it is guaranteed that the product of
their measurement outcomes will be —a, whereas if they measure in any other pair
of directions, the product of their measurement outcomes is guaranteed to be +a.

The reduced state for either party is maximally mixed, i.e.,

1
~1, (3.212)

TrA[ﬁ?m] - TrB[ﬁ?m] - 92

and individual outcomes are maximally unpredictable.

3.3.2 CORRELATIONS

Consider a Bell scenario |70, (13|, where each party has a choice of two measurements
— say A can measure either X or X’ and B can measure either Y or Y’ — with all
measurements having +1 as their possible outcomes.

For any statistical theory assigning conditional probabilities to these measure-

ments, the expectation value of their product is

E(X,)Y)=PH++|X,Y)+ P(— —|X,Y) = P(+— |X,Y) = P(— + |X,Y).
(3.213)

The CHSH score is
Cxyxy = EX,)Y)+ EX,Y)+ E(X,Y) - E(X",Y'). (3.214)

There are fundamental bounds to the value that this quantity can obtain in
different classes of theory. For any probabilistic theory obeying local causality,
—2 < Cxyxry <2 [21]. Quantum theory violates this bound, allowing CHSH scores
up to 2v/2 (discussed below). Larger violations are possible in post-quantum theories
such as the PR box, which satisfies relativistic causality but allows CHSH scores up
to the algebraic maximum of 4 [73].

For a quantum miniature (including ordinary quantum mechanics), expectation

values are determined by the state, p, via a trace rule:
EX,)Y)=Tr[pX Y]. (3.215)

For a given state, p, we can thus express the associated CHSH score, C(p), in a

compact form:

Cxyvxy(p) =Tr {péXYX’Y’} ; (3.216)
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where Cxyxny = X @Y + XV + X' @Y - X' @Y.
In standard quantum theory, the maximal CHSH score attainable in a given

scenario is given by the operator norm of the associated operator [58]:
max CXYX’Y’(p) = ||CAXYX’Y’||‘ (3217)
PeQq

This norm may be calculated by means of the Khalfin-Tsirelson-Landau identity [57,
53|,

Ciyyny =41®1 - [X, X'|Q[Y,Y], (3.218)

from which we may derive

ICxy vl = 4+ X, X @ [Y, Y. (3.219)

Tsirelson’s bound [20] is given by considering the maximum possible value of the
right hand side of (3.219)), and gives a scenario-independent limit on the possible
values of the CHSH score obtainable by any quantum state:

—2v2 < C(p) < 2V2. (3.220)

Note that this derivation relies on the positivity of all states under consideration,

specifically

p is positive =— Tr [pCA} < llelliCl] (3.221)
and also

p is positive and Tr [p] = ||p| < 1. (3.222)

In the context of a quantum miniature, we may have a state, p, which is not positive
and so neither of the inequalities on the right are necessitated. Indeed, bipartite
Square-world miniature contains states violating the first of these inequalities, and
we see violations of Tsirelson’s bound up to the algebraic maximum C = 4.

In the bipartite Square-world system, the measurements for each party must
be chosen from those performable by the apparatus, i.e., the choice is between o,
and o,. There are thus four distinct CHSH scenarios we may consider (neglecting

scenarios where X = X’ or Y = Y”), labelled by the directions, ¢ and m, chosen for
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the unprimed measurements, X and Y, for parties A and B respectively. To each

scenario we associate an operator, Cpp,:

Coo =0, R0, +0,00, 0,00, -0, 0., (3.223)
Cro=0, 00, 40,20, +0. 00, —0,® 0y, (3.224)
Coo =0.®0,+0. 00, +0, 0, — 0, D0, (3.225)
C..=0.00,+0.00,+0,00, — 0, 0,. (3.226)

For the non-local extremal states (3.210]) we have
Com () = 4000 0 g (3.227)

Hence, each non-local extremal state saturates the algebraic bounds —4 < C < 4 for
exactly one of the four available CHSH scenarios. Note that |55 ]| = (14 v/5)/4,
and ||Cpml| = V/5, s0

Tr [P5mCem] > || [l Coml| == 1.809. (3.228)

For the local extremal states (|3.208)),

A A A

Com(FI305) = mip(mE +mE) + mp(m, — mB,). (3.229)

This may take values £2, and therefore produces only local correlations (despite
A A
ﬁZ%ZZB lying outside the set of quantum states).

3.3.3 OTHER BIPARTITE MINIATURES

In the bipartite Square-world miniature described in Section [3.3.1], each party was
able to perform spin measurements in the x and z directions. We can generalise this
construction by allowing each party to perform spin measurements in an arbitrary
pair of fixed non-collinear directions; say party A can measure spin in the directions
1, and m,, while party B can measure spin in the directions &; and &,. We will refer
to the resulting miniature as Rhombus-world.

