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ABSTRACT

REDESIGNING QUANTUM THEORY

August 2026

Matthew B. Weiss, B.A., Brown University
M.S., University of Iowa
Ph.D., University of Massachusetts Boston

Directed by Professor Christopher A. Fuchs

QBism understands quantum mechanics to be probability theory supplemented
by additional nonclassical coherence conditions. In this dissertation, we develop these
nonclassical coherence conditions from first principles, emphasizing the role of a well chosen
reference measurement. After treating standard probability on subjective Bayesian lines,
we demonstrate an equivalence between the QBist approach and the existing framework of
generalized probabilistic theories. We show that the fundamental nonclassical coherence
relation may almost always be taken to be a gentle modification of the law of total probability,
and give a coherentist account of when an experimental scenario has a classical explanation.
Finally, we show that when the reference measurement is chosen to correspond to a complex
projective 3-design, the shape of quantum state space is implicit in the probabilities which
characterize the reference measurement itself. Thus coherence with this single reference
measurement, properly understood, implies coherence with all of finite dimensional quantum
mechanics. We then attempt a modest reconstruction of quantum theory along these lines,
one practical consequence of which is a method for self-testing complex projective t-designs
for t > 3 in a theory-agnostic way.

iv
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CHAPTER 1
INTRODUCTION

1.1 Foundations

This dissertation is primarily an exercise in quantum foundations, the ongoing attempt
to give a conceptually satisfying account of the lesson that quantum mechanics is trying to
teach us about the world and ourselves. It is unapologetically QBist [1, 2]. The QBist school
of thought holds that quantum mechanics is best understood as a guidebook for an agent
trying to gamble on the consequences of their free actions on a world which is just as free to
act back. In this way the agent and the world they act upon are locked in a permeable embrace
of mutual cocreation. Already subjective Bayesianism understands probability theory to
be of a normative character, a way of organizing one’s own beliefs to ensure they are as a
whole coherent with each other. QBism views quantum theory in exactly the same way, as
a tool any agent may use to tend to their mesh of beliefs about the consequences of their
own actions precisely in light of nature’s vitality. In particular, the key formal move of the
QBist approach is to focus attention on reference measurements: such measurements have
the property that assigning probabilities to their outcomes is mathematically equivalent to
assigning a density matrix, the more familiar guise under which a quantum state appears.
Quantum states, effects, unitary evolution: they may all be reexpressed in terms of relations
between probability assignments. In this way, QBists do not understand quantum theory
by analogy with probability theory: they view it as nothing other than probability theory,
properly supplemented with new norms which respect nature’s lack of “hidden variables.”

In particular, a key part of respecting this absence is the insistence that the agent ought
to use quantum mechanics to organize their beliefs about the consequences for them of their
own actions. To gamble on the consequences for another is as much to deny the openness
of the world to mutuality: to treat the consequence for another as settled is to treat it as a
hidden variable, an already existing property ready to be trotted out. This personalization
leads to certain familiar notions, for consistency’s sake, to be recast in at first unusual terms:
for example, dynamics is understood in terms of an agent’s indifference to whether or not they
themselves might perform a particular measurement [3]. Moreover, just as probability theory
is not “about” coin flips and dice rolls, but rather helps one organize one’s beliefs about coins
and dice, so too quantum theory in itself is not “about” electrons, hydrogen atoms, or spin
glasses; instead it helps the agent organize their beliefs about such phenomena. The beliefs
themselves the agent forms in their intercourse with the world, guided by the consequences
their world confronts them with. And whereas these consequences are personal to the agent,



any agent is well advised to use quantum mechanics: its universality attests to the common
existential situation we all find ourselves in. But what exactly this situation is, of course,
remains still up for debate.

Like others in the quantum foundations community who pursue “reconstructions’
of quantum mechanics [4], QBists do not wish to take the quantum formalism for granted.
We continue to seek a satisfying principled derivation of the nonclassical coherence rules
which quantum theory first brought to our attention. In the first part of this dissertation, after
developing the usual formalism of probability theory in subjective Bayesian style, I adapt
existing arguments in the QBist literature to derive the form of the fundamental nonclassical
coherence rule, which in quantum theory corresponds to the Born rule, but which is in
reality much more general. The following chapter explores in more detail the mathematical
properties of this coherence rule, in particular the nature of the Born matrix, which plays
a starring role. Ultimately it demonstrates a correspondence between the QBist formalism
and the formalism of generalized probabilistic theories heavily investigated in the quantum
foundations literature [4]. The next chapter studies under what circumstances the fundamental
nonclassical rule may take an extraordinarily simple form. Indeed, the general QBist strategy
in pursuing foundational questions has been to find those circumstances in which the extra
normative rules suggested by quantum mechanics may be made to look as close as possible to
the familiar rules of standard probability theory. The gap between the two then witnesses the
essential difference between classical and nonclassical ways of approaching the world. For
this reason, symmetric informationally complete (SIC) reference measurements in quantum
mechanics have been an abiding interest for QBists: such measurements have a host of truly
remarkable probabilities, not least of which is that they allow one to rewrite the Born rule
P(E|p) = tr(Ep) as

b

P(Elp) = ) P(EIR;) {(d+ DP(Rip) - é} (1.1)

which is as gentle a modification of the law of total probability };; P(E|R;) P(R;|p) as one
could imagine, and which QBists have termed the Urgleichung, or fundamental equation. I
show that in fact this type of rule is ubiquitous in the landscape of generalized probabilistic
theories. Thus the form of this rule is not peculiar to quantum theory, and may even be appealed
to in situations where classical explanations are available. But then: what do we even mean
by classical? We then turn to the question of when an agent’s mesh of beliefs is compatible
with a classical explanation in terms of underlying properties which condition the results
of measurement, giving a QBist spin on Spekkens’s notion of a noncontextual ontological
model, grounding it in an agent’s indifference to whether or not a reference measurement
is performed. Moreover, we recast Bell inequalities and noncontextuality inequalities more
generally as providing a lower bound on how close the fundamental nonclassical coherence
rule is to the law of total probability. For QBists, violations of these inequalities quantify the
cost of the failure to adopt the nonclassical coherence rule itself.



The final two chapters, however, form the heart and soul of the dissertation. For QBists,
the question of why quantum theory amounts in some sense to the question: why do states, in
the form of probability distributions on reference outcomes, form just that particular subset
of the probability simplex? For indeed, even though every quantum state corresponds to a
probability distribution on the outcomes of a reference measurement, not every conceivable
distribution corresponds to a quantum state. Instead, the set of allowed distributions has a
very special geometry. Previous attempts at QBist reconstructions of quantum theory have
focused their attention on generalizing the image of quantum state space within the probability
simplex induced by a SIC-POVM measurement [5]. Such generalizations are called gplexes,
and the goal has been to identify a principle by which the gplex corresponding to quantum
theory may be picked out among all others. Similar ideas have been applied more generally
to measurements corresponding to complex-projective 2-designs, of which SICs are but the
simplest example [6].

Our central innovation is to adopt as a target for generalization not 2-designs, but
3-designs, of contemporary interest for their use in classical shadow estimation procedures
[7, 8,9, 10]. We show that (unbiased) 3-design reference measurements allow the shape of
quantum state space to be characterized in a strikingly simple way, first in terms of constraints
which govern pure state probability distributions, and then more generally in terms of an
uncertainty principle, a lower bound on the variance of any of a natural class of observables.
In particular, the entire geometry of the state space is encoded in P(R|R), the conditional
probability matrix which characterizes the reference measurement itself. In other words, the
probabilities which characterize a 3-design reference measurement characterize the entire
theory. The reason is algebraic: the properties of quantum 3-designs imply that the structure
coefficients of the Jordan algebra of observables may be extracted from P(R|R) alone. In
the end, we find that just as 2-designs make the Born rule look as close as possible to the
classical law of total probability, 3-designs make the quantum Jordan product on observables
look as close as possible to the classical Jordan product.

In the final chapter, we attempt our own modest reconstruction of finite-dimensional
quantum theory. We begin from scratch, with the matrix P(R|R), placing increasingly
severe restrictions on its structure, guided by the idea of introducing the gentlest possible
modification of the classical rule for multiplying valuations on reference outcomes. In doing
so, we retrace the steps in the previous chapter from first principles, motivating a series of
assumptions which ultimately imply that the entries of the matrix P(R|R) may be realized
as inner products between d X d Hermitian matrices over C which constitute a complex
projective 3-design. The key step is a “moment-matching” assumption. Any valuation on an
arbitrary measurement is equivalent to some valuation on the reference measurement: we
assume that for some class of measurements, the mth moment with respect to the original
measurement and the mth moment with respect to the reference, calculated according to the
nonclassical product, coincide. This leads directly to the terrain of Euclidean Jordan algebras.
While our motivations are foundational, the same considerations yield a practical algorithm
for self-testing quantum #-designs for # > 3. We show that relations between the probabilities



P(R;|R;) certify that a Hilbert space representation is possible in a way that other measures
of “designness” do not: for example, measuring the so-called frame potential and showing
that it achieves its minimimum is not sufficient without a guarantee that a Hilbert space exists
to begin with. Finally, while we achieve our goal of returning full circle to quantum theory,
many deep questions remain regarding both the motivations for our assumptions as well as the
geometry they imply, leaving the door open for a great deal of productive work in the future.

1.2 Context

1.2.1 Generalized probabilistic theories

The last twenty-five years have been a golden age for quantum foundations. The turn
of the millennium marked a growing consensus that it ought to be possible to rederive or
reconstruct quantum mechanics from a few sharp, simple principles, ideally of an information-
theoretic character [11, 12, 13, 14]. Today a wide variety of reaxiomatizations of quantum
theory are on offer: [15, 16, 17, 18, 19, 20, 21, 22] give just a taste. This development
coincided with the maturation of quantum information theory and the theory of quantum
computation. Before this, quantum mechanics had largely been framed in terms of what
the theory did not allow one to do, e.g., measure position and momentum with arbitrary
accuracy at the same time, or from complete information about a whole perfectly predict the
behavior of the parts. The shift to the study of quantum communication protocols, quantum
cryptography, and quantum algorithms was a shift in emphasis, to what one can do with
quantum theory, indeed, what would be impossible or difficult to do classically [23]. There is
a long prehistory to these ideas, stretching back into the 20th century, but by the end of the
1990s, due to the indefatigable work of a small band of quantum enthusiasts, it is fair to say
that a new age of quantum mechanics dawned.

With it, came new ways of thinking about the quantum mechanical formalism as it
was handed down by the early pioneers. Whereas Einstein’s postulates for special relativity,
or the laws of thermodynamics, appeal to physical principles from which the mathematics
flows [24], quantum mechanics is distinctive in that its axioms, as laid down by von Neumann
among others, have an almost entirely mathematical flavor. This, combined with the fact that
quantum mechanical predictions are often counterintuitive to the classical mind, has led over
the decades to a profusion of interpretations of the theory, from pilot waves [25] to many
worlds [26]. For most of these interpretations, the strategy is to rewrite the equations in some
perspicacious way and then attempt to assign ontological significance to these mathematical
expressions. From the beginning, however, another paradigm has been pursued, which
recognizes that the comparison between classical and quantum mechanics can only take
one so far. This paradigm instead tries to generalize quantum mechanics, to place quantum
mechanics in a landscape of possible theories, and by comparison throw its distinctiveness into
new light. Already in the 1930’s, Wigner, Jordan, and von Neumann generalized the algebraic
structure of quantum mechanical observables in hopes of understanding how essential matrix



representations are to the theory, in the process classifying the so-called Euclidean Jordan
algebras [27, 28], of which we will have much more to say. von Neumann and Birkhoff
went on to pursue generalizations of Boolean logic under the heading of “quantum logic”
[29]. Later Mackey, Davies, Ludwig, and others began instead from the convex structure of
quantum theory [30, 31, 32, 33, 34], a theme that would be taken up in the 21st century under
the heading of generalized probabilistic theories.

The study of generalized probabilistic theories [35, 36, 37, 38, 4, 39], or GPTs, starts
from an observation about what classical probability theory and quantum theory have in
common: the state space is a convex subset of a vector space, and the effect space is a convex
set of nonnegative linear functionals on that subset. It is easier to understand what this
means with an example. The most familiar GPT is classical probability theory as it is used to
formulate a theory of measurement, that is, a theory which attempts to understand observed
behavior in terms of the unobserved. Given a set of mutually exclusive and exhaustive events
{A;}, the familiar law of total probability tells us that we may write the probability of the
outcome E of a measurement as

P(E) = Z P(E|A)P(4)). (1.2)

Gathering up the probabilities P(4;) into a column vector |o7), and gathering up the conditional
probabilities P(E|A;) into a row vector (E|, we can write the outcome probability as a linear
functional acting on a vector P(E) = (E|o). In the language of GPTs, we would call |o) a
state and (E| an effect. Here the state has an interpretation as a state of uncertainty about
which event A; occurred, or in language borrowed from quantum foundations, which value
a “hidden variable” takes. Another way it is sometimes put is that in classical theory, an
observed outcome is always grounded in some underlying properties of a system which
preexist the measurement. But not all GPTs are classical! Whereas the states of classical
probability theory form a simplex, in general the states of a GPT may form an essentially
arbitrary convex subset of a vector space, while the effects are a set of linear functionals
which give valid probabilities when they act on states.

Indeed, it turns out quantum mechanics fits exactly this pattern. The Born rule tells us
that the probability of an outcome E can be written

P(E) = r(Eo), (1.3)

where on the right hand side of the equation, E is a positive semidefinite matrix representing
an effect, and o is a positive semidefinite matrix with trace 1, representing a state. Don’t let
the fact that these are matrices fool you: one may equivalently think of o as a vector, and
tr(E-) as a linear functional, just as in classical probability theory. In this sense, for both
classical probability theory and quantum mechanics, the structure for calculating probabilities



is the same!. The convex sets involved, however, are quite different: for example, the space
of states of the simplest quantum system, the qubit, may be identified with the surface and
interior of a sphere? in three dimensions.

Thus far we’ve encountered a simplex state space, and a spherical state space. But
why not any other essentially arbitrary convex shape? For instance, one could develop an
analogous theory e.g., where the state space is a square, an icosahedron, or an ice-cream
cone, as long as the shape is convex. The corresponding effect space must consist of linear
functionals that give valid probabilities on those states, and one may proceed to study the
properties of the resulting, generally nonclassical, theory—what it has in common with
classical or quantum theory, and how it differs in perhaps surprising ways [40, 41, 42, 43, 44].
In this way, GPTs offer a minimal, but expressive framework for exploring possible theories.
Atop this loose structure, one may introduce some well motivated postulates governing the
behavior of the theory [45, 46, 47, 48, 49], and study how these postulates constrain the
geometry of the state and effect spaces. Alternatively, one may start with a geometry [50] and
study the resulting behavior of the theory. In particular, over the years, GPT researchers have
constructed many “toy” theories which challenge naive notions about what is the “essence”
of quantum mechanics.

For example, it is by now well known that both experiment and quantum mechanics
violate Bell inequalities, and this is evidence against the applicability of so-called local realist
models in physics [51]. In the classic CHSH scenario as usually described [52], two parties,
traditionally called Alice and Bob, are distributed one qubit each (which might be realized
as the spins of two electrons, or the polarizations of two photons) which are entangled in
the “singlet” state. After being separated sufficiently that no signal could pass between
them in the course of the experiment, Alice chooses to perform measurement A; or A, and
Bob chooses to perform measurement By or B;. The correlations between the outcomes
of these measurements according to quantum theory are in general inconsistent with the
idea that the two qubits have some prearranged way of responding to measurements. In
other words, if one rejects any kind of “spooky action at a distance,” one must reject the
supposition that the outcomes of measurements reveal preexisting properties of the qubits. The
CHSH inequality itself is a constraint on probability assignments compatible with classical
assumptions, and quantum mechanics violates this inequality. But one could ask: is this
the maximum conceivable violation in any theory, compatible with locality? The answer,
perhaps surprisingly, turns out to be no. A GPT affectionately known as boxworld achieves
the maximal violation compatible with the assumption that Alice and Bob’s systems cannot
signal each other: it consists in a composite GPT where the individual state spaces are not a
simplex, nor a sphere, but instead a simple square [36, 4].

In the same vein, in light of entanglement, quantum theory is often described as holistic.
As Schrodinger put it, one may find that the “best possible knowledge of a whole does not

! Although only in the first case can one interpret this structure as the “law of total probability.”
’The situation is much more complicated in higher dimensions.
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include best possible knowledge of its parts—and that is what keeps coming back to haunt us’
[53]. One may ask, however: are there theories which are strictly more holistic than quantum
theory? Again, the answer is yes [54]. It turns out that, entanglement notwithstanding, the
quantum state of a composite can be reconstructed solely from separate measurements on its
parts, including their correlations (and assuming the same experiment can be run many times).
This property is called local tomography. One may consider a variant of quantum theory
which is defined over the real numbers instead of the complex numbers®. The simplest such
system, sometimes called a rebit, has a state space corresponding to a disk. It turns out such a
theory is bilocally tomographic: to reconstruct the state of a composite one must perform
measurements not only on the parts, but on pairs of parts. One may further generalize this
idea to construct theories which are n-locally tomographic [55], all of which are in this sense
strictly more holistic than standard quantum theory.

These examples challenge qualitative assessments of what quantum mechanics is
really about, whether by constructing classical models that reproduce certain aspects of the
theory, or by proposing nonclassical models which exemplify yet more dramatically some
notion taken to be properly quantum. The study of GPTs allows one to see “around” the
givenness of the quantum formalism, and the hope in quantum foundations is that these new
vantage points will bring into view ever more incisive ways of clarifying why quantum theory
among the widest range of potential theories.

1.2.2 QBism

QBism [2, 1] is a research program in the foundations of quantum mechanics which
begins by taking a stand on the nature of probabilities. The reader may be familiar with the
fact that the history of probability theory is largely the story of the uneasy coexistence of
two camps: on the one hand, the frequentists who hold that probabilities represent limiting
frequencies (the proportion of times an event would occur given an infinite number of trials),
and on the other hand, the Bayesians who hold that probabilities represent degrees of belief
[56]. QBism takes a subjective Bayesian view of probabilities, following the great Italian
probabilist Bruno de Finetti [57, 58]. Remarkably, de Finetti was able to derive the laws of
probability* by defining the probability P(E) as the price at which a gambler would be willing
to buy or sell a ticket which pays $1 if E should occur, and demanding that no sequence of
buying and selling tickets leads to a sure loss. In light of this, the laws of probability may
be understood entirely in terms of ensuring a gambler’s behavior is consistent: the rules
protect the gambler from falling into a situation where they are guaranteed to lose money,
regardless of what events actually occur. In this sense, we may say that the laws of probability
are normative ideals: they are prescriptions for how one should behave, supposing one has a
stake in success. For example, the law of total probability P(A) = }; P(A|B;)P(B;), where

3This provides, in fact, an example of a Euclidean Jordan algebra.
“4That probabilities should lie between 0 and 1; that P(A or B) = P(A) + P(B) for mutually exclusive events;
that P(A and B) = P(A|B)P(B), and so on.



{B;} is a set of mutually exclusive and exhaustive events, is a normative criterion by which
one may check consistency between the probability assignments which are implicated in it. In
short, for followers of de Finetti, probability theory is advice by which an agent may regulate
their behavior.

QBism understands quantum theory in precisely the same way. Quantum theory
should not be regarded as a description of physical reality, but rather as a set of consistency
constraints on one’s probability assignments in light of nature’s vitality [24] as witnessed by
the failure of classical models. This view is made the more convincing by rewriting the theory
with respect to a reference measurement. But what is a reference measurement? Suppose one
is confronted with a cloud of particles. Classically, this cloud may be characterized by the
positions and momenta of all the particles that make it up. If we consider the outcome E of
some measurement on the system, the law of total probability would urge on us the norm

P(E) = ) P(El{x, phHP({x, p}), (1.4)

{x.p}

which relates P(E) to one’s conditional probabilities for E given a particular configuration
of positions and momenta as well as one’s probability distribution over these positions and
momenta themselves. What justifies this? First, classically, any other property of the cloud
of particles supervenes on, or is grounded in, the positions and momenta. In this sense,
a measurement of the positions and momenta serves as a reference measurement. At the
same time, classically, it is a matter of indifference whether one actually performs this
reference measurement or not. One may appeal to the law of total probability either way, since
classically, we suppose that each particle “has” a position and “is” moving in a particular
direction at a particular speed: the reference measurement simply reveals what is the case.
But quantum mechanics forces us to question this assumption, that we may describe objects
as having definite properties independent of measurement.

Indeed, nonclassicality of the form familiar from quantum theory arises by dropping
the assumption that a system may be characterized by definite properties independent of
measurement, while retaining the assumption that reference measurements exist. To dramatize
this, we may then compare two scenarios. In the first, a reference measurement with outcomes
{R;} is performed on a system after which an arbitrary measurement with an outcome E is
made. By the law of total probability,

PI(E) = ) P(EIR)P(R). (1.5)

In the second scenario, the measurement with outcome E is made directly. Here the reference
outcomes {R;} remain hypothetical. We will see, however, that assuming {R;} is a reference
measurement implies that we may nevertheless appeal to a new nonclassical norm, which is



in fact a deformation of the law of total probability,

Py(E) = ) P(E|R)®;;P(R;)). (1.6)
ij

There is no inconsistency since the law of total probability gives us no guidance should the
intermediate events turn out to not happen at all! Nevertheless, the second equation provides
us a new consistency constraint to compensate for the loss. In fact this equation is nothing
other than the Born rule, if you like, in disguise.

In short, QBism views quantum theory as a kind of “user’s manual” [1] for anyone
interested in gambling on a world which we may say, in light of the failure of classical models,
is undergoing ceaseless creation. From this point of view, QBism does not give up the ideal
of a rational agent: rather, nonclassicality brings with it extra coherence relations which a
gambler ought to impose on their probability assignments. In a striking inversion, endowing
the world with a fundamental openness translates into more restrictive constraints on the
agent who wants to gamble well upon it. In fact, the same interpretation can be applied to any
nonclassical GPT, although the particular constraints will differ: for the QBist, any GPT is
just a convenient way for an agent to take stock of their probability assignments and evaluate
them for consistency.

Philosophically, then, QBism takes the freedom of the interested agent as fundamental:
upon acting on their world, the agent gets a free response as the world pushes back. This
freedom, this vitality, this creative capacity, are the message of nonclassicality. Going still
further, for QBists, the free response of nature is taken to be an experience of the agent [2],
although this should not be understood too narrowly: indeed, the mutual cocreation of agent
and world suggests that the traditional boundaries between subject and object must flex and
bend. By taking the experience of the agent seriously, by positing that quantum theory is
in fact a first person theory”, QBism is able to resolve to some degree the interpretative
difficulties e.g., raised by entanglement. In the CHSH scenario, rather than viewing Alice
and Bob from a third person “objective” point of view from which vantage the correlations
between the results of their measurements imply some kind of “spooky context-dependence
at a distance,” QBism urges one for example, to take the point of view of some third person,
Charlie, who will perform a measurement on Alice, eliciting her result, and a measurement
on Bob, eliciting his result, and who wants to gamble on the outcomes. The correlations in a
Bell experiment are precisely correlations for Charlie, for whom the results of measurement
are created, locally, on the spot.

More broadly, for QBists, nonclassicality urges us to grapple with a notion of experience
which is not so much localized in someone’s brain, but which is instead found at the threshold
as self and other freely negotiate a boundary. This idea has led QBists to associate with
phenomenologists and enactivists for whom experience and action are not separate [59, 60].
What is real is on the surface: the world presents itself to us as invitations to act; cognition

3As is any user’s manual.



itself is embodied, embedded into an environment that cocreates it, enacted not only through
neurons firing, but also through everything an organism does, so that we may regard mind
itself to be extended out into what was traditionally called the world [61]. This too is part of
the message of nonclassicality, the failure of classical models to adequately provide good
advice.

As we have observed, from a technical point of view, the QBist reconstruction project
begins from the observation that distributions on reference outcomes ought to be restricted
in some way. In GPT language, the valid reference distributions ought to live in the special
subset of the probability simplex which corresponds to the image of the GPT state space
induced by the choice of reference measurement. Wandering out of this subset will generally
yield negative probabilities. The question for QBists has therefore been: how can one motivate
the particular shape of quantum state space within the probability simplex on the outcomes
of a well-chosen reference measurement? As we noted earlier, this led to the introduction
of the notion of a gplex, a generalization of the image of quantum state space within the
simplex induced by a symmetric informationally complete (SIC) measurement. Just as the
landscape of GPTs allows one to place quantum theory in a broader context, so too the
landscape of gplexes allows the particular features of quantum theory to be brought to the fore.
[5] showed how one can pick out the gplex corresponding to quantum theory on grounds of
symmetry. In this dissertation, however, we take a different approach, instead generalizing the
image of quantum state space induced by a so-called complex projective 3-design reference
measurement [62].

Complex projective or quantum state 7-designs are ensembles of states whose tth
moment reproduces the fth moment of quantum state space as a whole, and are widely used
in quantum information theory. In particular, the structure of 3-designs is intimately tied
to the Jordan algebraic structure of quantum theory [63], and so we will make much use of
the pioneering work of Jordan, von Neumann and Wigner in formalizing and classifying the
Euclidean Jordan algebras [22, 28]. Jordan began by noting that quantum observables form a
commutative, but not associative algebra under the symmetric product A© B = (AB+ BA)/2.
Generalizing the essential properties of this product, he gave birth to the notion of a Jordan
algebra, and already by 1934, von Neumann, Wigner, and Jordan demonstrated that any so-
called Euclidean Jordan algebra must be a composite of simple Jordan algebras, corresponding
essentially to quantum mechanics over different number fields. Later the work of Koecher
and Vinberg [64] showed that such Jordan algebras are in correspondence with symmetric
cones, giving them an entirely geometric interpretation [27]. Work on Jordan algebras
continues to this day: they are of interest to pure mathematicians, as well as those working
in convex optimization [65], not to mention those working in quantum foundations [22, 66].
In particular, we show that for QBists, the import of Euclidean Jordan algebras lies in the
interplay between valuations on the outcomes of arbitrary measurements and their equivalent
valuations on reference outcomes. If one minimally deforms the classical rule for multiplying
valuations in a way analogous to how one deforms the classical law of total probability into
the Born rule, then demanding that there exists a class of measurements for which the mth
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moment of a reference valuation with respect to the nonclassical product reproduces the mth
moment of the original valuation, one is led almost inevitably to a Euclidean Jordan algebra.
By giving a QBist motivation for the Jordan algebraic structure of quantum theory, we hope
to open up a new chapter in the QBist reconstruction project.

1.3 Chapter summaries

With this background established, we offer detailed chapter summaries to give a sense
of the general flow of argument in the dissertation.

Chapter 2: Probabilities. This chapter lays the conceptual and formal groundwork
for everything that follows. We begin in subjective Bayesian style by presuming that there is an
agent who is trying to make better decisions. In accordance with the philosophy of QBism, we
regard the agent as free to act on a world beyond them while the world has the freedom to return
back consequences beyond the agent’s control. We first derive the familiar laws of probability
theory in the style of de Finetti [67], interpreting probabilities as bets, and demanding that no
sequence of bets leads the agent to a sure loss. This demand implies that the gambler’s bets
must satisfy certain standards of consistency, which turn out to be just the rules of probability
theory. We also discuss the use of van Fraassen’s reflection principle to make sense of how an
agent should think of their probability assignments across time [68]. We extend the analysis
to random variables more generally [69, 70], and show that valuations on events form an
algebra. We then discuss how to treat gambles on the outcomes of several experiments, and
introduce the de Finetti representation theorem which gives subjective Bayesian meaning to
the idea of “estimating unknown probabilities,” e.g., inferring the probability that a coin will
come up heads or tails from the results of flipping the coin many times. If a probability is the
fair price the gambler assigns to a ticket, how can a probability be “unknown”? The theorem
provides an answer: if the joint distribution on many coin flips is so-called exchangeable, it
may be expressed in terms of a underlying distribution on the bias of the coin, and so the
gambler may act as if there were an unknown probability they are trying to estimate. Next,
we emphasize how the law of total probability P(E) = > ; P(E|R;)P(R;) holds precisely
because the events {R;} are mutually exclusive and exhaustive so that the gambler believes
that exactly one of them will occur. What if, however, the events {R;} are called off? Is
there any coherence condition which yet relates the probabilities P(E), P(E|R;) and P(R;)?
In the special case that these events can be related to another set of mutually exclusive and
exhaustive events {A;} of a certain kind, then all is not lost. We show that we may then rewrite
the law of total probability in terms of a matrix @, giving us our first taste of a formal structure
which will be thoroughly investigated in this work. We then discuss the idea of a reference
measurement, another central theme, at first grounding it in classical notions. We make the
central nonclassical assumption: we drop the idea that a system is characterized by definite
properties independent of measurement, but retain the idea of a reference measurement. We
develop a series of definitions for system, state, and effect, grounded solely in the relations
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between the probabilities that the gambler assigns to the outcomes of measurement, so that
a notion of state and effect spaces with convex geometry emerges. We then come to the
centerpiece of this chapter. We compare two scenarios. In the first, a measurement A is
performed, followed by the reference measurement, followed by a measurement B; in the
second, A is performed and then B directly. We prove that under very general assumptions,
the probabilities the agent assigns in the two scenarios may be related by a nonclassical
coherence condition: this is our core representation theorem. In the first scenario, the agent
ought to use the familiar law of total probability P(B|R, A) = P(B|R)P(R|A) whereas in the
second they ought to use P(B|A) = P(B|R)®P(R|A), where we have employed here a matrix
notation which we will frequently use throughout the text. In other words, the nonclassical
coherence rule takes the form of a deformation of the law of total probability by the presence
of the Born matrix ®, where ® satisfies P(R|R)®P(R|R) = P(R|R): here P(R|R) is the
conditional probability matrix which characterizes the reference measurement itself. We then
briefly discuss how to incorporate dynamics into this formalism, in QBist spirit appealing to
van Fraassen’s reflection principle to argue that assigning a particular dynamics is equivalent
to the agent’s being indifferent to whether an intermediate measurement is performed. Finally
we treat briefly the subject of when the gambler might be led to carve subsystems out of a
whole.

Chapter 3: The Born Identity. Having established the fundamental nonclassical
coherence condition in the previous chapter, we turn to discussing the mathematical properties
of the Born matrix @, identifying it as a particular kind of generalized inverse of P(R|R),
namely, a {1}-inverse [71]. Indeed, previous accounts of the Born matrix focused their
attention on the case that P(R|R) is invertible; an important innovation of the present account
is a systematic treatment in the case that P(R|R) is singular. We show that the fundamental
coherence condition in fact restricts states P(R|p) to live in the column space of P(R|R)
and effects P(E|R) to live in the row space of P(R|R). We then introduce a central tool
of analysis: the rank factorization of a matrix, which allows us to represent states and
effects as r-dimensional vectors, where r = rank(P(R|R)). The {1}-inverse condition, that
P(R|R)®P(R|R) = P(R|R) can be reinterpreted as a resolution of the identity S®R = [,
where the rows of R are compact representatives of the reference effects and the columns of S
are compact representatives of the reference states. This representation makes clear that in fact
our framework is essentially equivalent to the framework of generalized probabilistic theories
[4]. Our derivation of the nonclassical coherence condition P(E|p) = P(E|R)®P(R|p)
amounts to a proof of a simplified version of Ludwig’s embedding theorem [38], which
ensures that any GPT has a vector space representation. We discuss the two core examples
of GPTs: classical probability theory and quantum mechanics. We then develop the key
ideas and constructions of frame theory, showing that if one starts with a GPT, then our
reference measurement formalism arises as a “double-sided” frame representation. Indeed,
we define more rigorously what a reference measurement is from the GPT point of view,
introducing the notion of informational completeness and its ability to separate states or
effects. We reproduce a classic proof that reference measurements whose effects form a basis,
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that is, minimal informationally complete (MIC) measurements, exist in any unrestricted
GPT (which allows all mathematically possible states and effects), and explain how the de
Finetti representation theorem can be adapted to a wide class of GPTs® to make sense of the
tomographic procedure of “estimating unknown states.”

Chapter 4: Die Urgleichungen’. In this chapter, we discuss the conditions under
which the Born matrix may be chosen to take a very simple form, ® = al + (1 — @)wu' so
that P(E|p) = 3; P(ElRi){aP(Rl-lp) + (1 - cx)P(Rl-l,u)}, where |u) is a distinguished state
which plays the role of the state of complete uncertainty and J is the matrix of all 1’s. We call
it the Protourgleichung. We first show that any GPT can be brought into a standard “Bloch”
form, introducing a block matrix notation which facilitates the proofs of this chapter. Our
first theorem is that in any unrestricted GPT, given a reference measurement, one may always
construct a set of reference states which allows ® to take the abovementioned form: we
conclude therefore the Protourgleichung is ubiquitous. An alternative characterization of such
reference measurements may be given in terms of the corresponding channel operator: ® may
take Protourgleichung form iff the channel operator is depolarizing. In this case, the matrix
P(R|R) acts simply on vectors in its column space, depolarizing them in just such a way as to
invert the action of the Protourgleichung ®. We then adapt the recently introduced notion of
morphophoricity [6, 76] to our setting, in fact extending the definition to include weighted
morphophoric measurements. Such measurements imply that the reference measurement
maps the GPT state space into the probability simplex in a shape-preserving way. We show
that weighted morphophoric measurements always exist in an unrestricted GPT, and that for a
MIC, the choice of reference states which give a depolarizing channel is fixed up to scale/sign.
A consequence: the effects of any unbiased morphophoric MIC measurement must form a
regular simplex, that is, a symmetric informationally complete measurement, and we give
an example from quantum theory. Continuing to connect the result to quantum theory, and
elaborating on the famous result of Andrew Scott [77, 6], we provide an alternative proof that
unweighted morphophoric quantum reference measurements whose effects are proportional to
pure states must correspond to complex projective 2-designs. Finally, we turn to a quantitative
measure of how much the law of total probability is deformed, ||/ — ®||, with respect to any
unitarily invariant norm. This measure has been discussed primarily for MIC measurements
in quantum theory [78]. We discuss the challenges that come from defining this measure
for reference measurements which form overcomplete frames. In particular, we show that
there are many choices of ® matrix which act identically on the relevant subspace col(P)
as a Protourgleichung but which have different values for the LTP deformation ||/ — ®]||.

®There is an interesting analogy here. The quantum de Finetti theorem was originally proven in the 1970’s
[72], but a much more straightforward and conceptually satisfying proof was provided in [73] by introducing a
reference measurement and appealing to the classical de Finetti representation theorem. The proof for GPTs
follows the same pattern. Similarly, Ludwig proved his original theorem in [32, 74] building on his work from
the 1970’s. The introduction of a reference measurement makes the finite dimensional version of the proof
straightforward.

"Material in this chapter is based on [75].
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Moreover, we show by the method of Lagrange multipliers that for the Frobenius norm, the
unique Born matrix which minimizes the LTP deformation over the choice of ® matrix does
not necessarily act as a Protourgleichung in general: we discuss the special case that it does.
We thus conclude with a word of caution about the general applicability of this measure.
Chapter 5: (No) return to classicality. When does a set of probabilities across
different experiments have a classical explanation? As we saw in chapter 2, merely being able
to write a coherence relation in terms of a Born matrix is not enough. In order to answer this
question, we adapt Spekkens’s notion of a noncontextual ontological model [79, 80, 81] to
the QBist way of thought, emphasizing that the key notion of classicality is the indifference
of the gambler to whether a reference measurement is performed or not. We discuss the
notion of contextuality from a linear algebraic point of view, relating it to the notion of a
rank factorization, and following recent work [81], show how noncontextual classical models
may be understood in terms of nonnegative matrix factorizations. We then give a QBist
spin on the equivalent notion of a simplex embedding, a linear embedding of states and
effects into the probability simplex and the dual space of response functions in a probability
preserving way. In particular, we show how the noncontextuality of an ontological model of a
scenario which includes a reference measurement {R;} is equivalent to the assumption that
{R;} forms a reference for the ultimate classical reference measurement {A1;}. We discuss the
computational details of calculating simplex embeddings, in terms of alternating projections,
as well as a more sophisticated scheme using linear programming supplemented with the
ability to switch from the vertex to the halfspace representation of a convex set or cone [82].
While the result is not original, we show how the construction may be understood in terms of
a variant of the Born matrix, and in a special circumstance the Born matrix itself. In such a
case the question turns on whether a nonnegative Born matrix can be found. We then adapt
an old result [83] characterizing the conditions under which @ may be taken to be a stochastic
matrix. We then turn to the subject of Bell inequalities and more generally noncontextuality
inequalities. For the QBist, the key point is the gambler is well advised to use the nonclassical
coherence condition P(E|R) = P(E|R)®P(R|p). Attempts to build so-called Bell local
models simply defy this rule despite the fact that performing a reference measurement or
not makes a difference. After recalling the general setup of Bell inequalities, focusing on
the CHSH scenario, we show that in fact Bell inequality violations may be reinterpreted
as providing lower bounds on ||/ — ®||. In this way, such violations may be understood as
quantifying the cost of abandoning the fundamental nonclassical coherence condition. We
show that the same analysis may be applied to noncontextuality inequalities more generally.
Chapter 6: Characterizing quantum state space with a single quantum measure-
ment®. So far we have discussed nonclassicality in very general terms, and in some sense
that’s all we need: given enough experimentation, adherence to the fundamental nonclassical
coherence rule is enough to guarantee consistency with e.g., quantum mechanics. But
we desire something more: to characterize the state and effect spaces of quantum theory

8Material in this chapter is based on [84].
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specifically in coherentist terms. In this chapter, we show that remarkably the state space
of d-dimensional quantum theory can be derived from studying the behavior of a single
reference measurement—if the reference measurement corresponds to a complex projective
3-design. In this privileged case, not only does each quantum state correspond to a probability
distribution over the outcomes of a single measurement, but also the probability distributions
which correspond to quantum states can be elegantly characterized as those which respect a
generalized uncertainty principle. The latter takes the form of a lower bound on the variance
of a natural class of observables as measured by the reference. We give simple equations
which pure state probability distributions must satisfy, and contextualize these results by
showing how 3-designs allow the structure coefficients of the Jordan algebra of observables
to be extracted from the probabilities which characterize the reference measurement itself. In
fact, just as 2-designs make the Born rule appear as a gentle modification of the law of total
probability, 3-designs make the quantum Jordan product appear as a gentle modification of
the classical Jordan product on valuations. Taken as a whole, this is in line with the QBist
view that quantum theory can be primarily understood as a set of normative constraints on
probability assignments on reference outcomes which reflect nature’s lack of hidden variables.
Moreover, our result further cements the significance of 3-designs, already of interest e.g., for
their use in classical shadow estimation protocols, in quantum information science. In an
appendix, we also discuss how unitary maps corresponding to symmetries of the state space
manifest in Jordan algebraic terms.