The Hilbert space for each of these miniatures is the same, namely H = C*, so

in each case we can use the same parameterisation for states:

1
P=1 1®ol+r-o@1+1®s -0+ > tyxo; oy (3.230)
g,k
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In terms of these parameters, the expectation values for each measurement are

(nj-o@1)=mn, (3.231)
(1®&-0)=¢ s, (3.232)
(nj-o©&-o)=n;-t&, (3.233)

and the probabilities for joint measurements are

1
P(mA,mij,nk;p) =1 (1 + mAnj v +mPE, s+ mAman ~t$k) . (3.234)

A slight modification of the argument in Section shows that every miniature
in this family allows all 2-2 non-signalling behaviours, i.e., given any P € N'S, there
exists p) € Q such that

P, mPn, & p")) = P(m?,mP|j, k). (3.235)

To show that all non-signalling behaviours can be realised by some Rhombus-
world state, it is sufficient to demonstrate that the conditional expectation values

agree. Given any non-signalling behaviour, P, the conditional expectation values are

(3.236)
(3.237)
(3.238)
We aim to construct a state,
1
pP) = ;Ae1+ r . e2l+10sP).0+0 tP0o), (3.239)

for which the expectation values expressed as in (3.231)) agree with those calculated

from P, i.e.,
n; - rP) = EA()), (3.240)

¢, s\ = EB(k) (3.241)
n; -t = BAP(5,k). (3.242)
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As long as m; }f m, and & Jf €,, both sets {m;, 15} and {&;, €,} span R?, and the
set {n, &, ,m€L ,n,&) 1€ } spans the space of 2 X 2 real-valued matrices. Hence,

we can write

r'?) = an, + bn,, (3.243)
st = cg, + d&,, (3.244)
") = 0”7151T + 5772€1T + 77715; + 5"7255- (3.245)

Imposing the equalities (3.240|) then establishes a set of linear relations between
the coefficients a,b, ..., 7,0 and the conditional expectations E4(1), EA(2), ...,

EAB(2,2). These relations are invertible and we find, defining u = 1, - n, and
w=2¢& &,
P _ EA(1) —uE4(2) EA(2) —uE4(1)

r e T a— (3.246)
EB(1) —wEP(2) EB(2) —wEPB(1)
Py _
stP) = — £+ — &, (3.247)
t" = amé; + ne€l + M€l + 5"725; (3.248)
where
-1

a 1 v w ww E(1,1)

1 E(2,1
Lot uw o w (2,1) (3.249)

v w o uw u E(1,2)

Y wvw w  ou 1 E(2,2)

Note that, if u = w = 0, these expressions simplify to the corresponding expres-
sions - previously derived in the case that each party can perform
measurements in a mutually orthogonal pair of directions.

Having thus defined r®), s(”) and t(), we define the quasi-density operator
o) having these parameters, as in . This quasi-density operator is a state
since, by construction, it satisfies (3.235)) and therefore generates valid probabilities
for every possible measurement. Since P was chosen arbitrarily from the set of
non-signalling behaviours, it follows that any such behaviour may be realised as the
collection of conditional probabilities produced by the available measurements on
some state of the miniature.

Since every Rhombus-world miniature produces the same probabilities, they all

produce the same range of CHSH scores, independent of which directions are chosen.
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However, if we restrict the measurements to those performable in a given miniature
but only have quantum states available, then the range of possible CHSH scores
does depend on the directions. Specifically the commutators appearing in (3.219)
depend on the angles between 1, and n,, and between &, and &,.

The results of this Section and Section [3.3.1] resemble a result by Acin et al., that
every N-partite non-signalling behaviour with arbitrary inputs and outputs can be
expressed in terms of local quantum measurements [1]. Specifically, they show that,
given any NN-partite non-signalling behaviour P with m inputs and r outputs, there

exists

1. A Hilbert space H with dimension dim(H) = max{r,m},

2. For each set of inputs {z;},—1._n, a POVM on H, i.e., a set of positive operators
{M7i},.=1.. - on H such that

S M =1 (3.250)

a;=1

3. A unit-trace self-adjoint operator (i.e., a quasi-density operator) p on H®Y,

such that, for each set of inputs and outputs,
Tr [p (Mfl1 ®...® M;JJVV)] = P(ay,...,an|x1,...,2N). (3.251)

A constructive example is given for the case of PR box correlations.

On the basis of this result, [1] provides a common framework in which to discuss
different classes of correlations by imposing different levels of constraint on the
operator p appearing in (3.251)). However, this work does not directly consider a

physical scenario where only the measurements described by {M;"}

a; Ja;=1,...;

, can be
performed, and does not give the interpretation of p as a physical state compatible

with this scenario.

3.4 GENERAL FEATURES OF SPIN MINIATURES

3.4.1 LINK BETWEEN EXTREMAL STATES AND QUASI-EIGENSTATES

In exploring the various quantum miniatures considered so far, identifying the
extremal states is crucial in describing the state space of each miniature. We have

seen that these extremal states demonstrate many of the novel features seen in
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quantum miniatures, such as the violation of quantum uncertainty relations, and
the possibility of post-quantum correlations, for example. Related to the violation
of uncertainty relations is the fact that extremal states are, in many cases, joint
quasi-eigenstates of some pair of non-commuting observables.