Chapter 7: Reconstruction: This chapter forms a pair with the previous. There, we
showed how 3-design reference measurements give rise to a remarkably simple characterization
of quantum mechanics in probabilistic terms. The central insight is that just as 2-designs
make the Born rule look as close as possible to the law of total probability, 3-designs make the
quantum rule for multiplying valuations on the reference measurement—the Jordan product
on d X d Hermitian matrices over C—Ilook as close to the classical rule as possible, the latter
being the Hadamard or elementwise product on valuations. Indeed, this is the Jordan product
onR @ --- @ R. In this chapter, we start from scratch and attempt to climb our way back to
quantum mechanics, and a 3-design reference measurement in particular, by placing ever
more severe restrictions on P(R|R), the conditional probability matrix which characterizes
the reference measurement itself. On the one hand, this is an exercise in quantum foundations
in the spirit of the QBist reconstruction of quantum mechanics inspired by SIC-POVMs; on
the other hand, it provides a practical means of self-testing (unbiased) quantum ¢-designs for
t > 3, since the results of the chapter show precisely what restrictions on P(R|R) guarantee a
Hilbert space representation. We begin by assuming that P = P(R|R) takes a simple form:
symmetric, with a constant along the diagonal. The assumption that ® = ol + (1 —a)J/nisa
{1}-inverse of P restricts the eigenstructure of P and implies that P depolarizes vectors in its
column space. We then discuss how valuations on arbitrary measurements can be transferred
to equivalent valuations on the reference measurement. We prove that any deformation of the
classical rule for multiplying valuations which satisfies a handful of desiderata motivated by
the idea that we seek the gentlest possible modification of the classical rule must take the form
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xOy=vy(xoy)+(1-y)(yx+Xy—(x-y)u)/n for some constant y and where u is the vector
of all 1’s. The hope is that on the one hand, the classical product x o y, the entrywise product
of valuations, has an equivalent valuation on some measurement, as does the nonclassical
product of valuations x ® y. The difference between them, we suppose, is that x © y ought
not to depend on the choice of reference measurement. Defining an inner product which
reproduces the nonclassical probability rule, and demanding that ® be consistent with this
inner product, fixes the value of vy in terms of @: moreover, it shows that the algebra defined
by the nonclassical product is so-called formally real. We then demand that for some class of
measurements, the mth power of a reference valuation with respect to our product reproduces
the mth moment of the original measurement’s valuation. To make this coherent, we must
assume that the product is power associative, so that the mth power has an unambiguous
meaning. By a classic result of Jordan, von Neumann, and Wigner [28], imposing power
associativity (along with our other assumptions) is equivalent to imposing that the nonclassical
product satisfies the so-called Jordan identity. This provides a means of implementing power
associativity in terms of constraints on the matrix entries of P(R|R) itself, which we work
out in terms of the third order polarization of our product. Now that the algebra of valuations
must be a Euclidean Jordan algebra, we can appeal to many powerful results. First, we lift
our product on valuations to a product on probability distributions and response functions,
recasting the Jordan identity in those terms. We then discuss how state and effect spaces arise
from a Euclidean Jordan algebra in terms of the self-dual cone of squares with respect to the
Jordan product. In fact, this leads to a means of characterizing the state space in terms of an
uncertainty principle: a distribution P(R|p) is valid iff it satisfies this uncertainty principle,
and this constraint can be reformulated in terms of the postive semidefiniteness of a matrix
Lp(Rr|p)> Which in fact is the linear operator which performs the (lifted) Jordan product itself.
Further appealing to self-duality, we rescale our product by a self-duality constant « into a
form convenient for discussing the idempotents of the Jordan algebra. We show how many
key linear algebraic results port to the Jordan algebraic setting. In fact, we make good on our
original ambition: the spectral theorem for Euclidean Jordan algebras guarantees that any
reference valuation is equivalent to a valuation on a measurement whose effects form mutually
orthogonal idempotents. We give both vector and scalar characterizations of the primitive
idempotents, as well as for their orthogonality, and show that our assumptions imply that the
reference states themselves must be primitive. Finally, after explaining how to check whether
P(R|R) gives rise to a simple Euclidean Jordan algebra, we appeal to the famous classification
of the latter to nail down quantum theory: the rank of P(R|R) must be the square of the
maximum number of mutually orthogonal primitive idempotents. This fixes the values of x
and @, and we then show that our assumptions imply that the reference measurement forms a
complex projective 3-design. We show how the above considerations, while motivated by
foundational concerns, amount to an algorithm for self-testing complex projective 7-designs
for ¢+ > 3: indeed, the constraints that we put on P(R|R) guarantee that the states and effects
have a Hilbert space representation, and once this representation is secured, one can rely on
the minimization of the frame potential to certify higher order designs. Finally, recapitulating
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our results, we give an overview of what questions remain open about our construction, and
speculate about future directions for research into the subject.

An open-source python library, redesigning, implementing many of the constructions
developed throughout this dissertation has been made available [85].
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CHAPTER 2
PROBABILITIES

2.1 Introduction

We begin from the presumption that there is an agent— You—who wants to make
better decisions. The agent is free to act on a world beyond them, but the world returns back
consequences beyond the control of the agent: that same freedom the agent has, the world has
too. How should the agent organize their behavior in light of this mutual freedom? We begin
by developing standard probability theory along subjective Bayesian lines. Then, after defining
the notion of reference measurement, state, and effect, we prove a fundamental representation
theorem which narrows down the form of the fundamental nonclassical coherence condition
necessary to respect nature’s openness.

2.2 de Finetti style derivation of probability theory

In the 1930’s, the great Italian probabilist Bruno de Finetti taught us that if we interpret
probabilities as bets, the laws of probability can be derived from the simple demand that a
gambler ought to agree only to buy or sell tickets in such a way that avoids a guaranteed
loss [69, 70, 86]. Of course, you might lose any given bet: your horse simply may not come
in. But you might find yourself making a series of transactions such that regardless of what
happens, you end up losing money. This is what probability theory helps you prevent from
happening by teaching you how your probability assignments ought to mesh together. In this
sense, the laws of probability are not laws in a Newtonian sense, laws which “govern,” but
are instead essentially good advice, norms which one ought to follow to the extent that one
has a stake in success. This is the starting point of subjective Bayesianism [87], and in what
follows we hew closely to the account given in [67].

Definition 2.2.1 (Probability). The probability P(E) of an event E is the price at which a
gambler is willing to buy or sell a lottery ticket promising “Pay $1 if E.”

Although this definition may seem arbitrary, it is not hard to show that we may take such a
ticket to be fundamental. The following proof is illustrative of the general style of argument,
which proceeds by appealing to the equivalence of holding different ensembles of tickets.

Theorem 2.2.1. If a gambler is willing to buy or sell a ticket “Pay $1 if E” at P(E), then
they ought to be willing to buy or sell a ticket “Pay $x if E” at xP(E).
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Proof. Suppose x = %, a rational number, and consider the following three tickets,

(1) “Pay $1 if E”
(2) “Pay $§ if E”
(3) “Pay $Z if E.”

Clearly, holding g tickets of type (2) is equivalent to holding a single ticket of type (1). The
gambler therefore ought to be willing to buy or sell at the same price for both: P (E) = gP>(E),
so that P>(E) = éPl (E). But holding p tickets of type (2) is equivalent to holding a single

ticket of type (3): P3(E) = pPy(E). Thus P3(E) = %Pl (E). By the idealization of
continuity, the gambler ought to be willing to buy or sell a ticket “Pay $x if E” at xP(E) for
any real number x. O

We now proceed to derive the basic laws of probability.
Theorem 2.2.2. A probability P(E) ought to satisfy 0 < P(E) < 1.

Proof. On the one hand, suppose the gambler is willing to sell a ticket “Pay $1 if E” for a
price P(E) < 0. Equivalently, they are willing to pay someone to take it off their hands, which
leads to a sure loss. We therefore require P(E) > 0. On the other hand, suppose the gambler
is willing to buy such a ticket for a price P(E) > 1. Equivalently, they are willing to pay
more for the ticket than it will ever pay off, guaranteeing a loss: so we require P(E) < 1. O

Remark. If a gambler is certain that an event E will occur, they ought to assign P(E) = 1,
since otherwise they must expect to lose money. Conversely, if a gambler sets P(E) = 1, then
they must expect to lose money unless they are certain that E will occur.

Theorem 2.2.3. P(A or B) = P(A) + P(B), for mutually exclusive events A, B.

Proof. A gambler judges events {A;} to be mutually exclusive if they believe only one of
them will occur. Consider the following three tickets:

(1) “Pay $1if A or B”
(2) “Pay $1 if A”
(3) “Pay $1 if B.”

Suppose the gambler buys (1) and sells (2) and (3). From buying (1), if A or B occurs, the
gambler makes 1 — P(A or B). Suppose A occurs. From selling (2), the gambler makes
P(A) — 1. From selling (3), since only one of A or B can occur and B did not occur, the
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gambler makes P(B), for a total of P(A) + P(B) — 1. Moreover, this is just the same in the
case that B occurs. To avoid a sure loss, we require

(1-P(AorB)) +(P(A)+P(B)—1) >0=> P(Aor B) < P(A) + P(B).  (2.1)

Alternatively, suppose the gambler sells (1) and buys (2) and (3). From selling (1), if A or B
occurs, the gambler makes P(A or B) — 1, and from buying (2) and (3), the gambler makes
1 - P(A) — P(B). To avoid a sure loss, then

(P(AorB)— 1)+ (1-P(A) — P(B)) >0 = P(A or B) > P(A) + P(B). (2.2)
We conclude that the gambler ought to set P(A or B) = P(A) + P(B). O

Remark. Clearly the above proof can be extended to any finite number of mutually exclusive
events. Under the idealization that the gambler can buy or sell a countably infinite number of
tickets whose payout depends on a countable infinity of mutually exclusive events, one arrives
at the countable additivity of probabilities. This however was no small matter of controversy
Jor de Finetti himself [86].

Theorem 2.2.4. P(A and B) = P(A|B)P(B) for events A, B.
Proof. Consider the following three tickets:

(1) “Pay $1 if A and B; pay $P(A|B) if not B”

(2) “Pay $1 if A and B”

(3) “Pay $P(A|B) if not B.”

Let P(A|B) be the price at which the gambler is willing to buy or sell (1), so that the gambler
will get a refund if B does not occur. Holding the ticket at that price means they will win $1
if A occurs given that B occurs, and so we can think of P(A|B) as a conditional probability.
Meanwhile, let P(A and B) be the price the gambler is willing to buy or sell (2), and for (3),
notice that by Theorem 2.2, the gambler ought to set price P(A|B)P(not B). Clearly, holding
ticket (1) is equivalent to holding (2) and (3), and so they should have the same price:

P(A|B) = P(A and B) + P(A|B)P(not B) (2.3)

= P(A and B) + P(A|B)(1 - P(B)) (2.4)

= P(A and B) + P(A|B) — P(A|B)P(B), (2.5)

from which we conclude P(A and B) = P(A|B)P(B). O

Remark. If the gambler judges that A does not depend on B, then P(A|B) = P(A), and
P(A and B) = P(A)P(B).
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Corollary 2.2.4.1 (Bayes’s Rule). Since P(A and B) = P(A|B)P(B) = P(B|A)P(A), if
P(A) #0,

P(A|B)P(B)

P(BIA) = ==

(2.6)
With these theorems established, we have already erected essentially the whole structure of

probability theory as usually formalized by Kolmogorov’s axioms. We now prove a useful
lemma, the law of total probability (LTP).

Lemma 2.2.5. P(A) = }; P(A|B;)P(B;) for an event A and a collection of mutually exclusive
and exhaustive events {B;}"_.

Proof. A gambler judges events {B;} to be exhaustive if they believe at least one of them
must occur. From the relationship between joint and conditional probabilities and from the
additivity of probabilities, we have

Z P(A|B)P(B;) = Z P(A and B)) 2.7)
= P((Aand By) or ... or (A and By,)) (2.8)
= P(Aand (B or ... or By)). (2.9)

The event (B or ... or B,) is just the event that some B; occurs. But since the gambler believes
{B;} is a set of mutually exclusive and exhaustive events, they are certain that exactly one of
the B;’s will occur. Thus they ought to buy or sell a ticket “Pay $1 if A and (B or ... or B,)”
at the same price as a ticket “Pay $1 if A.” We conclude that P(A) = )}, P(A|B;)P(B;). O

Corollary 2.2.5.1 (Bayes’s Rule: LTP version). Given an event A such that P(A) # 0, and a
collection of mutually exclusive and exhaustive events { B;},

P(A|B)P(B;)  P(A|B;)P(B;)

PO = =58 =, P(AIB)P(B,)

(2.10)

2.3 Reflection

Bayes’s rule tells us that a gambler ought to set P(A|B) = P(A, B)/P(B). Here
P(A|B) expresses the fair price the gambler has assigned at the present moment (call it 7 = 0),
that is, before the events A and B have been resolved. But what about later, say at some time
t = 72 Suppose event B befalls the gambler. Must they set P-(A) = Py(A|B), where we have
tagged probabilities with subscripts denoting the time? This is the standard Bayesian update
rule, but in fact, without further assuptions, there is no coherence argument which would
compel the gambler to do so [88, 89]. Nevertheless, one may argue from coherence that a
gambler’s probability assignments at different times ought to be constrained in a particular
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way, summarized by van Fraassen’s reflection principle [68, 90, 91]. We follow closely the
exposition in [89]. Crucially, in order to formulate the reflection principle we must consider
the gambler’s beliefs now about their own future probability assignments. For example,
Po(P:(A) = q) signifies how strongly the gambler believes now (at ¢ = 0) that at time ¢ = 7
they will assign probability g to event A. The reflection principle constrains the probabilities
the gambler assigns now, given their beliefs about how they will assign probabilities in the
future.

Theorem 2.3.1 (Reflection principle). Let Po(A) be the probability the gambler assigns to
event A att = 0, and let P-(A) be the probability the gambler assigns to event A att = T.
Suppose that Po(P(A) = q) = 1. Then coherence demands that Py(A) = P:(A) = gq.

Proof. Suppose at t = 0, the gambler sets Po(P.(A) = g) = 1: thatis, the gambler at t = 0 is
certain that at time 7 they will assign probability g to event E. This means that if ¢ < Py(A),
then at ¢ = 0 the gambler is willing to buy a ticket at price $Po(A) even as they also believe
that later they will be willing to sell it for the lower price $¢. Similarly, if ¢ > Po(A), then at
t = 0, the gambler is willing to sell a ticket at $Py(A) even as they also believe that later they
will be willing to buy it for a higher price $¢. Either way, unless Py(A) = P;(A) = g, the
gambler faces a sure loss. O

Theorem 2.3.2 (Reflection principle: conditional version). Let Po(A|P.(A) = q) be the fair
price the gambler assigns at t = 0 to a conditional ticket on A which gives a refund if att = T,
the gambler assigns P(A) # q. We assume that Py(P(A) = q) > 0 so that the conditional
probability is well defined. Coherence then demands that

Po(AlP:(A) =q) =¢q. (2.11)

Proof. We want to show that Pyo(A|P:(A) = q) = q. Po(A|P(A) = g) represents the fair
price at which the gambler would buy or sell a ticket “Pay $1 if A and P.(A) = g; pay
Po(A|P:(A) = q) if P;(A) # q.” In other words, Py(A|P:(A) = q) is the fair price the
gambler assigns for a conditional ticket on A, whose cost is refunded unless P, (A) = ¢g. In
particular, the gambler is willing at = 0 to buy such a ticket at price Po(A|P-(A) = q).
Suppose Py(A|P:(A) = q) > q. If in the end P.(A) = ¢, this means that at time 7, the
gambler is willing to sell the ticket “Pay $1 if A” at price g. But if they buy the original ticket
for Po(A|P-(A) = ¢q) and later sell the A-ticket at ¢, they lose Po(A|P(A) = g) —q. Of
course, if in the end P, (A) # ¢, they get a refund: thus conditional on P,(A) = ¢, setting
Po(A|P:(A) = q) > g exposes the gambler to a sure loss. (Notice that this is independent
of whether A itself occurs.) By the same token, the gambler is willing at r = O to sell the
conditional ticket at price Po(A|P;(A) = g). Suppose Py(A|P:(A) = q) < g. If in the end
P(A) = g, the gambler is willing at time 7 to buy the ticket “Pay $1 if A” at price g. Since
Po(A|P:(A) = qg) < g, the gambler certainly loses ¢ — Po(A|P(A) = ¢q) conditional on
P-(A) = g. Thus coherence demands that Po(A|P.(A) = ¢q) = q. O

22



Corollary 2.3.2.1. By reflection, Py(A|P(A) = q) = q, so that the law of total probability
demands

Py(A) = ZPO(A|PT(A) =qi)Po(P:(A) =q;) = Z qiPo(P:(A) = q;). (2.12)

Remark. In the present, the gambler may contemplate their future beliefs about event A.
There are several possibilities: they might assign probabilities q1, q»2, ... to event A, e.g.,
given their other beliefs about what might happen between now and then. In particular, still
in the present, they assign probability Po(P:(A) = q1) that in the future they will judge g, to
be a fair price for an A ticket, Po(P.(A) = q2) that they will judge g as a fair price for an A
ticket, and so on. In order for their present belief about A to be coherent with their beliefs
now about their future beliefs, the gambler ought to adopt Po(A) = Y; q¢iPo(P(A) = q;):
the probability they assign now to A should be a mixture of the probabilities they might assign
in the future, weighted by the probability that they will make that assignment.

2.4 Sample spaces and all that

In our arguments, we have implicitly made use of the idea that an agent may assign
probabilities not just to isolated events, but to also more general propositions involving events,
e.g., to the event that A and B occur, or the event that A or B occurs, or event that A does not
occur at all. We can formalize this logic using a Boolean algebra. In particular, following
de Finetti [70], we may consider a notion of “constituent” or “atomic” events into which
arbitrary events can be refined. Given a set of n events { £ }, we may consider the 2" possible
conjunctions of these n events and their negations. For example, for two events A, B, we may
consider the events

(1) Aand B (3) not A and B
(2) A and not B (4) not A and not B.

If we consider any pair of these atomic events, they must differ in at least one event. For
example, (1) requires that B, but (2) requires that not B; (1) requires that A, but (3) requires
that not A, and so forth. Thus the 2" atomic events so constructed are all mutually exclusive.
Moreover, if we consider the disjunction of all the atomic events that implicate one of the
original events, we recover that original event. For example, if we consider the disjunction
(1) or (2), we have

(A and B) or (A and not B) = A and (B or not B) = A. (2.13)

Thus given any set of events, we may resolve them into a set of mutually exclusive atomic
events . For n events, we require no more than 2" atomic events, but possibly less since we
may remove atomic events which are equivalent or impossible. More general events may then
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be identified with subsets of Q, logical disjunction (or) with set union (U), logical conjunction
(and) with set intersection (N), and logical negation with set complement (—). The empty
subset may be regarded as an event the agent regards as impossible, and the full set {2 may be
regarded as an event the agent regards as necessary.

From these considerations, we can see that de Finetti probability theory is equivalent
to Kolmogorov’s axiomatic definition [92] in terms of probability spaces.