For any quantum miniature with finitely many observables defined on a finite-
dimensional Hilbert space, the state space is a convex polytope, as discussed in
Section [2.2] As such, the state space can be defined as the interior of a collection of

bounding hyperplanes, each defined by some linear inequality of the form
P(some measurement outcome|p) > 0. (3.252)

Quasi-eigenstates of an observable are states which predict definite outcomes for
that observable (equivalently, those which predict zero variance). This means that
the probability of obtaining any other outcome for that observable must be zero,
i.e., must saturate one of these inequalities. In a spin s miniature, there are 2s + 1
possible outcomes for the measurement of any non-degenerate observable, so a
quasi-eigenstate must saturate 2s inequalities pertaining to the same observable.

For a d-dimensional state space, extremal states lie at the intersection of d or
more bounding hyperplanes (of which, d must be linearly independent), and therefore
saturate d or more of these inequalities, though these need not all pertain to the
same observable.

Both of these properties — extremality and being a joint quasi-eigenstate — are thus
related to the saturation of multiple inequalities, and a simple counting argument
establishes a sufficient criterion to conclude that all extremal states of a given
miniature are quasi-eigenstates of some observable in that miniature. Consider a spin
s miniature with /N basic observables, having a d-dimensional state space. Extremal
states saturate at least d bounding inequalities. In general, these inequalities may
pertain to different observables. However, if d > N(2s — 1), then there must be
at least one observable contributing 2s inequalities, and the state must therefore
be a quasi-eigenstate of that observable. If d > N(2s — 1) 4+ 1, then there must
be two observables each contributing 2s inequalities, so the state is necessarily a
joint quasi-eigenstate of both. This counting criterion is satisfied for many of the
miniatures we have considered, as shown in Table [3.3] In particular, it is satisfied by
all miniatures with finitely many observables in the case of spin s = 1/2.

A similar argument establishes that, if d > N(2s— 1)+ k, then all extremal states

are joint quasi-eigenstates of at least k + 1 observables. This condition is sufficient



82 CHAPTER 3. FINITE DIMENSIONS: QUANTUM MINIATURES FOR SPIN SYSTEMS

but not necessary — there may be linear dependences between different positivity
constraints which impose the joint quasi-eigenstate condition without this inequality.
These relationships may be used as a guide to determining extremal states in other
miniatures, as well as helping to construct miniatures which maximally violate

quantum uncertainty relations through the existence of joint quasi-eigenstates.

Miniature Spin | # basic observables | Dimension d> N(2s—1)+17
s N d
Square-world 2 2 v
Cube-world i 3 3 v
n-gon world n/2 2 v
Square-world 2 4 v
Cube-world 1 3 5 v
n-gon world n/2 5 forn <8
Table 3.3

3.4.2 USEFUL PROPERTIES OF EXTREMAL STATES

We have established that, under certain conditions, extremal states must be joint
quasi-eigenstates. Conversely, if joint-quasi eigenstates exist in a given miniature,
they must be extremal. This result follows as a special case of a more general

statement: if an additive uncertainty relation regarding a collection of observables
{Ai}iz1,...N,

ivj A2(Ailp) > U, (3.253)

i=1

is saturated by any state, then it is saturated by some extremal state. This is because

— by the law of total variance — the map
prr Y A% (Alp) (3.254)

is concave. Thus, writing an arbitrary state p as a convex combination of extremal

states,

p=>_Xibj; (3.255)
J
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we have
WISEIES SN D S IT) (3.256)
< {5 2% | (3.257)
Hence,

Z A*(Ajlp) =U = Z A*(A;]p;) = U for some j. (3.258)

If the collection {A;} has a joint quasi-eigenstate, then the constant U appearing in
this uncertainty relation is zero, which establishes the special case.

Similarly, given a miniature with state space 2,,:,, the existence of any state
p € Qin which is incompatible with a given Hermitian operator implies the existence
of an extremal state which is incompatible with the same operator. It follows that
the existence of any non-quantum state implies the existence of a non-quantum
extremal state. In developing future models in the quantum miniature framework,
these properties may help to reduce the problem of finding states with particular
interesting properties to the problem of finding extremal states with those properties,

which in many cases means consideration of a finite set.
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Quantum miniatures for particle systems

In this chapter, we extend the ideas of the previous chapters to particle systems. We
define miniatures in this setting by taking the Hilbert space to be that of a single
non-relativistic quantum particle moving in one dimension, and by restricting the set
of observables. Quantum miniatures thus provide a natural setting to consider non-
quantum models with continuous variables, whereas GPTs are commonly restricted
to consideration of finite-dimensional systems [48, 56| [71]. Other approaches to
generalised theories for continuous variables include [72].

Some modifications are required when discussing an infinite-dimensional system
compared with finite dimensions, just as is typical in standard quantum theory.
For example, for observables with a continuous spectrum of possible outcomes, the
probability map is replaced by a map describing the probability distribution over

these possible outcomes.

4.1 CROSS-WORLD

4.1.1 (OBSERVABLES

The quantum miniature Cross-world is defined by specifying the set O¢ of observables
which are assumed to be accessible in experiments. This set is chosen to be a proper
subset of the observables of a quantum particle with a single degree of freedom.
We base our discussion on the Hilbert space L?(R) of square-integrable functions
R — C.

In order to have a notion of phase space, we assume position, (), and momentum,

P, to be observable. Given a function ¢ : R — C, the action of these operators is
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given by

Q(a) = q(0) and waz—miw@. (4.1)

For details relating to the domains of @ and P, see Appendix [Bl Thus, we define

the set of basic observables to be
Oc ={Q, P}. (4.2)

We denote by E, and E), respectively the projectors onto generalised eigenstates of

position and momentum (see Appendix :

Eq = lg)(d] and Ep = |p){pl- (4.3)

The probability distributions for measurements of position and momentum are given
by a trace rule, as in standard quantum theory. Specifically, for a state p, the

probability density at ¢ for a position measurement is given by

Plalp) = Tr[pEy] (4.4)
and similarly for momentum,
P(plp) = Tr[pE,)] . (4.5)
As a shorthand, we write
Ey(p) = Tt [0, Ey(p) = T o). (4.6)

We can then define the state space of Cross-world to consist of exactly those
quasi-density operators which produce valid probability distributions, i.e., which are

non-negative and normalised:
Qo ={p:H—=H|p' =p, Tr[p] =1, Ey(p) > 0, E,(p) > 0V¥g,p €R}.  (47)

We also include eigenstates of position and momentum as states, viewing these as a
limiting case of infinitely squeezed states (see Section .

All quantum states, i.e., all positive operators with unit trace, satisfy the con-
straints described in and are therefore contained in )¢. In addition, there exist
states in Cross-world which do not correspond to quantum states, since they are not
positive; this is shown in Section
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4.1.2 QUASI-WIGNER FUNCTIONS

An alternative to the density operator formulation of standard quantum theory is
provided by the Wigner function (see Section . Extending the state space to
include quasi-density operators also introduces new distribution functions which we
call quasi- Wigner functions. Quasi-Wigner functions are obtained by applying the
Wigner transform to the quasi-density operators representing non-quantum
states in Cross-world. Since quasi-density operators are Hermitian and have unit
trace, quasi-Wigner functions are still real-valued and normalised. Furthermore, the

identities

/. dpWila.p) = Trlpla)all (48)

/. daW,la.p) = Te[p|p)pl) (49)

still hold, so that probability densities for position and momentum are calculated
in the same way as for usual Wigner functions, integrating along lines of constant
q or constant p. However, quasi-Wigner functions can have different properties
from standard Wigner functions corresponding to quantum states; for example,
quasi-Wigner functions may be more localised than is possible for a standard Wigner
function, and do not have to obey the condition . A quasi-Wigner function
W (q, p) describes a valid Cross-world state if and only if it generates valid probability

distributions for position and momentum measurements, i.e.,

0< / dpWi(q,p) <1 for all g, (4.10)
R

0< / dgW(q,p) <1 for all p. (4.11)
R

4.1.3 STATES AND EQUIVALENCE CLASSES

We have seen in the case of Square-world that (quasi-) density operators may in
some cases be indistinguishable by measurements, and so fall into equivalence classes.
For Cross-world this raises the question of whether two operators may, in general, be
distinguished based only on the statistics of position and momentum measurements.
In quantum theory, this question gives rise to the Pauli problem for quantum states
[66, 67|, and has been answered in the negative: there are distinct quantum states

generating identical probability distributions for both position and momentum [88,
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22]. Another way of saying this is that the set {Q, P} is tomographically incomplete
within quantum theory.

We say two Cross-world operators, p and p’, belong to the same equivalence class
if and only if they generate the same probability distributions for both position and

momentum measurements, i.e.,

Plalp) = P(alp') and P(plp) = P(plp) (4.12)

for all p and q.

Proposition 4.1.1. Each equivalence class contains an element whose associated

quasi-Wigner function is factorisable.

Proof. Given any Cross-world operator p, define the factorisable quasi-Wigner func-
tion W by

W(q,p) = Plalp)P(plp), (4.13)

where P(q|p) and P(p|p) are the marginal probability distributions for position and
momentum generated by p. Note that W is not in general the Wigner function
associated to the operator p. By construction, however, it does generate the same
probability distributions for both position and momentum measurements. Define now
the operator p as the Weyl transform of W. Since this operator generates the same
probability distribution for position and momentum measurements as p, they belong
to the same equivalence class. Since p was chosen arbitrarily, any equivalence class

must therefore contain an operator whose associated Wigner function factorises. [

Proposition 4.1.2. Any pair of probability distributions over R may be realised as
the respective probability densities for position and momentum measurements in

some Cross-world state.

Proof. Given any pair of probability densities P; and P,, define the quasi-Wigner

function

W (g, p) = Pi(q)Pa(p)- (4.14)

This expression corresponds to a valid Cross-world state since its marginals in each

variable are non-negative and normalised. O]

Based on these results, we may completely characterise the space of equivalence
classes, which we describe by convenient representatives. From the result 4.1.1, we

may always take a representative with a factorisable quasi-Wigner function. The
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space of all such representatives, ()¢, is closed under convex combinations, and by

is equivalent to the space of all pairs of probability distributions over R:
Qc = Prob(R) x Prob(R). (4.15)

Hence, an equivalence class is extremal if and only if each factor in its factorisable

representative is extremal in the convex space of probability distributions, i.e., if