Definition 2.4.1 (Probability space). A finitely additive probability space consists of a
sample space €, the set of atomic events; an event space E, the set of all subsets (the
powerset) of Q; and a probability measure P, which assigns to each event in the event
space a probability. The probability measure must satisfy VA € E : P(A) >0, P(Q) =1,
and P(Uf\il Aj) = fil P(A;) for a finite family of disjoint events A;. One can work more
generally with event spaces forming a nontrivial o-algebra, and impose that the final axiom
holds for any countable sequence of disjoint events: this is a countably additive probability
space.

Using set theoretic notation, we can write a somewhat more compact proof of the law
of total probability (LTP). Let A = {Aq, A1, ... } be a partition of the sample space Q into
disjoint subsets whose union is Q. Since A is therefore a mutually exclusive and exhaustive
set of events, we have for any other event B

P(B)=P(BNQ)=P((BNA)U(BNA)U...) (2.14)
= ZP(BmA,-) = ZP(B|A,-)P(A,~). (2.15)

In particular, if we consider the ultimate partition given by Q itself, we have

P(B) = ) 6uesP(w), (2.16)

weld

that is, the conditional probabilities in the LTP are just so-called indicator functions.

2.4.1 Measures

For de Finetti, countable additivity was not forced upon the gambler by coherence
alone: assuming it is a mathematical convenience which however does not exhaust all the
possibilities open to the gambler [86]. But let us see what it buys us. Consider for example,
the case where the sample space €2 is uncountably infinite: let Q be the real line R. In the
Kolmogorovian measure theoretic treatment of probabilities, one doesn’t assign probabilities
to any arbitrary subsets of R, but specifically to measurable subsets. For example, one might
choose the Borel o-algebra on R which is generated by the open intervals of R, and which
is the smallest collection of subsets of R which contains the open intervals, is closed under
complements, countable unions, and countable intersections.
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A probability measure on the o-algebra assigns probabilities to events. Under certain
regularity conditions, a probability measure dP can be expressed in terms of a probability
density p(x) so that one may express the probability of falling within an interval as

P(x € [a,b]) =/

[a

b
dP:/ p(x)dx (2.17)
,b] a

where p(x) > 0 and integrates over the line to 1. For such continuous distributions, individual
points have probability O: there is no contradiction here since an interval is an uncountable
union of points. This same procedure described above can be generalized to more exotic
sample spaces. In this dissertation, however, we will almost entirely focus on discrete events,
e.g., measurements with a finite number of outcomes.

2.5 Random variables

Intuitively, a random quantity X is a quantity that could take different values {x;}
conditional on this or that event occurring: it is a valuation on outcomes. In betting terms, we
can regard X as a ticket or contract such that if event E; occurs, one gains (or owes) some
amount x;. (We will always refer to this as a gain, with the understanding that a negative
gain means a loss.) In his Theory of Probability [69], de Finetti defines the prevision, or fair
price, P(X) of a random quantity X in the following way: a gambler picks P(X) with the
understanding that it commits them to accepting any bet with gain ¢(X — P(X)) where c is
arbitrary and ““at the choice of an opponent.”

To understand the logic, suppose ¢ = 1. Then X — P(X) is just the gain or loss the
gambler realizes after having paid P(X) for a ticket, X now taking one of its values x;. ¢ = 2
corresponds to the case of the gambler having purchased two such tickets. If ¢ = —1, then
P(X) — X is the gain or loss the gambler realizes after selling a ticket at price P(X). The
point is that ¢ can be chosen adversarially: in declaring P(X), the gambler has specified the
certain gain P(X) that they consider equivalent to the uncertain gain X. Moreover, we say
P(X) is the fair price the gambler has assigned to X: the gambler is willing to take either
side of a gamble at that rate.

de Finetti’s coherence principle amounts to a single normative injunction: “It is
assumed that You do not wish to lay down bets which will with certainty result in a loss for
You” [69]. A set of previsions is coherent, then, if there is no combination of bets whose gains
are all uniformly negative. In particular, given a collection of random quantities X;, coherence
demands that we must choose previsions P(X;) such that there is no linear combination

Z ci(X; — P(X;)) < 0. (2.18)

1
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Otherwise, if the gambler announces previsions { P(X;)}, an adversary could induce them
to buy or sell tickets in amounts {c;}, forcing upon the gambler a certain loss. That is, the
adversary could pick {c;} such that }’; ¢;X; < ; ¢;P(X;): no matter what values are realized
for each X;, the gambler has overpaid.

For example, consider the random quantities X, Y, and X+Y, and the linear combination

(X+Y)=P(X+Y)) = (X = P(X)) = (Y = P(Y)) = P(X) + P(Y) = P(X +Y) > 0.
(2.19)

By the same token we can consider the linear combination

~(X+Y)=P(X+Y))+ (X =P(X)) + (Y = P(Y)) = P(X +Y) —= P(X) - P(Y) > 0.
(2.20)

Putting these two inequalities together, we find that coherence demands P(X +Y) =
P(X) + P(Y). In fact, it would have sufficed to observe that the initial linear combination is a
constant regardless of the actual payoffs of X, Y, and X + Y. If it were a negative constant,
the gambler would always lose money; if it were a positive constant, flipping the signs in the
linear combination, swapping buying for selling, one would end up again with a negative
constant. Thus the only constant that is coherent is 0. Similarly, consider random quantities
X and a X for some real constant a, and the linear combination

(aX - P(aX)) —a(X - P(X)) = aP(X) — P(aX) > 0. (2.21)

Again this is a constant regardless of outcome, and so the only possibility is that P(aX) =
aP(X). Thus in general, previsions behave linearly

Z a,-Xi

1

P

- Z a;P(X;). (2.22)

l

With this in hand, suppose we have a ticket X such that one gains x; conditional on
event E; occurring. At the same time, we can consider tickets E; which pay $1 if a particular
event E; occurs, and 0 otherwise. (We conflate the symbol for the ticket and the event.) As we
have seen, P(E;) is just the probability of the event E;. Since we can decompose the random
quantity as X = ) ; x;E;, by the linearity of previsions,

le-Ei) = Z x;P(E;). (2.23)

i i

P(X)=P

We conclude: the fair price for a random quantity X is just what we normally think of as
the expectation value, denoted E[ X ] or (X). But here the interpretation is that (X) is the
certain quantity which, if it were swapped for the uncertain quantity X, the gambler would be
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indifferent to the exchange. Similarly, the variance,
Var[X] = P((X - P(X))?) = P(X?) - P(X)?, (2.24)

may be interpreted as the fair price of a ticket that pays more when your stated prevision of
X is badly off. Finally, by the homogeneity of previsions, e.g., P(aX) = aP(X), we may
contemplate previsions of random quantities which cannot in themselves be interpreted as
gains or losses of money. We simply pick a conversion factor a such that aX is a monetary
value: then let P(X) = (1/a)P(aX).

2.5.1 The algebra of random variables

Appealing to the set of atomic events €2, we can more formally define a random
variable X to be a map from € to a set of valuations. In other words, a random variable
assigns a valuation to atomic events. We focus here on the particular case of real valued
random variables, X : Q — R, which we now show form an algebra. Indeed, suppose
now we have two random variables G : Q — R and H : Q — R. We can add them as
(H + G)(w) = H(w) + G(w); we can multiply them by scalars as (1H)(w) = AH(w); and
finally we can multiply them as (HG)(w) = H(w)G (w). This latter operation may be viewed
as the pointwise or Hadamard product on R”, where |€2| = n. (As usual, we assume # is finite,
but really it need not be.)

Let A = {Ap, Ay, ... } beapartition of Q. We say arandom variable X is A-measurable
if X is constant on each block of A: Yw € A; : X(w) = x;. The intuition is that X assigns
a particular payoff depending only upon which composite event A; occurs. We then have
P(X =x;) = 2yea, P(w), and

(X) = Z X(w)P(w) = Zx,- Z P(w) = Zx,-P(X =x;). (2.25)

weL i WEA; i

Moreover, given X which is A-measurable and Y which is B-measurable, we have

(XY) = Z X(w)Y (w)P(w) = iny,- Z P(w) (2.26)
weld ij wGAiﬂBj
= Zx,yJP(X = Xi, Y = y]) (227)

ij

Here P(X = x;,Y = y;) is shorthand for P(X = x; andY = y;). From this we can see that
the familiar formula for the expectation value of the product of two random variables (XY)
can be derived from the pointwise product of valuations on the underlying sample space.
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2.6 From composites to the de Finetti representation

In the preceding, we used the fact that X and Y correspond to alternative coarse
grainings {A;} and {B;} of the same underlying atomic events. For example, consider rolling
a single die. The atomic events € correspond to the different outcomes of the die roll, and
e.g., a random variable Z might map “1 pip shows” — 1, “2 pips show” — 2 and so on. For
convenience, we might therefore write the sample space Q = {1,2,3,4, 5, 6}!. We might then
consider the partition Ag = {2,4,6}, A; = {1,3,5} and call the event corresponding to the
former “even pips,” and the event corresponding to the latter “odd pips.” We could distinguish
them with an A-measurable random variable, for example, which takes +1 for w € Ag and
—1 for w € A;. We could also consider the partition By = {1,2,3}, B = {4,5,6}, and
distinguish them with an B-measurable random variable which takes +1 on By and —1 on B;.
We could then contemplate the probability that the pip is both even and in the first half, that
is, P(A = +1,B = +1) = P(2): this turns out to be an atomic event.

If however we’d like to gamble on two rolls of the die, we will need to ex-
pand our sample space. We can take the Cartesian product of sample spaces Q X Q =
{(1,1),(1,2),...,(2,1),(2,2),...,(6,1),(6,2),...}. Now the atomic events correspond
to getting particular pairs of rolls. Going in reverse, define random variables D (i, j) = i
and D;(i, j) = j. Then D = i means the event that the first die comes up i regardless of the
second and corresponds to the subset {(i, j) : j = 1, ..., 6}—and similarly for D,. Then

P(first die shows 1) = P(D; = 1) = ZP(Dl =1,Dy=j) = Z P((1,7)). (2.28)
J J

In the special case that the two rolls are independent, we have P(D| =i,D, = j) = P(D =
i)P(D, = j). But how can we capture the intuition that we are rolling “the same die” in
each trial? One strong assumption is that the rolls are not just independent but identically
distributed, so that

P(D\=i,D,=j,D3=k,...)=P(D=i))P(D=j)P(D=k)..., (2.29)

where a single distribution P(D = -) is used for every roll. But where does that single
distribution come from? In particular, how can we justify the idea that precisely by rolling the
dice many times, we may sharpen our judgement about what probabilities to assign to each
outcome in any roll of the die? de Finetti recognized that the more basic judgement is that
when we assign joint probabilities to repeated trials the order of the rolls should not matter.
This led to one of his great accomplishments: the de Finetti representation theorem, which
shows that an infinitely exchangeable joint distribution over many trials can be represented as
a mixture of independent and identically distributed trials. In particular, it justifies acting

'From this point of view, any semantic meaning applied to the atomic events may be recovered from the
random variables that implicate them.
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“as if” there is an unknown single roll distribution which may be sharpened by repeated
rolling. The “as if” matters: for a subjective Bayesian, there are no such thing as an “unknown
distribution,” as probabilities are by definition beliefs on the part of the gambler.

Suppose the gambler assigns a joint probability distribution to the outcomes of 7 trials,
e.g., n rolls of the dice. Further suppose that the gambler is indifferent to the order of the die
rolls, and could imagine rolling the die indefinitely. In this case, the gambler ought to assign
a joint probability distribution which is (infinitely) exchangeable. What does this mean? A
distribution is symmetric (finitely exchangeable) if it is invariant under permutations of its
arguments, corresponding to the different trials. A distribution is (infinitely) exchangeable if
it is symmetric and extendible to a symmetric distribution on arbitrarily many random trials:
formally, the distribution over 7 trials can be obtained from a distribution over n + m trials by
marginalizing over the last m trials®. de Finetti proves the following theorem [86, 73], which
is a special case of a broader result:

Theorem 2.6.1 (discrete classical de Finetti representation theorem). Suppose P(xy,...,xy)
is the n-trial marginal of an infinitely exchangeable sequence of k-valued random variables
X; where x; denotes which of the k values X; takes. Then there exists a unique probability
measure P(p) on Ay such that

P(x1,Xx2,...,x,) = /A P(xi|p) ... P(x,|p)P(p)dp (2.30)
_ /A Pl pP(p)dp, 2.31)

wherep = (p1, ..., pk); Ar is the probability simplex over k outcomes; P(p) is a probability
density function on the simplex; and nj is the number of times the outcome j € {1,...,k}
occurred. Note that P(x;|p) just pulls out the probability p; corresponding to the outcome
denoted by x;.

Upon obtaining outcomes on m trials, denoting them 7},,, one may use Bayes’s rule to
pass from the prior P(p) to the posterior

P(Tup)P(P) _ _ P(Talp)P(p)
P(Ty) [y, P(Tulp)P(p)dp’

P(p|Tn) = (2.32)

where P(T,,|p) = p'lZ b pzk , where the {n;} refer to the number of times the jth outcome
actually occurred. This justifies the usual idea that to determine the “unknown probability
distribution” over the outcomes of e.g., a roll of the dice, one collects the frequency data

ZWe note that exchangeability is a weaker notion that the independence of trials. A famous example of a
distribution which is the former but not the latter is provided by Polya’s urn model. We also note that one may
prove finite de Finetti theorems where only finite exchangeability is demanded: the representation then proves to
be approximate with a certain quantifiable error.
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over many trials. But for de Finetti, this is an “as if”’: probabilities do not exist in nature,
unknown and waiting to be known: probabilities are judgements of an individual gambler.
de Finetti therefore begins with the gambler who has assigned joint probabilities over many
trials, who is committed to an exchangeable distribution, and who can then write their joint
distribution in terms of a probability distribution over which probabilities to assign to one of
the six pips coming up. As data comes in from the trials, the theorem justifies the gambler in
using Bayes’s rule to update their probabilities over probabilities, P(p), using the outcome
frequencies. In principle, as the number of trials increases, P(p) may become highly peaked
around a particular distribution, a single assignment of probabilities to each of the £ outcomes
of a single trial, e.g., each roll of the dice. The point is that even if several gamblers start with
different priors, assuming there are no pathologies (assignments of zero probabilities) if they
update on the same data for long enough, they will converge on the same distribution P(p).
Thus the theorem is really about how through repeated experiments, different gamblers ought
to come to agreement in their beliefs.

2.7 Calling the whole thing off

The law of total probability P(E) = 3 ; P(E|R;) P(R;) urges on the gambler a particular
relationship between the probabilities they assign to events E and {R;}. The key assumption
is that exactly one of the {R;}’s will in fact occur. Suppose however that after assigning
probabilities P(E|R;) and P(R;), the gambler learns that no R; will occur after all. Can we
derive any coherence condition that P(E), P(E|R;), and P(R;) must satisfy—or are all bets
off?

In general, yes, all bets are off. But it may be that the gambler can relate events E and
{R;} to another set of mutually exclusive and exhaustive events {1;}. We assume that the
Ai’s mediate the relevance of the R;’s to E in the sense that P(E|R;, Ax) = P(E|Ay). Indeed,
this implies

P(E|R)) = Z P(E, 4|R)) = Z P(E|Ax, R)P(A4|R)) = Z P(E|A)P(AIR)). (2.33)
k k k

Now since the events {4} are mutually exclusive and exhaustive, if it turns out that no R;
will occur, there remains a norm that the gambler can appeal to, namely

P(E) = Z P(E|)P(Ay). (2.34)
k

Under a special circumstance, we can take an alternative perspective on this same norm. First,
we note that according to Bayes’ rule,

P(R;|Ax)P(Ak)

P(Ak|R)) = > P(R;|A)P(A)

(2.35)

30



We then ask: is it possible to find a matrix ® which satisfies

DL PR @uP(Ri|An) = 6 (2.36)
kl

In more compact linear algebraic notation, we require
P(AR)DP(R|A) =1, (2.37)

where P(A|R), P(R|A) denote conditional probability matrices. (We shall alsouse P(R), P(Q)
as a compact notation for the corresponding probability vectors.)

When can one find such a ®? We may appeal to some linear algebra. Let P(1|R) €
R™™ and P(R|1) € R™ so that I is the r X r identity matrix. We will later show in
Theorem (3.6.4) that such a ® can be found iff P(1|R), P(R|A) are both of rank r. Explicitly,
for example, we could take ® = P(A|R)*P(R|1)" where A* denotes the Moore-Penrose
pseudoinverse of A. Now if it is possible to find such a @, we say that gambler believes that
the events {R;} constitute a reference for events {A;}. To appreciate this, we may insert the
resolution of the identity provided by Eq. (2.37) into Eq. (2.34),

P(E) = P(E|A)P(1) = P(E|) [P(AlR)d)P(Rl/l)]P(/l) - P(E|[R)®P(R),  (2.38)

which looks like the law of total probability save for the presence of this matrix ®.
To recapitulate, if the gambler believes that some R; will occur, in order to be coherent,
they ought to follow a norm: the law of total probability,

Pi(E) = )" P(E|R)P(R;). (2.39)

If instead it turns out some event R; will not occur, but nevertheless the gambler can relate
the events {R;} to another set of mutually exclusive and exhaustive events {A;} which they
believe will occur, and moreover they judge that the events {R;} constitute a reference for the
events {4;} in the linear algebraic sense we have described, then the gambler may appeal to a
deformation of the law of total probability,

Py(E) = )" P(E|R)®;;P(R)), (2.40)

ij
where @ satisfies P(1|R)®P(R|1) = I. Despite the fact that the events { R; } are counterfactual
in the second scenario, nevertheless if the agent believes that the events { R;} form a reference

for the events {4;}, they can reuse the probabilities they would assign in the first scenario to
deal with the second.
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It may seem that there is something contradictory here. In general the matrix
® may contain negative entries in defiance of our earlier demonstration that assigning
negative probabilities is incoherent! Of course, the inconsistency is merely apparent: after
all, we have just shown that adopting P,(E) = P(E|R)®P(R) is equivalent to adopting
P>(E) = P(E|A)P(A). Furthermore, recall that we derived the conditions for coherence on
the assumption that one of the events R; would really happen: in the derivation of the law of
total probability, it is assumed that {R;} constitute a mutually exclusive and exhaustive set of
events. But if that is no longer the case, then the law of total probability no longer applies.

We can also give a de Finetti style justification for Eq. (2.40). Using the resolution of
the identity from Eq. (2.37), we have in particular

PQ) = P(/1|R)d>P(R|/l)]P(/1) = P(A|R)®P(R). (2.41)

In other words, since the gambler judges {R;} to be a reference for {4;}, we can write the
probabilities P(A;) as

P = ny)P(R s (2.42)
‘

where xﬁ.i) = 2« P(A;|Rr) @y ;. We can then compare on the one hand, tickets (1;), “Pay $1 if
A;”’; and on the other hand, the bundle of tickets (2;),

« “Pay $x\" if Ry
« “Pay $x\)) if Ryy.”

The price at which the gambler ought to buy or sell (1;) is P(4;), while the price at which the
gambler ought to buy or sell the bundle of tickets (2;) is xﬁ.’)P(R ;). Because {R;} is a
reference for {A;}, the fair price that the gambler assigns to (1;) and (2;) are the same. Thus
the gambler ought to be willing to exchange the one for the other. If the gambler suspects
that one of the R;’s will not occur after all, they ought to aggregate all their {R;}-related
tickets into a bundle of the form (2;), which they can convincingly market as equivalent to
(1;). Having converted their (2;)’s into (1;)’s, should the {R;}’s in fact be called off (nothing
is certain), their fortunes will be secured.

2.7.1 Coulda, woulda, shoulda

The possibility of reselling R-tickets notwithstanding, one might still worry: if
adopting P»(E) = P(E|R)®P(R) is equivalent to adopting P»(E) = P(E|1)P(1), what
is the usefulness of the former, if the latter is available? Suppose in fact that the gambler
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believes some {4;} will occur, but they do not believe they can assign informed probabilities
to them. In that case, P>(E) = P(E|1)P(A) cannot offer them much advice, nor apparently
can P,(E) = P(E|R)®P(R), since we defined ® to satisfy P(1|R)D®P(R|1) = I, whereas
we have stipulated the gambler feels they cannot in good conscience assign good conditional
probabilities to these events.

Suppose however that there is (yet) another set of mutually exclusive and exhaustive
events {R’} to which the gambler has assigned probabilities, and which are presumed related
to the events {A1;}. Even though the gambler is not informed enough to assign specific
probabilities P(R’|1) or P(A|R), if they nevertheless believed that if they did assign such
probabilities, that P(R’|1) and P(A|R) would both be rank r, that is, that there would exist a
@ such that

P(AR)®P(R'|A) =1, (2.43)

then multiplying by P(R’|1) on the left and P(1|R) on the right, we find that this ® must
satisfy

P(R'|R)®P(R'|R) = P(R'|R). (2.44)

In fact, this is the defining equation for a {1}-inverse of P(R’|R), and as we will see, it turns
out that every matrix has at least one {1}-inverse. In other words, if the gambler believes
(a) that {R;} and {R]} form references for {4;} and (b) that they have assigned probabilities
P(R’|R), then they can appeal to

P,(E) = P(E|Q) [P(/llR)CI)P(R'l/l) P(1) = P(E|R)®P(R), (2.45)

even if they have not actually assigned probabilities P(A|R) or P(R’|A) since ® may now be
defined as any {1}-inverse of P(R’|R). We will later explore the equivalence between these
two definitions: the key is that P(R’|R) is itself rank r.

In practice, it may be that we can in some sense identify the events {R;} and {R’}.
For example, the events { R;} might refer to an initial measurement on a system, after which
“the same measurement” is repeated giving outcome {R’}. To identify the two means that all
things being equal (e.g., if the order of the measurements were reversed) the gambler would
assign the same probabilities in both instances, P(R;) = P(R;). In such a circumstance, we
can write, as before,

P»(E) = P(E|R)®P(R), (2.46)

where P(R|R)®P(R|R) = P(R|R). Crucially, neither expression depends on any probabilities
assigned to {A;}: instead we rely upon the gambler’s judgements P(R;|R;), and their judgement
that {R;} forms a reference for the events {A;}.
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Nevertheless, in the absence of reasons to assign probabilities to the events {A;}, why
should the gambler believe that the events {R;} form a reference for them? They may well
have legitimate, independent reasons for believing so. But even if they don’t, as we have
observed, a {1}-inverse ® exists for any matrix so that regardless of whether {R;} forms a
reference, we can always calculate P,(E) = P(E|R)®P(R) for ®@ any {1}-inverse of P(R|R)
in the case that the events {R;} are called off. On the one hand, the gambler may hope that
the {R;} form at least a partial reference for {A;}, so that P,(E) = P(E|R)®P(R) would still
have some advice to offer, albeit unreliable advice: think of P(R|1) having an approximate
left inverse. On the other hand, if the gambler has independent reasons for assigning P> (E)
directly, to the extent that P>(E) = P(E|R)®P(R) is in fact satisfied by their mesh of beliefs,
the gambler is the more justified in saying that {R;} is a good reference after all. Of course,
just because the gambler assigns P>(E) # P(E|R)®P(R) does not imply that {R;} is not a
good reference: it might also be that the gambler simply ought to adjust their assignments
P>(E), P(E|R;), and P(R;). In what follows, we will be able to treat this sort of question
more systematically.

2.8 Pulling out the rug: nonclassicality

2.8.1 Hidden variables

So far we have been a bit fast and loose with our language, talking about events and
outcomes which might occur or might be called off, like a horse race on a stormy day. There
is nothing in itself wrong with this: there are many brands of subjective Bayesianism to which
the development of probability theory we have given here would be acceptable. For example,
in interpreting the construction of the previous section, we might gloss the events {4;} as
referring to whether or not something has this or that underlying property, which may not be
accessible to observation, even as it conditions the results of observation. In other words,
in the language of quantum foundations, we could consider the A;’s to be hidden variables.
The assumption that P(R|R) = P(R|1)P(A|R) is in fact a nontrivial constraint, even if the
A;’s are “hidden.” This is because we assume {R;} forms a reference for {A;}, which linear
algebraically means that all three matrices must have rank r: P(R|R) € R, P(R|1) € R
and P(1|R) € R*". Put another way, the assumption is that P(R|R), a stochastic matrix,
has a rank factorization into the product of two stochastic matrices of the same rank as
P(R|R). We will return to this subject in Chapter 5. For now we simply observe that such
a factorization cannot be found for just any stochastic matrix! The assumption that some
{A;} really occurs is thus a strong constraint on the probabilities P(R|R) the gambler might
assigns.

In a similar vein, we may interpret the measurement {R;} as disturbing these hidden
variables, even as it forms a reference for them. On the one hand,

P(E|R)P(R) = P(E|1)P(A|R)P(R|A)P(A), (2.47)
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shows that P(A|R)P(R|A) encodes the disturbance to the hidden variables as a result of the
measurement, while

P(E|R)®P(R) = P(E|1) P(AlR)d)P(RM)]P(/l) = P(E|)P(Q) (2.48)

allows us to appreciate that the role of @ is precisely to take this disturbance into account and
undo it.

We will return to this theme in a later chapter when we discuss notions of classicality.
As discussed in the introduction, however, in light of quantum mechanics, the assumption that
there are “hidden variables” of this sort is impossible in general to maintain. We therefore
begin from an entirely different premise. The agent or gambler identifies something external
to themselves as a system, external in the sense of beyond their control. They freely act
upon that system, and their action has a consequence: the system is as free to respond to the
agent’s grasp as the agent was free to reach out. In particular, there is no presumption that the
consequences are conditioned by some underlying properties of the system. From this point
of view, measurements are nothing other than actions the agent takes on their world, and
outcomes or events are nothing other than the consequences of these acts. So going forward,
we will admit no events which are not consequences, or outcomes, of an act.

2.8.2 Classical reference measurements

Before we begin, however, let us review classical probability theory once more,
specifically from the point of view of measurement theory. Having designated a part of
the world as the system, one supposes that the system is “in”” one of some number of states
defined by some conjunction of properties, states which are mutually exclusive and exhaust
all possibilities. We may denote them {A;}. For example, in a classical Newtonian system,
each A; might correspond to the positions and momenta of some number of particles. This
set may be finite or infinite: for simplicity of exposition, let us for now assume there are
some finite number n of underlying states. Out of ignorance, one may assign probabilities
P(2;) to these underlying possible states of the system. A measurement with outcomes {E;}
is formalized as a set of conditional probabilities P(E;|4;): given that the system is in the
state A ;, what probabilities ought one to assign to the different outcomes of the measurement?
To say that {4;} form a mutually exclusive and exhaustive set means that we believe exactly
one of them is the case. Then we can invoke the law of total probability,

P(E;) = Z P(Ei|A))P(4)). (2.49)
J

By a reductionist principle, the {1;} ought to be identified with the set Q of atomic events
upon which more general events { E;} supervene: each E; is identified with a subset of € with
the stipulation that subsets { E;} partition Q into disjoint subsets. From this point of view, the
different measurements one may perform upon the system correspond to different partitions

35



{E;} of Q, different ways of carving up Q into mutually disjoint subsets. It is assumed that
exactly one of the A;’s is true: and the outcome of any measurement is simply whichever
outcome corresponds to a subset containing A;, the true state. But most measurements are
coarse instruments for determining this A;.

Thus in classical probability theory there is an ultimate reference measurement, the
one which distinguishes all the atomic events {A;}. For example, in classical physics, one may
ideally read off the positions and momenta of a cloud of point particles without disturbing
them in any way so that P(1|4) = I. In the formalism of the previous section, we have

P1(E) = P(E|)P() P,(E) = P(E|)®P(Q), (2.50)

where @ satisfies P(1|1)®P(A|1) = P(1|12). But P(1|d) = I and so ® = I, and P»>(E) =
P1(E). In other words, classically, one need not necessarily distinguish between the properties
of the system and the outcomes of a reference measurement since the latter just reads off the
former.

But what if we drop the assumption that a system is characterized by some definite
properties independent of measurement? This may seem contradictory: how can a system be
characterized at all if not by its properties? The resolution is that one may nevertheless retain
the idea of a reference measurement and the ®-formalism we have already developed can
provide a series of norms to which a gambler can appeal.

2.8.3 System, reference, state, effect

Definition 2.8.1 (System). A system is identified by the agent as precisely something beyond
their control but which they can nevertheless act upon.

Definition 2.8.2 (Reference measurement). Let p| and p; be two outcomes of an agent’s
actions on a system. R is a reference measurement with outcomes {R;} iff

Vi: P(Rilp1) = P(Ri|p2) & VE : P(E|p1) = P(E|p2). (2.51)

In other words, if the agent assigns the same reference probabilities conditional on outcome
p1 or pa, then they ought to assign the same probabilities to any outcome E conditional on
outcome p1 or p;.

Definition 2.8.3 (State). A state is an equivalence class of measurement outcomes conditional
upon all of which a gambler would assign the same probabilities to a subsequent reference
measurement—and so to all measurements.

Remark. In the definition of a reference measurement, p\ and py would belong to the
equivalence class p. The gambler calls p a state since for them each outcome in the
equivalence class implies the same “state of expectation” with respect to the reference
measurement. We will then write simply P(E|p): in practice p will be implemented by
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some particular member of the equivalence class, and we will often interchangeably refer
to p and P(R|p) as a state. Indeed, if the gambler has a particular “state of expectation’
with respect to the reference measurement, it must be the result of some constellation of
circumstances, the consequences of many actions. Considering these as a whole, this single
collective consequence must lie by definition in the equivalence class.

]

Remark. From the definition, a reference measurement separates distinct states: conversely,
if two states yield all the same probabilities with respect to reference measurement, they are
really one state after all. Although the outcomes in the equivalence class might be genuinely
different experiences for the agent, the gambler believes these differences make no difference
at all to their intercourse with the system.

Remark. A state preparation e.g., of p, is an idealization: the agent takes an action among
whose consequences is a desired member of the equivalence class p, and to which consequence
the agent assigns probability 1.

Definition 2.8.4 (Preparatory measurement). A preparatory measurement is any measurement
with outcomes {p;} such that the gambler assigns

Vi,j : P(Rilpj) = P(R;|p;,any other consequences). (2.52)

In other words, the gambler would assign the same reference probabilities conditional on
outcome p; regardless of any other consequences: for the gambler, the outcome p; is all that
matters as far as the system is concerned.

Definition 2.8.5 (Reference states). Let E| and E; be two different outcomes, not necessarily
of the same measurement. {R;} is a set of reference states iff

Vi: P(E1|R;) = P(E2|R;)) < Vp : P(Ei|p) = P(E2|p). (2.53)

In other words, if the agent assigns the same probabilities to outcomes E and E; conditional
on the reference states, then they ought to assign the same probabilities to outcomes E| and
E, conditional on any state.

Definition 2.8.6 (Effect). An effect is an equivalence class of measurement outcomes to which
the gambler would assign the same probabilities conditional on a set of reference states—and
thus they would assign the same probabilities conditional on any state.

Remark. If E| and E; lead to the same “effect” conditional on reference outcomes, they
ought to lead to the same “effect” conditional on any outcome. Thus we call E an effect, and
talk of measuring E as a short hand for some member of the equivalence class of which E
and E, are a part. A set of reference states separate distinct effects: conversely, if two effects
vield all the same probabilities with respect to the reference states, they must be the same
effect after all. We will often interchangably refer to E and P(E|R) as an effect.
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Remark. We assume that the reference measurement is a preparatory measurement, and that
the reference outcomes are reference states. Thus conditioning on a reference outcome leaves
subsequent measurement outcomes independent of any other consequences, and the same
reference measurement separates states and effects.

2.8.4 State space

Given a reference measurement, let us now consider the set & of probability distribu-
tions { P(R|p)} which the gambler may consistently assign to its outcomes. Equivalently & is
the set of states {p}, and we shall call the set & the state space. Suppose the agent performs a
preparatory measurement with outcomes {x;} followed by the reference measurement. By
the law of total probability,

P(Rlp) = Z P(R|m) P (il p). (2.54)

Since the preparatory measurement can be chosen arbitrarily, we conclude that & is a convex
set: if {P(R|n;)} is a set of distributions the gambler is willing to assign to the reference
measurement, then the gambler ought to also be willing to assign P(R|p) = X; P(R|x;)p; for
probabilities p; summing to unity?.

Definition 2.8.7 (Convex set). A convex set S is a subset of a vector space such that
Vx,ye S,pe|[0,1] : px+(1-p)yesS.

For convenience, we recall here some elementary facts [93] about convex sets. An
extreme point of a convex set is any point which cannot be written as a nontrivial convex
combination of different points in S: x is extreme whenever x = py + (1 — p)zfory,z € §
and p € (0, 1) implies y = z = x. By the Heine-Borel theorem, in R” a set S is compact if
and only if it is closed and bounded. A set is closed if it includes its boundary: if we have
a sequence of points lim,,_,«, x,, = X, then the limit point x € S. A set is bounded if it can
be enclosed in a sphere of finite radius. We note that continuous functions on compact sets
are bounded and attain their minimum and maximum values [94, 95]. By the Krein-Milman
theorem, a compact convex set is the convex hull of its extreme points [96], and given a set X,

3Alternatively, as in [24], one may appeal to the reflection principle. We saw that Po(A) = ¥,; q;Po(P-(A) =
q;). In particular,

Po(R) = > P(R)Po(P<(R) = P(R)) = > P(R)p;, (2.55)
J J

for probabilities p ;. Here the convexity of the state space comes from fact that the gambler ought to adopt now
mixtures of state assignments they might make in the future.
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its convex hull is
conv(X) = {Z pixi:xi € X,p; >0, Zp,- = 1} . (2.56)
i i

Since & € A,,, where A, is the probability simplex on n outcomes, the state space is clearly
bounded, and since we define & in terms of the convex hull of the distributions the gambler is
willing to assign to the reference measurement, we may take & to be closed, and therefore
compact. Finally, it is often convenient to work with unnormalized probability vectors,
including even the 0 vector, giving us what we shall call the state cone S, a proper convex
cone.

Definition 2.8.8 (Convex cone). A cone C is a subset of a vector space V such that if x € C,
then Ax € C for A > 0. A cone is convex if for any x,y € C and A, u >0, Ax + uy € C. A
convex cone is pointed if C N (—=C) = {0} [27]: geometrically this means C contains no full
line through the origin. A convex cone is proper if it is pointed and closed. A convex cone is
spanning if C —C = V.

We recall some more useful facts. A ray of a cone {Ax : 4 > 0} generated by a point
x € X is extremal whenever x = y + z for y,z € C implies there exist a, 8 > 0 such that
y = ax and z = Bx. The conic hull of a set X is

cone(X) = {Z xiixi € X, ;> 0} : (2.57)

and finally, a closed pointed finite dimensional convex cone is the conic hull of its extreme
rays [93]. A base of a cone is any nonempty convex set B within the cone not containing
the origin such that every nonzero point in the cone can be written as x = Ab for 4 > 0 and
b € B. We conclude that the state space itself is the base of the state cone, picked out by the
hyperplane on which }}; P(R;|p) = 1.

2.8.5 Effect space

Let us now consider the set & of response functions { P(E|R)} which the gambler may
consistently assign conditional on the outcomes of the reference measurement. Equivalently,
& is the set of effects {E'}, and we shall call & the effect space. Now on the one hand, the
gambler may always coarse grain outcomes of a measurement,

P(E, U E3|R) = P(E(|R) + P(E3|R), (2.58)

treating two outcomes as equivalent. On the other hand, the gambler may always fine grain
outcomes of a measurement e.g., by performing another measurement conditional on an
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outcome of the first, which the gambler believes only depends upon that outcome, and treating
two step measurement as a single measurement. Clearly,

P(E1|R) = Y P(E{"|E))P(Eq|R), (2.59)
i
since ); P(E l.(l) |E1) = 1. By alternating fine graining and coarse graining, from a single

measurement, we may obtain arbitrary combinations ) ; P(E;|R)p; for p; € [0, 1] but where
{pi} need not sum to 1. For example:

P(E1|R) P(E>|R) P(E3|R)
p P(E3|R) (1 - p) P(E3|R)
P(E\|R) P(E>|R) + p P(E3|R) (1 - p) P(E3|R)

As before when we extended the state space to a state cone, and then restricted
ourselves to the base of normalized states, let us consider for mathematical convenience an
effect cone &, where we allow any conic combination of effects. In particular, two effects
play a special role. On the one hand, let O denote the equivalence class of outcomes the
gambler judges to be impossible. Then P(0|R) = 0 must be the zero vector. On the other
hand, let 1 denote the equivalence class of outcomes the gambler judges to be necessary. Then
P(1|R) = (1,..., 1) must be the row vector of all 1’s. Since & is a subset of the nonnegative
orthant and contains the zero vector P(0|R), the effect cone must be a pointed convex cone.

But we can say more. Given any outcome E, we may always consider the outcome
that E' does not occur, that is, the complement of E, with probability P(=E) = 1 — P(E).
Thus VE : P(=E|R) = P(1|R) — P(E|R) € &: the “opposite effect” P(=E|R) must also be
an effect. Now given any proper convex cone C, we can define a partial order* x < y iff
y —x € C. In particular, the effect cone defines a partial order on effects, and

P(=E|R) = P(1|R) — P(E|R) € & = P(E|R) < P(1|R). (2.60)

Moreover, P(E|R) — P(0|R) € & so that in terms of the partial ordering induced by the effect
cone

VE : P(O|R) < P(E|R) < P(1|R). (2.61)

“4Recall that a partial order satisfies reflexivity, antisymmetry, and transitivity.
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Figure 2.1: Two scenarios [2].

We thus recover the idea that we may take nonnegative combinations of effects only insofar as
the sum can appear in a measurement, whose effects must sum to P(1|R) = (1,...,1). The
effect space & is thus itself a compact convex set, a subset of the hypercube A} of response
functions, and the intersection of two cones, one opening upwards from P(0|R) and the other
opening downwards from P(1|R).

The picture that has thus emerged is that normalized states P(R|p) live in the
state cone &, a proper closed convex cone, and in particular, on the base picked out by
P(1|R) = (1,...,1). All this is taking place within the probability simplex A,, on n outcomes.
Meanwhile, the effects P(E|R) live in the effect cone &, also a proper closed convex cone.
Effects in the effect space itself satisfy P(O|R) < P(E|R) < P(1|R) with respect to the partial
ordering defined by the effect cone, and all this takes place within the space of response
functions on n outcomes A;.