Wisi(a,p) = 6(q = q0)6(p — po) (4.16)

for some qo, po € R. Applying the Weyl transform ([1.23]) expressed in terms of the
Wigner kernel, we see that the quasi-density operator associated to W is equal to
the Wigner kernel defined in (1.21]), evaluated at the point (qo, po):

p= [ dadpila = 40)3(p — po)A(g.p) = Algo, po). (4.17)

We thus have a complete characterisation of all extremal states in Cross-world. These
form a continuous two-parameter family, parameterised one-one by points of phase
space. Each extremal state is a joint quasi-eigenstate of position and momentum.
We see that Cross-world does allow quasi-Wigner functions beyond the usual
Wigner functions associated to quantum states. Indeed, the delta distribution
appearing in has been presented as a specific example of a generalised function
on phase space which does not represent a valid Wigner function in standard quantum
theory [33, p. 235,41, p. 127]. In Cross-world, this distribution is a valid quasi-Wigner
function, describing an allowed state of the theory. Also, it has been shown that a
pure quantum state has a non-negative Wigner function only if it is a coherent state
[44]. An extension of this result to mixed quantum states establishes a bound on the
non-Gaussianity of any state with a non-negative Wigner function [60, [61], which
places limitations on the set of position probabilities. In Cross-world, on the other
hand, no limitation can be placed since all position marginals are compatible with a
positive overall quasi-Wigner function. In some cases, the non-quantum character of
particular Cross-world states may be detected directly from experimental data, by

the violation of uncertainty relations.

4.1.4 UNCERTAINTY RELATIONS

For position and momentum, quantum mechanics provides a state-independent

bound on the joint uncertainties, namely the Heisenberg uncertainty relation |40,
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52|,
h2
A?QA?P > T (4.18)
All quantum states satisfy the relation (4.18)), so any violation of this signifies that
an operator is non-quantum. Violations will occur for Cross-world states for which
the probability distributions in both position and momentum are highly localised.
An example of such a state has a quasi-Wigner function similar to the Wigner
function of a coherent state, where now we rescale both variables by a common factor

1/y/T, with 0 < 7 < 1:

1 ¢+
Wr(a.p) = ——exp (— el (4.19)

Note that W,(0,0) = 1/(wh7), in violation of (1.18). Applying the Weyl transform
(1.19), we find the operator corresponding to this quasi-Wigner function:

h 7(a? 4 %) iaQ + ibP
_ _ T’ +07) tate T iblmy 42
pr= /R2 da db exp ( 4h exp : (4.20)

Its matrix elements in the position basis are given by

_ TH+1/7)@+ ) —2(r—1/7
(q1] pr lq2) = (hT) /2 exp (—( Bl qz)h ( / )q1q2> : (4.21)
The uncertainties in position and momentum are
hr ht
2 2
AQTQ - ?, APTP - 7 (422)

These violate Heisenberg’s uncertainty relation for any 7 < 1, and can simultaneously
get arbitrarily small as 7 — 0. Hence, the operator p, cannot be the density operator
of a quantum state, but it does correspond a valid state in Cross-world: it is
a unit trace Hermitian operator furnishing positive probability distributions for
both position and momentum. In the limit 7 — 0, the quasi-Wigner function W,
approaches that of an extremal state .

Furthermore, the Cross-world uncertainty region for position and momentum,
PUR¢(Q, P), may be fully characterised. Since any pair of probability distributions
may be realised as the respective probability densities for position and momentum
measurements, it follows that any pair (AQ, AP) may be realised as the respective

uncertainties for these observables. Hence,
PUR¢(Q, P) = Ry x Ry, (4.23)

where R, denotes the set of non-negative real numbers.
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4.1.5 SYMMETRY AND DYNAMICS

While we do not give a full general account of dynamics for an arbitrary quantum
miniature, Cross-world provides an illustration of some novel features which are

likely to appear in such an account compared to standard quantum mechanics.

Reversible transformations Motivated by standard quantum theory, we consider

unitary evolutions of the form
prs p(t) =U)pU(1), (4.24)

where p is any initial state and U(t) constitute a one-parameter family of unitary
operators. However, in contrast to standard quantum theory, not every unitary
operator will lead to a valid transformation.

We have seen that, generally speaking, restricting the set of observables allows
for extended sets of states in miniatures. In a similar manner, these extended
state spaces will restrict the possible dynamics of a theory. For example, evolution

generated by the free Hamiltonian, where

U(t) = exp (Z;Z 2) (4.95)

is not permissible in Cross-world, as we now show.
Under this evolution, the quasi-Wigner function corresponding initially to an

arbitrary state, pg, evolves as follows:

Wia.p30) = — [ duc® i ul Um0 (6) o ) (4.20)
= [aven 2 (o= o) rulmlp—w)  (2)
- W (q - %t,p; 0> . (4.28)

We now show that this evolution is not admissible in Cross-world, in the sense that
it does not preserve the state space, 2c. According to the arguments of Section
it suffices to show that evolution under the free Hamiltonian does not preserve
equivalence classes.

Consider a pair of initial states, with initial Wigner functions W%7 and W97
respectively:

1
(gsin® — pcosf)?| . (4.29)

W% (q,p;0) = Cexp | —7(gcosf + psin0)? — =
n



4.1. CROSS-WORLD 91

At time t = 0, the two Wigner functions W%7 (g, p; 0) and W=7 (g, p; 0) correspond
to squeezed coherent states, rotated equally in opposite directions. These represent
valid Cross-world states (in particular, they are also valid quantum states) and they
are Pauli partners, i.e., they generate identical probability distributions for position
and momentum measurements. However, if we evolve each state under the free
Hamiltonian, this relationship is not preserved.

Under the free Hamiltonian (4.25)),

2
-7 ((q— Z) cos —l—psin@)

— 71_ ((q— f}j) sin@—pcos&>2] (4.30)

The probability density for position measurements at time ¢ is

/ dp WO (g, p;t) = c\/g exp [— <a _ 7;) q21 (4.31)

where «, § and v depend on t as well as on the parameters 6 and 7:

W (q,p;t) = Cexp

1
o =T7cos’f+ ~sin*f (4.32)
T
) t 21 t . 2
=Tt (sm@ — — cos 0) + — (cos@ + —sin 0) (4.33)
m T m
1
y=T (cos Osinf — i cos” 9> + — (— cosfsinf — r sin? 9> . (4.34)
m T m

We see that, for non-zero times, the two Wigner functions W%7 and W97 give
different probability distributions for position measurements. This demonstrates
that evolution under the free Hamiltonian does not preserve equivalence classes, so
does not preserve the state space of Cross-world.

It is nevertheless possible to define a consistent dynamics for Cross-world, which
respects the symmetry of the observables and the state space. Similar to Square-
world, the symmetry of the full quantum system is broken by the restriction on
observables, leaving a smaller symmetry group. As the restriction on spin components
leads to a preferred set of orientations, removing linear combinations of position and
momentum from the available observables picks out a preferred class of Galilean
frames. These frames are related by rigid translations parallel to the phase space

axes — Galilean boosts, which map the position operator to a linear combination of
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: b free evolutign A o W

Figure 4.1: Schematic depiction of the evolution of two squeezed states under the
free Hamiltonian. The states are initially Pauli partners, but do not remain as such
under this evolution.

position and momentum, do not preserve the observables of Cross-world. We also

have symmetry under the finite phase space rotation ) — P, P — —(@). Extremal

states of Cross-world are mapped among each other under these transformations.
Rigid translations in phase space are generated by the position operator, for

translations parallel to the momentum axis:
prrpl = e pe' Wy(g,p) = Wy(a.p) = W,(a,p +1), (4.35)
and the momentum operator, for translations parallel to the position axis:
p = p = e P peils W,(q,p) = Wy(q,p) = W,(q+s,p). (4.36)
These maps can be composed to produce any phase space translation,
pro " =T (s, 00T (s,1),  Wyla.p) = Wyr(a,p) = Wplq +s,p+1t).  (4.37)

We have a continuous two-parameter family of symmetry transformations, each

providing a one-one map from the set of extremal states onto itself.

Measurement In Square-world, we saw that each basic observable had two distinct
extremal quasi-eigenstates, leading to a possible ambiguity in the post-measurement
state. In Cross-world, there are now an uncountable family of quasi-eigenstates
for both basic observables. One possible update rule is that, for a system initially
described by the quasi-Wigner function W, after a position measurement returning

the outcome ¢, the quasi-Wigner function describing the system updates to W4,
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where

Wi(q,p) =d(q—q) / dg'W(q', p). (4.38)

Immediate subsequent measurement of () is then guaranteed to return ¢, and
immediate measurement of P has the same statistics as the original state. This
rule is manifestly covariant under phase space translations, and respects equivalence
classes. It also has the property that measurement of both basic observables leaves
the system in a uniquely identified extremal state, i.e., the joint-quasi eigenstate
centred at the the measured values. The update rule described by is
not tenable in standard quantum theory, since an initially quantum state can be

projected onto a non-quantum state.

4.2 STAR-WORLD

In a similar spirit to the polygon models for spin systems, we define a family of
miniatures containing Cross-world as a special case. These miniatures arise by
assuming particular sets of linear combinations of position and momentum to be
observable — in particular we choose collections of linear combinations exhibiting

discrete rotational symmetry in phase space.

Observables Let 6, = nw/N for N > 2, and define the linear combinations
@, =Qcosb,+ Psinf, forn=0,1,...,N — 1. (4.39)

For given N, these are taken to be the basic observables in a miniature we call
N-pointed Star-world, Onsw = {Q,}. For N = 2, we recover Cross-world.
The probability densities for each observable @),, in a state p may be calculated

by integrating its quasi-Wigner function W, along lines of ¢ cos 0,, + psin 6, = const.:

P(Qn = alp) = /Rdt W,(acos, +tsinb,, asinb, —tcosb,). (4.40)

States Each Star-world miniature admits quasi-Wigner functions outside the usual
quantum Wigner functions. For example, the ‘super-sharp’ state (4.19) generates
valid probability distributions for all observables in each case, despite being non-

quantum.
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Figure 4.2: Illustration of the observables for 8-pointed Star-world.