2.8.6 Nonclassical consistency

Let us now consider the two scenarios depicted schematically in Fig. 2.1 in terms of
“measuring devices.” The box in the middle is a reference device, which can be turned on or
off. In the first scenario, the reference device is “on” signifying that after the outcome p of
a preparatory measurement, the agent performs a reference measurement {R;} followed by
an arbitrary measurement {E;}. Since the outcomes of both measurements really occur, a
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gambler betting on their outcomes is urged to adopt the law of total probability,

P(Ei|R, p) = > P(EiR))P(R;lp), (2.62)
J

to check the consistency of their assignments. In the second scenario, after the preparatory
measurement yields outcome p, the agent measures {E;} directly: the reference measurement
is “turned off.” We ask again: is there any norm that we can appeal to that constrains P(E;|p)
in terms of P(R;|p) and P(E;|R;)? There ought to be, precisely because {R;} is a reference
measurement: by definition, the probabilities P(R;|p) fully characterize the state p, and the
conditional probabilities P(E;|R;) fully characterize the effects {E;}. Thus P(E;|p) ought to
be some function of these two distributions,

P(Elp) = F(P(E/R). P(R|p)). (2.63)

We now show that ¥ (-, -) must take a particular form. Our argument is indebted to the one
given in [57] which itself was inspired by [49, 97, 98].

Theorem 2.8.1. Let {R;}_| be a reference measurement. The function ¥ (-,-) in P(E|p) =
F(P(E|R), P(R|p)) which expresses the coherence condition the gambler ought to impose
on their probability assignments when the reference measurement remains counterfactual, is
bilinear. In particular,

P(E|p) = P(EIR)®P(R|p), (2.64)

where ® is any matrix satisfying P(R|R)®P(R|R) = P(R|R), P(R|R) being the conditional
probability matrix which characterizes the reference measurement itself.

Proof. Suppose that before the reference measurement, the gambler performs a preparatory
measurement {p; }. If conditional on p;, the gambler would assign P(R|p;) to the reference
measurement, then they ought also to be willing to assign P(R|p) = >; P(R|p;)P(p;) to
the reference measurement. The same applies should the gambler perform some arbitrary
measurement with outcome E instead: P(E|p) = 3; P(E|p;)P(p;). From

P(Elp) = ¥ (P(EIR), P(R|p)) = F (P(EIR), Z P(Rlp:)P(p:)) (2.65)

= > P(Elp)P(p)) = ) F(P(EIR), P(Rlp)) P(py), (2.66)

we conclude that f(x) = ¥ (P(E|R), x) for some fixed P(E|R) preserves convex combinations
on the state space &,

flpx+ (A =p)y)=pfx)+A-p)f(y) p€[0,1] x,y€S. (2.67)
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We shall now extend f to a series of functions defined on progressively more general domains.
First, we define f; not just on the state space & but also the state cone §. Now in general, any
vector x in a cone can be written uniquely as Ay for 4 > 0 and y in a base of the cone: the only
exception to uniqueness is when x = 0. In our case, since the base of the state cone is picked
out by the normalization constraint on probability vectors, any x € & can be written x = Xy
for y € & itself, where X = }; x;. We thus define fj(x) = Xf(x/x). Clearly this agrees with f
on §. Further, we assume that f;(0) = P(E|0) = ¥ (P(E|R), P(R|0)) = ¥ (P(E|R),0) =0
so that f] is centered since any event conditioned on the impossible event ought to be assigned
zero probability.
From the definition f(x) = X f(x/x), we have for ¢ > 0,

filtx) =xf (t:x) =1xf ():C) =tfi(x), (2.68)
1x X
so that in fact f] is homogeneous for t > 0. Moreover, f] is also additive on S:
fl(x+y)=x+yf(ﬂ)=(7C+§)f(_)_c_):c+_y_¥) (2.69)
xX+y X+yx X+yYy

e B S CAW Y 4 | Y Ry )
=(x+Y) 7c+yf(7c)+x+yf(y)]‘xf )_C)+yf(y) (2.70)
= fi(x) + fi(y). (2.71)

We now extend the domain to include § —& = span(S). By definition, any vector x € span(S)
can be written x = x* —x~ forx*,x~ € §. Thus let Vx € span(S8) : fo(x) = fi(x) — fi(x7).
Clearly, for vectors in the cone, f> agrees with fi. In fact, we could use any decomposition of x
into the difference of two vectorsin §. Letx = x* —x~ = y* —y~ be two such decompositions.
Then x* + y~ = y* +x~ € § so that

HET+y) = AGT +x7) (2.72)
HED) + A7) = AOT) + filxT) (2.73)
[ET) - AG) = AT - AGT) (2.74)

LET=xT) = AT -y) = Lx). (2.75)

It is straightforward to see that f, is also homogeneous for ¢+ > 0 and centered. It is also
additiveon & —§. Letx =x* —x"andz=z"-z". Sincex + z = (x* +z*) - (x" +z27),

Hx+2) = ilx"+2") - filx™ +27) = AN + fi(zD) = filx7) = fi(z7) = fo(x) + fo(2).
(2.76)

Since f» is additive on 8 — &, we have £>(0) = f>(x+(—x)) = fo(x)+ fo(—x) = 0 showing that
f2(=x) = =f2(x). Lett = —s < 0. Then f2(tx) = fa(=sx) = —fa(sx) = —sf2(x) = 1f2(x) so
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that f> is in fact homogeneous over all of R. We have thus established that f, is homogeneous
over R and additive on § — & in other words, it is linear on span(<). Finally, we extend our
function (not uniquely) to a linear function on the entirety of the n-dimensional vector space
V. Let {b;} be an orthonormal basis for span(&) and {c;} be an orthonormal basis for its
complement: together they form a basis for V. Let f3(b;) = f2(b;) while f3(c;) = a; may be
arbitrary, e.g., 0. We may decompose any vector x = x;, + x., where x;, lies in span(&) and
x. lies in its complement. Since f3 is assumed linear,

F() = 00 +x0) = f(0) + f0e) = ) (i -x) fo(bi) + D (i -x) filer)  2.T7)
= > (bi - xp) falbi) + ) (e xai. (2.78)

We have thus constructed a function f3(x) such that when x is fully supported on span(s), it
agrees with f>(x); and when x is in the state cone &, f»>(x) agrees with fi(x); and when x is
in the state space &, fi(x) agrees with our original function f(x) = ¥ (P(E|R),x). Since f3
is linear on the entire vector space, and its restriction to & agrees with f, we conclude that f
itself is linear on its domain. Thus ¥ (-, -) is linear in its second argument.

Let us now consider the first argument. Since we may always coarse grain measure-
ments, letting £, be the event that E or E; befalls the agent, we must have

P(Enlp) = 7 (P(E12|R), P(R|p)) = F (P(E1|R) + P(E2|R), P(R|p)) (2.79)
= P(E\lp) + P(E2|p) = F (P(E1IR), P(R|p)) + F (P(E2|R), P(R|p)), (2.80)

so that 7 (-, -) is additive in its first argument on the effect space &. Notice that we assume
that E| and and E; are part of the same measurement so that P(E{|R) + P(E>|R) < P(1|R).
But we may also fine grain measurements, performing a subsequent measurement conditional
on the outcome of the first which the gambler believes depends only upon the outcome of
the first. Letting £y denote the outcome of the first measurement and F; the outcome of the
second, we have P(E |p) = P(F}, Ex|p) = P(F;|Ex)P(E|p) where by writing P(E jx|p)
we have treated the two measurements as one. Thus

P(Ejilp) = F(P(E;x|R), P(R|p)) = F (P(F;|Ex)P(Ek|R), P(R|p)) (2.81)
= P(F;|Ex)P(Exlp) = P(F;|Ex)F (P(ErIR), P(RIp)), (2.82)

so that F (-, -) is homogeneous for p € [0,1]. Let g(x) = ¥ (x, P(R|p)) for some fixed
P(R|p): we have shown that g is additive on the effect space & and homogeneous for
p € [0, 1], where we recall that the effect space is the subset of the effect cone satisfying
P(O|R) < P(E|R) < P(1|R).

Now any vector in the effect cone can be written not uniquely x = A4,% for A, > 0
and ¥ € §&. We define g (x) on the entire effect cone by taking g;(x) = A,g(X). In fact it
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doesn’t matter which decomposition of x we choose. Let x = A4,& = A% and define g (x) in
terms of the former and g} (x) in terms of the latter. We have ¥’ = (1,/4})%, and without loss
of generality we may assume A, < A}. Then g(&) = g ((Ax/2})X) = (1,/2,)g(X) so that
A.8(¥') = A,g(X), and thus g/ (x) = g1(x). We now show that the extension is homogeneous
fortr > 0. Lett > 1. If x = A,X for X € &, then tx = t4,X = A;X, so that we may take
Ay = tAy. Since 1/t € [0, 1], we have g1(tx) = Ay g(tx/ ) = tA,g(x/ ) = tg1(x) so
that g| is homogeneous for ¢ > 0. Finally, we show that the extension is additive on &. Let
x+y=A4X+A,yforx,y € §and A, 4, > 0. Let

Ay L Ay
X+
Ay +4dy, A+ 4y

7= €&, (2.83)

so that z = (4, +4,)Z = x +y. Then

X /1)’
% ), 2.84
Ax+ﬂyg(x)+ ﬂx+ﬂyg(y) (2.84)

g(2) =
so that (4, + 4,)g(2) = A,g(X) + 4,8(F) or g1(x +y) = g1(x) + g1(y). We conclude g;
is also additive on 8. We now extend the domain to include & — & = span(§). Again we
decompose x = x* —x~ for x*,x~ € & and define g»(x) = g1(x*) — g1 (x7). By the same
argument we used in examining the state dependence, g, must be homogeneous over R and
additive on & — &, that is, linear on span(&). Finally, as before, we may then extend g, to a
linear function g3 defined on the whole vector space which agrees with g, on span(§&). Since
g3 1s linear, and the restriction of g3 to the effect space & agrees with g, we conclude that
¥ (-, -) is linear in its first argument.
Putting these two results together, we conclude that ¥ (-, -) is a bilinear function, and
therefore can be represented as a matrix @,

P(E|p) = F(P(EIR), P(R|p)) = P(E|R)®P(R|p). (2.85)

Suppose that the arbitrary measurement {E;} is in fact { R; }, the reference measurement itself.
For consistency, we require

P(R|p) = P(RIR)®P(R|p), (2.86)
and specializing to the reference states, we require
P(R|R) = P(R|R)D®P(RI|R). (2.87)

But this is the defining equation of a {1}-inverse of the conditional probability matrix P(R|R),
which characterizes the reference states in terms of the reference measurement, or equivalently,
the reference measurement in terms of reference states. O
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Remark. In fact, P(R|p) = P(R|R)®P(R|p) and P(E|R) = P(E|R)®P(R|R) imply that
any P(R|p) must lie in the column space of P(R|R) and any P(E|R) must lie in the row
space of P(R|R). We will discuss this in more detail in the next chapter. Only if these column
and row space conditions are met will P(R|p) = P(E|R)®P(R|p) give identical results for
any choice of ®.

We conclude that in our two scenarios, a gambler ought to check their probability
judgements against the following two norms,

P(EIR, p) = P(E|R)P(R|p) P(E|p) = P(E|R)®P(R|p), (2.88)

where @ is any {1}-inverse of the conditional probability matrix P(R|R) which characterizes
the reference measurement itself. In the first scenario, the reference measurement is performed
in between the preparatory measurement (with outcome p) and the final measurement.
P(E|R, p) is no different than in the classical case: it is given simply by the law of total
probability. In the second scenario, the reference measurement is counterfactual. But since
the reference probabilities characterize the states and effects completely, there must be some
way of expressing the probability P(E|p) in terms of them. We have shown that the right
normative rule is given by a deformation of the law of total probability by the interposition of
the Born matrix ®.

In this way, we can supplement standard probability theory to handle situations
where systems cannot be defined by properties independent of measurement but which
can nevertheless be fully characterized by the probabilities an agent assigns to a reference
measurement, in the sense that if two preparations yield the same probabilities on the reference,
they must yield the same probabilities on all measurements. In this way, we weaken the
classical notion of a system, without sacrificing the idea that an agent is served well by
imposing on themselves a notion of consistency. In a sense, the outcomes of the reference
play the role of the atomic sample space. But now other events, e.g., the outcomes of other
measurements, are not simple stochastic coarse grainings or subsets of the atomic events, as
we saw in Eq. (2.16), P(E) = Y ,co SweeP(w). Instead, we have quasistochastic regraining
asin P(E|p) = P(E|R)®P(R|p). Why “regraining”? Because the measurement {E;} may
have not just fewer, but even more outcomes than the reference! This is quite unlike the
classical case.

2.8.7 ®-duality

Now that we have established our nonclassical coherence rule P(E|p) = P(E|R)®P(R|p)
as well as the basic geometry of the state and effect cones, we can define a notion of ®-duality.
Call §*, the cone ®-dual to the state cone, in the following sense,

S*={yeV*|Vxed: ydx>0}. (2.89)
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Clearly, & ¢ §*. Notice that this is not the usual notion of duality for cones due to the
presence of the Born matrix @ [27]. Similarly, we may consider the cone ®-dual to the effect
cone,

& ={xeV|Vyeé:ydx >0}, (2.90)

so that so that & ¢ &*.

2.9 “Dynamics”

So far we have focused on the case of preparatory measurements {p;} such that
P(R|p;) = P(R|p;, any other events): the agent believes only the outcome p; is relevant
as far as the reference measurement is concerned. We have focused on this case because
the reference measurement itself is taken to be preparatory, and we have only considered
the probabilities for some final measurement {E;}. But the gambler may update their state
assignment conditional on the result of a measurement in a more general way. For example,
consider the following sequence of events: the gambler performs a preparatory measurement
with outcome p, followed by a measurement {E;}, which is then followed by a reference
measurement {R;}. We can consider the latter two to form a composite measurement with
outcomes {E; and R;}. We can then compare this to the situation where after obtaining
outcome p, the gambler first performs the reference measurement {R;}, followed by {E;},
followed by {R;} again. We may relate the two situations, as we have seen, using the Born
matrix. We have

P(Ri,Ejlp) = ) P(Ri, Ej|R) @i P(Rulp), (2.91)
Im
so that
1
P(R/|E;, p) = P(E—le) Z P(R;, E;|R) @ P(Ryulp). (2.92)
Im

Suppose now that we are interested in how the gambler should update their state
assignment in time, or better said, how the gambler ought to harmonize their beliefs now about
the present and their beliefs now about the future. In order to formalize this, we again invoke
the reflection principle. We saw earlier that Po(E) = ; q;Po(P-(E) = q;), where Py(E) is
the probability the gambler assigns at = 0 to E and Po(P-(E) = g;) is the probability the
gambler assigns at ¢ = 0 to the possibility that they will assign probability g; to event E at
time t = 7. Now suppose the agent plans to undertake a sequence of measurements: first, a
preparatory measurement with outcome p at #¢; at 71, a measurement with outcomes {E;};
and at 1, a measurements with outcomes {F;}. Let 7 be a time after the measurement at ¢
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but before the measurement at #,. By the law of total probability,

Po(F;) = ZPO(FJ

Pr(F)) = P(F|E:, p) | Po(Pr(F)) = P(Fj|Er p)).  (2.93)

On the one hand, by reflection,

Po(F;

Pr(F)) = P(FJ|E;, p)) = P(F}|E;, p). (2.94)
On the other hand,

Po(P+(F)) = P(F}|Ei, p)) = P(Eilp), (2.95)
since now at fg the agent naturally believes that when ¢ = 7 rolls around they will assign
P(F;|E;, p) to getting outcome F; conditional to E; with probability P(E;|p). Putting

these two statements together, and expressing all probabilities with respect to the reference
measurement,

Po(Fj) = ) P(F/|Ei. p)P(Eilp) (2.96)
= ) AP IR)OP(RIE: p)} P(Eilp) (2.97)
1
= Z P(F;|R)® { s R Ei|R><I>P<R|p)} P(Eilp) (2.98)
= P(F;|R)® {Z P(R, E,-|R)} ®P(R|p), (2.99)

where in the second to last line we’ve used Eq. (2.92). Thus reflection implies that at 7,
the agent should assign a probability Py(F;) which is obtained from the initial state P(R|p)
by averaging over the updating maps associated to each outcome E; of the intermediate
measurement.

Let us now suppose that the agent is in fact indifferent to whether they perform the
intermediate measurement { E;} or not. Indifference means that they would assign the same
probabilities at t = 7, just before the measurement at #,, regardless of whether they end up
performing the measurement or not. But this just means that they should assign

Py(F;) = P(F;|R)® {Z P(R, EilR)} DP(R|p), (2.100)
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even if the { E;} measurement is not performed. Because of the agent’s indifference, even if they
don’t perform the measurement, they should update their state P(R|p) using }; P(R, E;|R).
This is principle of dynamics in our framework which takes an agent’s actions and their
consequences to be primary: to determine the dynamics, that is, how the gambler ought to
update their state assignment in time in the absence of measurement, the gambler ought to
identify precisely those measurements which according to their mesh of probabilities they are
indifferent to. Because of this indifference, they ought to use the same update rule even in the
measurement’s absence.

We note that this reasoning implies that the set of possible dynamics {P(R, E|R)}
is a subset of substochastic matrices: this subset must be convex, and in fact a subset of a
convex cone satisfying 0 < P(R, E|R) < J/n, where 0 denotes the matrix of all 0’s, J the
matrix of all 1’s, and the inequality is understood in the conic sense. Further, let us consider
the special case that the gambler performs a measurement with a single certain outcome, and
then updates their state. What could this mean? Following [3], we take such an action to
correspond to carving the system out of its background, the consequence being “the sense
of the objects existence for the agent.” Indifference to this kind of measurement means that
even in the absence of the system being present to the agent, the agent ought to update their
state according to some P(R, 1|R) = P, (R|R), which we note need not be expressible as a
mixture: it may correspond to an extreme ray of the cone. Given two such stochastic matrices
P,(R|R) and P, (R|R), it may be that

P,(R|IR)®P, (R|R)® = P,/ (R|R)DPP,(R|R)® = P(R|R)D, (2.101)
in which case we say that the two are inverses of each other, and P, (R|R) along with its

inverse correspond to symmetries of the state space.

2.10 Decomposition

Finally, let us discuss briefly what it might mean for the gambler to carve out more than
one nonclassical system? Certainly, the gambler may introduce a reference measurement for
each system they are free to act upon. Let us at first suppose the gambler assigns probabilities
independently to the measurements on the different systems. Clearly, for two systems A
and B treated independently, since P(E4), EB)|p(D) p(B)y = p(EW|pA)) @ P(EB)|pB),
where ® denotes the tensor product, we have

PEW,E®|p™, p'®) (2.102)
= {P(E<A>|R(A)) ® P(E(B)lR(B))H(D(A) ® (D(B)}{P(R(A>|pm)) ® P(R(B)|p(3>)},

where {Rl.(A)} and {Rl.(B) } But what if we assign more general distributions to the reference
measurements? In particular, what if we allow for actions and consequences that implicate
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the whole collective, not just separate measurements on the parts? For the moment, let us
assume that if {Rl.(A)} is a reference for A and {Rl.(B)} is a reference for B, then {Rl.(A) N REB)}
is a reference for A and B. Since P(RY, R®B)|R(A) R(B)) = p(RA|RA)) @ P(RPB)|R(B)),
we may take @ = ®, ® @y as this will be a {1} inverse of P(R), RB)|RA) RB)) Thus
more generally,

P(E|p) = P(E|R(A>,R(B>){<1>(A> ® c1><B>}P(R<A>,R<B>|p), (2.103)

where E and p denote outcomes of measurements on the collective, which as a special
case may reduce to the conjunction of outcomes of measurements on the two systems,
E=E"nEP.

Now given the state §4) and effect &4) spaces of A, and the same for B, what can
we say about the state and effect spaces of the collective? Since a state space must be convex,
the smallest collective state space $45) would consist solely of mixtures of separate state
assignments for system A and system B,

min

SUP = {PRW,R®1p) = 3" piP(RV|p{*) & P(RP|p{")]. (2.104)
i

We call such states separable. In contrast, the largest possible collective state space consistent

with the gambler’s beliefs about A and B would consist of those assignments to {R;A) N REB)}
which imply valid probabilities on all effects in 4 and in &p.