Including additional observables relative to Cross-world does, however, imply
additional constraints on admissible states. Consider an N-pointed Star-world
miniature for some even number N > 2, so that the set of basic observables, Onsw,
contains O¢ = Oy as a strict subset. Let p be a quantum state (which is therefore
compatible with both Qg1 and Ongsw ), and let W, be the corresponding Wigner
function. Now consider the modified quasi-Wigner function, W’, defined by adding
positive perturbations centred at the points (go, po) and (—qo, —po) and corresponding

negative perturbations centred at (qo, —po) and (—qo, po):

W'(q,p) = Wy(a,p) + f(a — qo,p — po) — (¢ — qo. p + Po)
— fla+qo,p—po) + f(g+ g0, p+ po). (441)
By construction, this quasi-Wigner function provides the same marginal distributions

for measurements of position and momentum as does the original Wigner function W,

since the positive and negative perturbations exactly cancel out in these marginals.
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qgcosty + psinf; = «

Figure 4.3: The probability density, P(Q1 = «|p), for the outcome « in a measure-
ment of @y is given by integrating W,(q, p) over the line g cos; + psinf; = a.

The quasi-density operator described by W’ is therefore compatible with these
observables, so represents a Cross-world state. However, it is possible to choose f in
such a way that the integral along the line through (qo, po) and (—qo, —po) is negative;
for example, we may take f to a normalised Gaussian tightly peaked around zero. If
qo and pg are chosen so this integral represents the probability for measurement of
an observable, then W’ would predict negative probabilities for this measurement:
the corresponding quasi-density operator is thus incompatible with the observable
and does not represent a state of N-star world.

More generally, if N is any integer multiple of M, then the M-pointed Star-world
miniature admits quasi-Wigner functions which are incompatible with the N-pointed
miniature. Examples may be constructed in a very similar manner to , by
adding perturbations which are highly localised along the appropriate lines in phase
space.

The structure of equivalence classes is also affected by adding extra observables.
For example, the squeezed coherent states W™ and W97 are equivalent
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(a) The perturbed quasi-Wigner function, W’(q, p)

W'(q,p)
|

(g—p)/V2

(b) A projection of W'(p, q) along the line p = —¢

Figure 4.4: Plots of (a) the perturbed quasi-Wigner function, W'(q, p), from (4.41)
and (b) its projection along the line p = —q. The integral over R of this projection

gives the predicted value for P(% = 0]p'); this value is negative, demonstrating

that W' is incompatible with the observable (P + Q)/v/2.
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in Cross-world since they generate identical probability distributions for position
and momentum, but are not equivalent in other Star-world miniatures, since the

probability distributions for any rotated observable ),, will differ.

4.3 PLANE WORLD

A final miniature, Plane-world, is given by assuming all linear combinations of

position and momentum are observable:
Opw = {QcosO + Psinf |0 € [0,7)}. (4.42)

States Since every observable in N-pointed Star-world is also an observable of
Plane-world, then the set of quasi-Wigner functions compatible with Opyy is a subset

of those compatible with Opngy for every N.

Opw = |J Ownsw, Qpw = ) Qvsw. (4.43)

NeN NeN

Plane-world also admits non-quantum states, including super-sharp states. These
are joint quasi-eigenstates of an uncountable family of mutually non-commuting ob-
servables. Specifically, given a super-sharp state p centred at (qo, po), & measurement
of the observable () cos§ + P sin 6 returns the value qg cos @ + pg sin € with certainty.

This model has a continuous non-Abelian symmetry group generated by phase

space rotations and translations.
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Summary and Conclusions

We have introduced the framework of quantum miniatures, aimed at examining the
role played in quantum theory by the operator assumption, i.e., the assumption that
all self-adjoint operators correspond to observables. This framework retains most of
the formal structure of standard quantum theory except that, for each model, the
operator assumption is supplanted by a specific list of operators which are taken to
represent observables.

Quantum miniatures represent internally consistent foil theories to standard
quantum theory which, importantly, demonstrates that the operator assumption is
not a logical necessity. On the other hand, quantum miniatures display qualitatively
different behaviour to standard quantum theory, which further clarifies the specific
role of the operator assumption.

We developed several models for spin systems and particle systems, with specific
assumptions as to the available observables in each case. We then derived the
state spaces of each miniature, with the exception of Cylinder-world, Sphere-world,
Star-world and Plane-world, where partial results were obtained.

We have investigated uncertainty relations, including a full determination of the
uncertainty regions for all available observables in Square-world and Cross-world.
The results clarify the implicit dependence of uncertainty relations upon observables
which do not explicitly feature in the relation. For a bipartite Square-world system
with local measurements, we investigated non-local correlations, and found that all
non-signalling correlations are achievable.

Some results regarding dynamics have been obtained, but this remains the main
area for further development of the miniature framework. This would involve updating

the postulates to account for reversible transformations, and an investigation of
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possible state update rules.

Regarding kinematics, open questions also remain. For example: can we charac-
terise the conditions for a miniature to have the same state space as usual quantum
theory; is it required that all Hermitian operators are observable, or is there a subset
which suffices? Can we characterise which GPTs may be realised as a quantum
miniature? We have seen that polygon models, bipartite Square-world, and quantum
theory can all be realised as such.

This work also indicates possible future directions for research. Quantum minia-
tures may provide a fruitful framework for defining GPTs with continuous variables,
and a basis for investigating bipartite correlations, or other information-theoretic
features of these. Another useful aspect of quantum miniatures is that realising
different models in terms of operators on a common Hilbert space can allow for direct
comparison between theories, such as identifying quantum states as a subset. For
example, building upon results obtained so far, quantum miniatures may be used to

investigate relationships between uncertainty relations and non-local correlations.
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Wigner functions for spin

For a spin-s system, phase space functions can be defined over the sphere [87, 3]
(alternative notions of phase space for finite-dimensional systems have also been put
forward, including vector spaces over a finite field [96]). To each operator A € L*(H),
we assign the phase space function Wy : S? — R given by

Wa(n) = Tr [AA,(n)], (A1)
where A, is the Wigner kernel for spin. The kernel is not uniquely defined, but an
option is [3]

Ay(m) = Dy(Sy) = > Dy(m) |m,m)(m,m|, (A.2)

where |m, n) is the eigenvector of S, with eigenvalue m, and the function Dy can be

expressed in terms of Clebsch-Gordan coefficients as

25 91+1 /s 1
Ds(m)=225+1<

=0

° > . (A.3)

m 0|m

Spin s = 1/2 For spin s = 1/2, we have D(£1/2) = (1 £ 1/3)/2, so the kernel
evaluted at a point 7 € S? is

. 1 V3
Aip(n) =51+ 5n-0. (A4)

Given a spin-1/2 quasi-density operator p = (1 +r - )/2, the corresponding
quasi-Wigner function given by (A.2)) is

W,(n) = ; + \fr . (A.5)
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The quasi-Wigner function provides a simple criterion to identify non-quantum

states in any spin-1/2 miniature. Specifically, p is a quantum state if and only if

1++/3
max |W,(n)| <

nes? 2 ’

(A.6)

and equality holds if and only if p is a projector.
For spin-1/2 miniatures other than quantum theory, the modulus of the quasi-
Wigner function may exceed the bound (A.6]). In Square-world, for example,

1 6
ma W, (m)] < V0

meS?2 2

(A7)

and equality holds if p is an extremal Square-world state.

Spin s =1 For spin-1, the Wigner kernel is

. 1 1 V10

with V;, defined in (3.76). Quasi-Wigner functions may provide a useful tool to help

identify non-quantum states in spin miniatures, and to investigate their properties.
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Rigged Hilbert space treatment of

position and momentum

The position and momentum operators discussed in Chapter 4 are unbounded. This
poses questions not encountered in finite dimensions such as the domain of definition
and the existence of eigenvalues for such operators. These questions may be dealt
with by the formalism of rigged Hilbert space [34], which gives rigorous meaning to
the Dirac ‘bra-ket’ notation [4] 6, 59]. A rigged Hilbert space is a triplet

YCHCYEY, (B.1)

where H is a Hilbert space, ¥ is a dense subset of H and ¥* is the space of antilinear
functionals over ¥ (for detailed requirements on the subspace %, see [34]). We will
introduce some aspects of rigged Hilbert space theory relevant to the discussion of
Chapter 4.

For a generic function 1 € L?(R), the functions Qi and P given by
may not belong to L*(R). Furthermore, we may wish to consider powers of these
observables (e.g., when considering uncertainty relations). We therefore seek a
subspace 3 C H = L*(R) on which the action of both @ and P is well defined,
as well as any of their powers. We take ¥ = S(R), the Schwartz space of rapidly

decreasing smooth functions on R,
S(R)={f € C®R,C) ||| flln.m < o0Vn,m € N}, (B.2)

where

N fllnm = Sup lq"0™f(q)|. (B.3)
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The Schwartz space is dense in L?(RR) [75] and the triplets
YXCHCY, YCHCY (B.4)

both constitute rigged Hilbert spaces [4, [59].
Given this structure, Dirac bras may be understood as elements of the dual space
Y7, and kets as elements of the antidual space ¥*. Namely, to a continuous linear

functional F': ¥ — C we associate a bra (F|, defined by its action on ¥,

(F|y) = F(¢) for any ¢ € X. (B.5)
To a continuous antilinear functional G : ¥ — C we associate a ket |G),

(Y|G) = G(y) for any ¢ € 3. (B.6)

The bras (q|, (p| and kets |q), |p) appearing in (4.3)) are of particular relevance. For
any ¢ € R and any ¢ € X,

(qlv) = ¥(q) and (Plq) =¥ (q). (B.7)

The Dirac delta may be understood as the kernel of the first (linear) functional |75].
For any p € R and any ¢ € X,

(ply) = A% (p) and (y[p) = ™"/ (p), (B.8)

where 9 is the Fourier transform of the function 1 [6, 59).
The operators (Q and P, defined so far on X, may be extended to maps on »*.
Given |F) € ¥*, the action of @ is defined by

Q|F) = |F') € ¥* such that (¢|F') = F(Q) for any ¢ € %, (B.9)

and similarly for P. The ket |q) is a generalised eigenvector of @, with eigenvalue ¢
in the sense that [34} 4]

(W] Qlg) = q (¥lq) for any ¢ € X. (B.10)

Similarly, |p) is a generalised eigenvector of P. A discussion of the status of |q)(q| as

a projection operator may be found in [4].
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