St = |P(RW, R®|p)VEW € 60, E® ¢ 68 .

0 < (P(ED|RW) @ p(EBRE))) (@A) @ @B)P(RA, RB)|p) < 1}. (2.105)

Any state in Sélﬁf ) whichis not a part of Sél?f), that is, which is not separable, we call entangled.
Symmetrically, the smallest collective effect space would consist of conic combinations of
effects on A and effects on B less than P(1|R), R®)), while the largest would consist of
effects P(E|R™, R(®)) which satisfy 0 < P(E|R™, RBH){dA) @ @B} {P(RW|pA)) @
P(R®|pB} < 1 for all P(RW|pA)) € §A) and P(RP)|pB)) € $B) So coherence
with the gambler’s assignments to independent measurements on A and B demands that the
collective state and effect spaces satisfy

SUB) c g(AB) ¢ g(AB) §UB) c g(AB) c glAB) (2.106)

min min

Of course, we may phrase all this in terms of the state and effect cones as well—and say a
little more, in fact. It will be helpful, however, to establish the following lemma first.
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Lemma 2.10.1 (®-duality reverses inclusion). Suppose cone K* is ®-dual to cone K, and
L* is ®-dual to cone L, and that K C L. It follows that L* C K*.

Proof. By definition,
K*={y|Vx e K :ydx >0} L*={y|VxeL:ydx>0}. (2.107)

Since K C L, if y satisfies Vx € L : y®x > 0, then certainly Vx € K C L : y®x > (. But this
means that if y € L*, then y € K*. We conclude L* C K*. m|

~ On the one hand, we have already established the following cone sandwiches:
Sip € Sap CSYg and &7 C Eap C 5. Butalso SAI? C &g anq 6ap € &, 5 any state
and effect cones must be subsets of the set of mathematically possible states (and effects,
respectively). Finally, we note that since

(‘221}3“ = cone{a ® b,a € 84,b € 8z}, (2.108)
we have
(53‘2‘) ={x]| (a®b)dx>0,a €84, b € 85} = ST&, (2.109)
and similarly (c?;‘“é“ * = ég‘g". Putting all this together, we have the following inclusions:
Shw € Sap < &y c ) = S (2.110)
g C 8ap C Shp C (ST = &, @.111)

These mathematical niceties aside, let us return to our assumption that {Rl.(A) N R;B)}
forms a reference for the collective of A and B: in the quantum foundations literature, this
assumption is called local tomography. In general, there is no reason to think this ought
to be satisfied. It may be that there is strictly more vitality in the systems together than
apart. Whenever multiple systems are involved, therefore, in general, one must take care to
identify reference measurements at each level of collectivity, taking into account reference
measurements {Rl.(AB)} upon the collective as a whole. Indeed, it is ideal to start from the
utmost whole, and decompose the whole into parts, rather than build up the whole from
the parts. On what principle may one decompose a whole? Precisely in a principle of
indifference, that as regards the gambler’s judgements about measurements in some set A,
they are indifferent to what measurements in some other set B are performed. This amounts to
saying the gambler has carved out two systems which may be addressed separately. Formally,

51



this amounts to
a,a’ € A;beB: Z P(a;,bjlp) = ZP(al'.,bj|p) = P(b;|p) (2.112)
i i

acAb b eB: ZP(a,-, bilp) = Z P(a;, b'|p) = P(ailp). (2.113)
J J

In other words, the marginal probability P(b|p) the gambler assigns to a measurement in
B is independent of the choice of which measurement the gambler might also make in A:
indeed, this is a prerequisite for considering a marginal state of B separate from A at all—that
is, considering the whole as consisting of parts to begin with. In the quantum foundations
literature, these are usually called the “no signalling” conditions. From there, the gambler
may consider what comes of restricting themselves to measurements in A, identifying a
reference measurement, and building up a coherent mesh of probabilities—and do the same
for measurements in 8. Then given e.g., $4) and $® they may identify which composite
state space & (A8) recovers (at least part of) the original state space § of the whole.

Going in the opposite direction, supposing we can identify reference measurements

{Rl.(A)} on system A and {Rl.(B)} on system B, then we can characterize a collective with a joint
distribution P(Rl.(A), R;B) |p). Marginalizing over either measurement, we obtain P(RY|p)

and P(R®)|p), and since each is assumed to be a reference measurement, we have

P(EW|p) = P(EW|RMH)DA p(RW|p) (2.114)
P(E(B)|p) — P(E(B)|R(B))(I)(B)P(R(B)|p)- (2.115)

At the same time,

P(E(A),E(B)|p) — {P(E(A)lR(A)) Q P(E(B)lR(B))}{q)(A) Q ¢(B)}P(R(A),R(B)|p),
(2.116)

whose marginals clearly agree so that “no signalling” is satisfied.

2.11 Conclusion

In this chapter, we have developed the essentials of probability theory from a subjective
Bayesian point of view, emphasizing throughout the coherence of an individual agent’s mesh
of beliefs. Taking up the QBist point of view, that the agent, their own actions, and the
consequences of those actions for them ought to be taken as primary, we introduced a notion
of system, state, and effect that formalizes a particular notion of nonclassicality. Central to
this notion is the idea of a reference measurement. We showed that our assumptions imply a
fundamental nonclassical norm which the gambler ought to abide by which supplements the
familiar law of total probability. The formalism we have developed here is expansive enough
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to aid a gambler grappling with an open-ended, creative nature whose unfolding the agent
themselves is implicated in. In some sense, this chapter contains everything such a gambler
really needs. In the next chapter, however, we will bring an extra, linear algebraic layer of
sophistication to the formalism, indeed, showing its equivalence to the standard framework of
generalized probabilistic theories, of which quantum theory is an example.
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CHAPTER 3
THE BORN IDENTITY

3.1 Introduction

Armed with the fundamental nonclassical coherence condition, expressed in terms of
the Born matrix ®, we now turn to studying its properties linear algebraically. In the course
of doing so, we show that the conditional probability matrix P = P(R|R) which characterizes
the reference measurement defines two fundamental subspaces: consistency requires that
distributions on reference outcomes P(R|p) must live in col(P) and response functions
P(E|R), as well as valuations on reference outcomes, ought to live in row(P). Introducing
bases for these spaces, we pass to a compact representation of states and effects which shows
the essential equivalence between the QBist framework and the framework of generalized
probabilistic theories or GPTs. In the other direction, we show how given a GPT, one can
develop a “double sided” frame representation which reproduces the nonclassical coherence
condition we began with. Relying on already existing results in the literature, we define what
properties a measurement must have in a GPT to be a proper reference measurement, showing
that generally speaking such measurements always exist, and moreover, allow one to prove a
nonclassical de Finetti representation theorem.

3.2 The Born matrix

As we have seen, having identified a reference measurement, the gambler may consider
two scenarios. In the first scenario, the gambler performs a preparatory measurement, followed
by a reference measurement, followed by some arbitrary measurement, in which case they
may invoke the familiar classical coherence condition, the law of total probability,

P(E|R,p) = P(E|R)P(R|p). (3.1)

In the second scenario, they skip the reference measurement. Despite the fact that in the latter
case, the reference measurement is hypothetical, the gambler may appeal to a nonclassical
coherence condition, whose form we derived in the last chapter to be

P(E|p) = P(E[R)DP(R|p), (3.2)
where © satisfies P(R|R)®P(R|R) = P(R|R). Here P(R|R) is the conditional probability

matrix which characterizes the reference measurement itself. In fact, this is the defining
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equation of a {1}-inverse of P(R|R), and we shall now study this linear algebraic object more
closely.

We first establish that every matrix over R has a {1}-inverse. In fact, our proof holds
over C, and the result itself holds over any field F, as we will show later. We begin with
this proof, however, which relies on the singular value decomposition, in order to build an
intuition as to how one might calculate one numerically.

Theorem 3.2.1 (Existence and form of {1}-inverse). Every matrix M € C™" has a {1}-
inverse, i.e., a matrix M D such that

MMM =M. (3.3)

Proof. Every matrix has a singular value decomposition M = ULV, Let

-1
MO = v( "B 2 )U’f, (3.4)

where o is a diagonal matrix of the » = rank(M) non-zero singular values, and where the
blocks A, B, C are completely arbitrary. Observe that

w510 5 o o] o
ol o oo

showing that MV is a {1}-inverse. Conversely, suppose MM DM = M, that s,

R MR

Multiplying on the left by U' and on the right by V' yields

o0\ () 0"0 _ 0"0
[Fia) e (o) = (1) >

A
), we see that

This gives us one constraint: writing the blocks of VIM(DU as

B|C
oXo = o, which implies X = o~!. Then multiplying VIM VU by V from the left and U
-1
from the right, we arrive at M =y ( O-B é ) U, as desired. ]
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Remark. Suppose that M is in fact invertible. Then M~ [MM(I)M] M'=M'MM!
implies that MO = MY the usual inverse. In the case that A = B = C = 0, MO = M,
the Moore-Penrose pseudoinverse.

In fact, there is a whole zoo of generalized inverses X for singular matrices M which
are classified according to a scheme due to Penrose. Each species is specified by a subset of
the following list of axioms they satisfy [71]:

(1) MXM =M

(2) XMX =X

(3) (MX)"=MX

4) (XM)" = XM

(5) MX=XM

(5% M*x = xMm*

65 Mx* = x*m
Notice that all of these are satisfied by the true matrix inverse. The only restriction on a
Born matrix per se is that it is a {1}-inverse: but it may satisfy other axioms. For instance,
the Moore-Penrose pseudoinverse is the unique {1, 2, 3, 4}-inverse. Later we will consider
reasons one might prefer one choice over another. As a taste, we offer one proof in the interim.
One might wish W(R|p) = ®P(R|p) to be a quasiprobability vector, that is, not necessarily

nonnegative, but nevertheless summing to 1. We can guarantee this if the Born matrix ® is
itself quasistochastic, that is, satisfying u'® = u' where u = (1,..., 1)T.

Lemma 3.2.2. Let ® be the {1}-inverse of a stochastic matrix P. Then ® can be chosen to
be quasistochastic, so that it takes probability vectors to quasiprobability vectors.

Proof. Letu = (1,...,1)7, and pick any vector v such that ™v = 1 and any {1}-inverse ®q
not necessarily quasistochastic. Then let

@ =Py +vu —u'dy). (3.9)

On the one hand, u'® = u", so that ® is quasistochastic. Using the stochasticity of P and
{1}-inverse axiom, we have u'®yP = u' P®yP = u'P = u, and so

PO®P = POGP + Pv(u' —u'®y)P=P+Pv(u' —u") = P. (3.10)

O
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3.3 Subspaces from coherence

We derived that ® ought to be a {1}-inverse of P(R|R) by considering the special
case that both the preparatory and final measurements are the reference measurement itself:
P(R|R) = P(R|R)®P(R|R). But we can actually say a bit more. By the same logic, for any
state p, we have by coherence with the reference measurement,

P(R|p) = P(RIR)®P(R|p). (3.11)

In fact, this puts a strong restriction on the gambler’s assignments P(R|p). To see this, we
must understand the action of P(R|R)®.

Lemma 3.3.1. Let MV be a {1}-inverse of M. Then MMV projects onto the range of M,
that is, the column space of M [71].

Proof. Let I1 = MM, Then by axiom (1), 2 = MMOMMD = MOy = 11: 1 is
idempotent, and so a (not necessarily orthogonal) projector. On the one hand, range(I1) =
range(M M) C range(M). On the other hand, for x € range(M), we can write x = My: x
is some linear combination of the columns of M. Then Ilx = IMy = MMMy = My = x
so that IT fixes all x € range(M), from which we conclude range(IT) = range(M). O

Corollary 3.3.1.1. Recognizing that P(R|R)® is a projector onto range(P(R|R)), from
P(R|p) = P(R|R)®P(R|p) we arrive at another coherence condition: the set § of probability
distributions on the reference measurement must lie in range(P(R|R)). Equivalently, the
agent should only assign distributions P(R|p) to the reference measurement which are linear
combinations of the columns of P(R|R).

Similarly, for any effect E, we have by coherence with the reference measurement,
P(E|R) = P(E|R)D®P(R|R), (3.12)
which leads us to ask about the action of ®P(R|R) on row vectors.

Lemma 3.3.2. Let MV be a {1}-inverse of M. Then MY M projects row vectors onto the
rowspace of M.

Proof. (MWM)? = MOMMDM = MM so MDM is a projector. On the one hand,
if (xM)M = x, then x € row(M), since x is a linear combination of the rows of M.
Conversely, if x = yM for some row vector y, then xMOM =yMMDYM = yM = x. |

Corollary 3.3.2.1. We thus arrive at another coherence condition: since P(E|R) =
P(E|R)®P(R|R), the effect space & of conditional probability distributions P(E|R) must lie
in row(P(R|R)).

In particular, if P(R|R) is symmetric, then, identifying vectors and covectors, both
states and effects must live in the same subspace.
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Lemma 3.3.3. Let P(E|R) € row(P(R|R) and P(R|p) € col(P(R|R)) and suppose ® and
@’ are both {1}-inverses of P(R|R). Then

P(E|R)®P(R|p) = P(E|R)® P(R|p). (3.13)

Proof. Since P(E|R) € row(P(R|R)), we can write P(E|R) = a' P(R|R) for some a; since
P(R|p) € col(P(R|R)), we can write P(R|p) = P(R|R)b for some b. Then

P(E|R)®P(R|p) = a"POPb = a'Pb = a' PO'Pb = P(E|R)®' P(R|p). (3.14)

O

3.3.1 A word on observables

Classically, we defined a random variable as a valuation e.g., X : Q — R on the
atomic events, or in the language of measurements, on the outcomes of the finest grained
reference measurement. In the nonclassical setting, the role of € is played by the outcomes
of a reference measurement, but these do not correspond to “atomic events” whose coarse
grainings give all possible composite events: this difference is witnessed by the presence of
the Born matrix ®. Nevertheless, we may still take a random variable to be X : {R;} — R,
a valuation of reference outcomes. To see this, denote by x a row vector of valuations on a
measurement with outcomes X;. We may always rewrite it as a vector of valuations on the
reference measurement,

x = xP(X|R)®, (3.15)

so that (x), = xP(X|p) = xP(X|R)®P(R|p) = xP(R|p) = {(x),. Indeed, since (x), = (x),,
the agent should value them at the same price.

Moreover, since P(R|p) € col(P), any component of x orthogonal to col(P) will not
contribute to any expectation values. Indeed, if we write x = D+ x(l), then

xP(Rlp) = xV + xYP(R|p) = xWP(|p), (3.16)

so that the gambler ought to assign the same price regardless. Thus without loss of generality,
the gambler need only consider valuations on reference outcomes which lie in col(P). At the
same time, if x = xP(X|R)®, then since P(X;|R) € row(P), x € row(P)D. We will often
take @ to be invertible, so that x € row(P) itself. If P = P, then such an x will automatically
be in col(P).
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3.4 Rank factorization

For convenience let P = P(R|R). Let n be the number of outcomes of the reference
measurement and let » = rank(P) = dim(col(P)) = dim(row(P)). We have just shown
that our effects P(E|R) live in row(P) while our states P(R|p) live in col(P). Thus rather
than work in the n-dimensional space of probability vectors, we may work directly in the
r-dimensional spaces in which the states and effects live. To this end, we may introduce bases
for the row and column spaces of P, and one nice way of thinking about this is in terms of a
rank factorization of P(R|R).

Theorem 3.4.1. Suppose P € F"*". There always exists a full rank factorization P = ES
where E € F!"™" and S € F>*". Here r is the rank of P.

Proof. Since P has rank r, it has r linearly independent columns. Let column vectors

el,...,e, be abasis for the column space of P, and arrange them into an m X r matrix
E=(er | ... | e). (3.17)
By construction, every column py, ..., p, of P is a linear combination of the columns of

E. Arrange the expansion coeflicients for each column of P into column vectors themselves
St,...,5,. Let

S=(st | .. | sa), (3.18)
which is an r X n matrix. Then P = ES as desired. O

Remark. We could have equally well begun with a basis for the row space of P, constructing
S first, and then E. A straightforward way of obtaining a full rank factorization is by means
of the singular value decomposition,

)
P=UzV' = [U; U [20 8] [“}] = Ul(zrvlT ) = ES, (3.19)
2

where r is the rank of P.

In particular, let P(R|R) = RS be a rank decomposition of the conditional probability
matrix which characterizes the reference measurement itself. If we write

(R1]

R= ) l)(Rl=]| : S= > ISpGI= (8D -+ 182), (3.20)
,. (Rl 7
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we may consider the rows of R to be a compact representation of the effects (R;| and the
columns of S to be a compact representation of the states |S;) since by construction

P(Ri|R;) = (RilS)). (3.21)

In fact, this will lead to an alternative perspective on the Born matrix itself. To attain it, we
first reprove a standard lemma: we have seen that any matrix has a {1}-inverse, but if a matrix
has full row rank or full column rank, we can say even more.

Lemma 3.4.2. Let M € F>X": then MV is a right inverse of M. Similarly, let M € F™:
then MY is a left inverse of M [71].

Proof. If M has full row rank, its n columns span F". Thus we can express basis vectors e; in
F" as linear combinations of the columns of M: ¢; = Mr; for some coeflicient vectors r;. But
then arrange these r;’s into the columns of a matrix R. Clearly, I = MR, so M has a right
inverse. But then multiply the {1}-inverse axiom by R: MMWMR = MR = MM =,
as desired. On the other hand, if M has full column rank, its n rows span F", so we can
write the basis covectors e; = [;M, which amounts to / = LM, so M has a left inverse. Then
LMMYM = LM = MM = I, as desired. O

Corollary 3.4.2.1. The Moore-Penrose pseudoinverse [71] may be calculated, in the case
that R has full column rank and in the case that S has full row rank respectively, as

Rl = (R'R)'R? SR = §7(ssT)! (3.22)

Proof. We first must establish the invertibility R'R and SS'. Suppose RR were not invertible.
Then R'Rx = 0 for some non-zero vector x. But then x'RRx = ||Rx||? = 0 which can
only be true if Rx is the zero vector. But then R can’t have a left inverse. We conclude that

R'R is invertible after all. The argument is the same for the invertibility SS*. Then clearly
R'R = [(R'R)"'RT|R =1 =S[S7(SS")~!]| = SS*. O

But once we have one left or right inverse, we actually can obtain them all. More
generally, given any {1}-inverse, we have the following parameterization of the space of all
{1}-inverses'.

Lemma 3.4.3. Suppose MV is a {1}-inverse of M € F™™ so that MMV M = M. Then any
other {1}-inverse can be obtained via

MDY =D+ A-MOpAMMD. (3.23)

where A € F™" is completely arbitrary [71, 99, 100, 101].

'We observe in passing that all these constructions are now independent of the choice of scalars.

60



Proof. On the one hand,

MMM = M(MY + A-MOMAMMD) M (3.24)
= MMM+ MAM — (MM MYAMMDY M) (3.25)
=M. (3.26)

Conversely, suppose MW is a l-inverse. We can obtain MV from M by taking A =
MDD — MM Then the RHS of Eq. (3.23) becomes

=MD+ MY = D) - Oy (D - MOy (3.27)
=MD - MO MmO MyYMD + MO (MmO sy (3.28)
- . (3.29)

O

Let P(R|p) be a state: by coherence, it must live in col(P). Let P = RS be a rank
decomposition of P. By construction, the columns of R form a basis for col(P), and so we
must have P(R|p) = R|p) for some |p). Similarly, by coherence, any effect P(E|R) must live
in row(P), but since the rows of S form a basis for row(P), we must have P(E|R) = (E|S for
some (E|. We then come to the following lemma.

Lemma 3.4.4 (The Born identity). Let P = RS be full rank factorization such that R € F™"
and S € FI*". Then

POP =P &= SOR = 1. (3.30)

Proof. Clearly, acting on S®OR = [ from the left with R and from the right with S yields
P®P = P. Conversely, by Lemma (3.4.2), R has a left inverse R” and S has a right inverse
S®. Acting from the left with R® and from the right with S® on P®P = P, we conclude
RE(RS)®(RS)S® = RE(RS)SE, that is, SOR = [. O

Immediately, we have
P(E|p) = P(E|R)DP(R|p) = (E|S®R|p) = (E|p). (3.31)

We conclude that for any effect E and state p, we may write P(E|p) = (E|p). Going in the
other direction, we have explicitly

lp) = R*P(R|p), (3.32)
where R is some left inverse of R and

(E| = P(E|R)SF, (3.33)
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where S¥ is some right inverse of S. Putting them together, we have
(Elp) = P(EIR)S"R“P(R|p). (3.34)

Indeed, P(S*RE)P = RS(SFRL)RS = P shows that we may always take ® = SRR’ as a
Born matrix, a {1}-inverse of P. If we do so, however, such a Born matrix enjoys another
generalized inverse axiom, namely,

®PD = SERE(RS)SFRE = SERE = . (3.35)

In other words, such a @ is a {1, 2}-inverse. We note but do not prove the following theorem
of Bjerhammar [71],

Theorem 3.4.5. Let X be a {1}-inverse of a matrix M. Then X is a {1, 2} inverse if and only
if rank(X) = rank(M).

In this way, coherence with the reference implies that we can express P(E|p) as
the action of a covector (E| = P(E|R)S® on a vector |p) = REP(R|p) in an r = rank(P)
dimensional vector space. As such we will often refer to these objects as states and effects as
well. Moreover, consider conditional probability matrices P(R|E, R) which capture how the
gambler ought to update their state assignments conditional on a subsequent measurement
result E: P(R|E,p) = P(E|p)"'P(R|E,R)®P(R|p). By coherence the row space of
P(R|E, R) ought to be C row(P) and the column space of such a matrix ought to be C col(P).
Thus we may construct 7 = REP(R|E, R)S® which acts natively on states |p) or effects (E]|.

Finally, let us make a brief comment about normalization. Suppose we have a
measurement with outcomes {E;}. The gambler assigns to each outcome an effect P(E;|R)
so that together they form the rows of a conditional probability matrix P(E|R). To guarantee
that probabilities sum to 1, such a matrix ought to be column stochastic: equivalently,
2 P(Ei|R) = P(1|R) = (1,...,1). We see then that the effects in a measurement must sum
to the effect P(1|R) which assigns probability 1 to all states. Conceptually, this is like saying
the gambler believes one of the outcomes must certainly occur; mathematically, it guarantees
that the probabilities P(E|p) = P(E|R)®P(R|p) sum to 1. Picking a rank decomposition
P(R|R) = RS, we have

(11 = P(IR)S" Vp i (1)p) =1 D(EI=AL (336)

where the latter holds for any measurement.
Of course, the representation of states, effects, and update maps so obtained is not at
all unique, as the following theorem, whose proof we reproduce here, shows.

Theorem 3.4.6. Any two full rank factorizations P = R|S| = R,S, are related by some
invertible matrix T so that R, = RiT~' and S, = TS, [102].
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Proof. Since R has full column rank, it has a left inverse; since S; has full row rank, it
has a right inverse. Consider the two matrices RéRl and slsg . We have (R§R1)(SIS§) =
RéPSée = R§R2823§ = I,. Moreover,

r = rank(S,) = rank(RSR,S;) = rank(R3R;S)) = rank(RIR)), (3.37)
where the last follows from the fact that S has full row rank. Similarly,
r =rank(Ry) = rank(R252S§) = rank(R181S§) = rank(SIS§), (3.38)

where the last follows from the fact that R has full column rank. Thus Ré R; and 81$§ are

both full rank, and in fact they must be inverses of each other. Let 7" = Ré Ryand 77! =S, S§ .
We then have

RiT7' =R [S;S¥] =RyS,8¥ =R, 7S, = [RIR(]S; =RIRyS, =S,,  (3.39)
as desired. O

Remark. Our freedom in choosing states | p) and effects (E | amounts to a choice of invertible T.
But if a ® matrix works for one choice, it works for them all: S'®R’ = TSORT' =TT = I.

3.5 Generalized probabilistic theories
We defined a state to be an equivalence class of consequences p = {p;} such that
Vj.k: P(R|p;) = P(Rlpy), (3.40)

that is, after any measurement with an outcome in the equivalence class, the gambler would
assign the same probabilities to a subsequent reference measurement. A state p may be
identified on the one hand with a particular member of the equivalence class of outcomes,
e.g., which is actually realized, and on the other hand, with a unique state of expectation about
the outcomes of the reference measurement P(R|p). Similarly, a effect is an equivalence
class of measurement outcomes E = {E;} such that

Vj,k: P(E;|R) = P(Ex|R), (3.41)

that is, conditional on a reference outcome, the gambler would assign the same probabilities
to any outcome in the equivalence class upon a subsequent measurement. We may identify
an effect £ with a particular member of the equivalence class, and at the same time the
conditional distribution P(E|R). Finally, we defined the reference measurement itself to be a
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preparatory measurement such that

P(R|p) = P(R|p') & VE € §: P(E|p) = P(Elp’) = p =p’ (3.42)
P(E|R) = P(E'|R) = Vp e S :P(E|p) =P(E'|p) = E = E’, (3.43)

that is, if two states are equivalent with respect to the reference measurement, they are
equivalent with respect to any measurement, and similarly for effects.

This framework established, we derived a norm a gambler may appeal to in the case
that the reference measurement remains hypothetical,

P(E|p) = ¥ (P(EIR), P(R|p)) = P(EIR)DP(R|p). (3.44)

Moreover, we developed a geometrical picture of the states and effects. The state space &
ought to be a convex set since we can always consider convex combinations of reference
distributions: allowing for arbitrary rescalings, we arrive at the state cone &, recovering &
as a base cut by the effect P(1|R) = (1, ..., 1) which ensures normalization of probability
vectors. Similarly, by contemplating coarse and fine graining of effects, we consider another
convex set: the effect space &, and its associated cone &. The effect space itself must satisfy
P(0|R) < P(E|R) < P(1|R) with respect to the ordering induced by the effect cone: this
comes from the fact that if P(E|R) is an effect then so must P(=E|R) = P(1|R) — P(E|R).
We also introduced a notion of ®-duality, so that e.g., S$* is the cone ®-dual to the state cone,
and consists of all mathematically possible effects. None of these cones were assumed to be
spanning of the n dimensional vector space ¥ in which the probability vectors live. In fact,
we have just shown that & C col(P(R|R)) and & C row(P(R|R)).

Introducing bases for the column and row spaces of P(R|R), we were able to rewrite

P(Elp) = (Elp), (3.45)

where now we work in an r = rank(P(R|R)) dimensional space V. In this setting, P(E|p)
is given by a linear functional which we may identify with the effect acting directly on a
vector which we may identify with the state. Measurements become sets of effects {(E;|}
which sum to the image of P(1|R), that is, }};(E;| = (1], such that Vp : (1|p) = 1. State
updates conditional on measurement outcomes can be represented by linear operators T
acting on this same space. In this representation, the state and effect cones become by
construction generating cones, that is, they satisfy C — C = V. Moreover, the effect cone
is now a subset of the dual of the state cone in the usual sense of convex duality [93], i.e.,
C*={yeV*:Vx eC:(ylx) =0}, and similarly for the state cone. The “cone sandwiches”
we exhibited to better understand possible collectives may also be reexpressed in terms of
standard convex duality.

In fact, what we have arrived at is a convex operational theory or generalized
probabilistic theory (GPT) [4, 36], and in essence, we have proven a version of Ludwig’s
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embedding theorem for finite dimensional GPTs [74, 32]. For comparison, we reproduce a
somewhat informal statement of that theorem as summarized in [103].

Theorem 3.5.1 (Finite dimensional Ludwig’s embedding theorem, informal). Let & be the
set of states, and & be the set of effects. A theory is a function f : E XS — [0, 1] which takes
a state and an effect and returns a probability. Let f satisfy the following axioms:

1. The function f separates states and effects: if p1, p2 € S satisfyVE € & : f(E, p1) =

f(E, p2), then p| = py. Similarly, if E1, E; € & satisfy¥Np € 8 : f(E1, p) = f(E3, p),
then E| = E».

2. There is a trivial effect u such thatVp € S : f(u, p) = 1, and for every E € & there is
an opposite effect =E such thatVp € § : f(=E,p) =1— f(E, p).

3. Probabilistic mixtures of states (respectively, effects) are again states (respectively,
effects). For all states p1, p2 € S and probabilities p € [0, 1], there exists a state T
such thatVE € & : f(E,71) = pf(E,p1) + (1 = p)f(E, p2), and similarly for effects.

Then there exists a vector space V such that
e § CV,8 C V*are convex sets withO,u € & and & = u — &.

eR*- S =8 isacone, R* - & C 8 ={y e V" : Vx € &, y(x) > 0} C V* is the
corresponding dual cone, and the set of states satisfies S = {x € § : e(x) = 1}.

» The generalized Born rule holds: f(E,p) = E(p).

Here V* is the dual of the vector space V, the space of all linear functionals acting on V. We
call e the normalization functional.

Remark. The essential difference in our development is that we begin from the assumption of
a reference measurement, and admit conditioning only on the consequences of an agent’s
own actions. The basic properties of the state and effect spaces for us derive from demanding
coherence with the reference measurement.

Remark. We merely assume that the states are a subset of the cone dual to the effects, and
the effects are a subset of the cone dual to the states. In the language of GPTs, we do not
assume the “no-restriction hypothesis.”

Remark. Another subtlety is that in the standard GPT presentation, one takes states to live in
an ordered real vector space V and effects to live in the dual space of linear functionals V* so
that P(E|p) = E(p), where E is a linear functional acting on a state p—without necessarily
equipping V with an inner product. But every finite dimensional vector space over R or
C may be turned into an inner product space simply by choosing a basis and defining an
inner product on the coordinates (identifying V with R" or C"). The finite dimensional Riesz
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representation theorem [104] guarantees that one may identify each linear functional E € V*
with a unique vector E € V such that P(E|p) = E(p) = (E, p) = (E|p). For us, the inner
product is inherited from the probability representation, and thus in essence we already work
in the framework of “geometric GPT’s” introduced in [76].

3.5.1 Examples

Classical probability theory is an example of a GPT: the state space is the space
of probability distributions on n outcomes, i.e., the probability simplex A,, and the effect
space is the hypercube A; dual to the simplex, the space of response functions. In other
words, P(E|p) = >; P(E|4;)P(4;|p). The normalization functional is (1| = (1,...,1);
measurements correspond to (column) stochastic matrices; and general transformations
correspond to (sub)stochastic matrices.

Quantum theory is also a GPT. The state space of quantum theory is the space of
d % d density matrices, i.e., positive semidefinite Hermitian matrices p > 0 with tr(p) = 1,
which tells us that the normalization functional is tr(-). The effect space consists of positive
semidefinite Hermitian matrices 0 < E < I with no restriction on their trace. Measurements in
quantum theory correspond to positive operator valued measures (POVMs), which map events
to positive semidefinite operators on Hilbert space or, more simply, which are collections
of effects such that }}; E; = I. Both the state space and the effect space consist of PSD
matrices: quantum theory is what is known as a self-dual theory, for which effects can always
be rescaled into states. Transformations correspond to completely positive trace preserving
(CPTP) maps, of which unitary transformations, which preserve pure states, are a special
case. Quantum theory provides an example of a Euclidean Jordan algebra, about which we
will have much to say in the sequel.

Notice that we can consider quantum states and effects as elements of vector spaces
over R: Herm(d) is a real vector space of dimension d?. For example, for a qubit, the
state space corresponds to the closed unit ball in R?, which we can see by expanding in the
orthogonal basis provided by the Pauli matrices

1
o= 5(1 + tr(oyxp)oy + tr(oyp)oy + tI‘(O‘Zp)O'Z). (3.46)

In this representation, the normalization functional is (1| = (1,0, 0, 0), and we have

1
(E|:%(tr(E) tr(ovE) tr(oyE) tr(o,E)) o) = gggy’;; (3.47)
tr(ozp)
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so that
P(E) =tr(Ep) = (E|p). (3.48)

This same “Bloch sphere” construction can be generalized to any dimension d by employing,
for example, the generalized Gell-Mann matrices, which are similarly Hermitian, traceless,
and orthogonal-—and we will take recourse to the analogous representation in nonquantum
theories.

More generally, one can consider constructing GPTs from first principles, with more
exotic state and effect spaces, e.g., theories with square state spaces, state spaces corresponding
to higher dimensional spheres, state spaces shaped like ice cream cones, and deduce many
illuminating theorems relating their geometries to a diverse set of operationally grounded
axioms.

3.6 Frame theory

Let us now work in the opposite direction, seeing how we can begin from the GPT
framework and arrive at the Born matrix formalism. The bridge is frame theory [62].

Definition 3.6.1 (Frame). A frame is a set of vectors {|¢;)} in an inner product space V over
a field F such that there exist constants 0 < a < b < oo such that

Vx €V :a(x|x) < Z 1(6il))? < b(x]x). (3.49)

Remark. If all the frame vectors have equal norm, this is called a equal norm, unweighted,
or unbiased frame.

One may begin from this definition, but it is easier to motivate it in the following way. Suppose
V to be finite dimensional, with dimension r. Then let A € F*" be an analysis operator,

A= D)l (3.50)

A analyzes a vector |x) € V in terms of the frame vectors,

ly) = Alx) = Z(¢i|x>|i). (3.51)

Since A has full column rank, it has a left inverse. Another way of saying this is that the
frame vectors span V. A synthesis operator S is any choice of left inverse for A. Writing it

S =) 1él, (3.52)
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where {|#;)} are called dual vectors, we have the resolution of the identity

1=8A=) |64 (3.53)

Notice that we may rewrite

Z (¢ilx)[? = Z<x|¢i>(¢i|x> = (x| [Z |¢i><¢i|] ) = (x| F|x), (3.54)

where

F=AA=) |6l (3.55)

is called the frame operator, which is clearly not only Hermitian but also positive semidefinite.
The frame condition then reads

VIx) e V:a(x|x) < (x|Flx) < b(x|x), (3.56)

so that a, b are the smallest and largest eigenvalues of F, respectively. As we saw in
Corollary (3.4.2.1), F must be invertible. Suppose it were not. Then for some |x),
(x|F|x) = (x| AT Alx) = || Alx)||> = 0 which can only be true if A|x) is the zero vector. But
then A couldn’t have a left inverse, a contradiction. Conversely, if F is invertible, then the
corresponding analysis operator has a left inverse, and the frame condition is satisfied. Of
course, one can consider frames for subspaces of a vector space, in which case F must be
invertible on that subspace, and the restriction of (A to that subspace must have a left inverse.
A tight frame is one for which a = b, implying

1 1
I = EF = Z ;|¢i)(¢i|, (3.57)

that is, the dual vectors are simply the frame vectors rescaled. When a = 1, the tight frame is
known as a Parseval frame. We note that

G = AAT = " (4il6)1D) (] (3.58)
ij

is the Gram matrix of the frame. Calculating the Gram matrix is a useful way of checking
whether the frame vectors really span the space: they will if and only if the rank of G is r, the
dimension of V. To see this, recall the following familiar lemma:

Lemma 3.6.1. Let A = XX and B = X'X. Then A and B have the same non-zero
eigenvalues.
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Proof. Av = v = XX'v =1y = X' X(XTv) = A(X'v) = Bv = Av'. Thusif A, v is
an eigenvalue/eigenvector pair of A = XX, then A, XTv is an eigenvalue/eigenvector pair of
B=X'X. O

Corollary 3.6.1.1. For a Parseval frame, the r X r frame operator F = AT A = I has r
eigenvalues equal to 1. Thus the n X n Gram matrix G = AA" also has r eigenvalues equal
to 1, and is consequently a rank-r projector. More generally, since the frame operator is
invertible iff {|¢;)} form a frame, and F and G share the same nonzero spectrum, then the
Gram matrix will be rank-r if and only if the n frame vectors span the r-dimensional space V.

Finally, call

F{Ig0}) = e(F?) = " |(¢ile)) (3.59)
ij

the frame potential. The frame potential allows one to characterize tight frames as the
following lemma shows [62].

Lemma 3.6.2. Let {|¢;)} be a frame for a vector space of dimension r with frame operator
F =Y |¢:)(¢i|. The frame potential satisfies

F(116))) = Lir(F)? (3.60)

with equality iff {|¢;)} forms a tight frame.

Proof. Since F is positive semidefinite and invertible, it will have r nonnegative eigenvalues.
Recalling

tr(F) = Z A tr(F?) = Z 22, (3.61)
k=1 k=1

and applying the Cauchy-Schwartz inequality,

r 2 r r
(Z A - 1) < (Z Ai)( 12), (3.62)
k=1 k=1 k=1

we conclude

tr(F?) > %tr(F)z. (3.63)
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Equality is given when the vectors (41,...,4,) = a(l,..., 1), that is, they are proportional
to each other so that all the eigenvalues are the same. We conclude that tr(F') = ra, and

tr(F)

r

F =

I. (3.64)

Thus the frame must be tight with frame constant a = tr(F')/r. O

Corollary 3.6.2.1. In the special case that the frame vectors are normalized, tr(F) =
> :(¢il¢i) = n so that the lower bound becomes F ({|¢;)}) = n?/r.

3.6.1 Dual frames

Taking the adjoint of the resolution of the identity
1=AS" =) 1¢)(di, (3.65)
i

we see that

S'= ) 10 (3.66)

may be viewed as the analysis operator of a dual frame, with frame vectors {|¢;)}, dual frame
operator F = SS™ = ¥, |¢,)(¢;], and with a choice of synthesis operator,

A=) 160Gl (3.67)
i
For any frame, there is a canonical dual frame. One way of characterizing it, useful to us, is
the following.

Lemma 3.6.3. The range of the dual analysis operator S' to be the same as the range of the
original analysis operator A iff S = A", the Moore-Penrose pseudoinverse.

Proof. If col(ST) = col(A), then we can write
St = Aax, (3.68)

for some X. Butthen I = SA = X" AT A = XTF. Since F is invertible, this means that
X" = F~! = X, since F is Hermitian. We conclude that canonical synthesis operator is given
by

Sean = F' A" = (AT A) A = A*, (3.69)
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that is, the canonical synthesis operator is Moore-Penrose pseudoinverse A™* of the analysis
operator. Conversely, if S = A* = F~1AT then ST = AF~! so that col(ST) = col(AF~!) =
col(A) since F~! is invertible?. O

By the above argument, the canonical dual frame operator £ = F~!, and so the canonical
dual frame satisfies

Vx) eV: %(xlx) < (x|F7'x) < é(x|x). (3.70)

Notice that since S is a left inverse of A, ASA = A: we can equivalently say that S
is any {1}-inverse of A. From Lemma 3.3.1, we know therefore that AS is a projector onto
range(A). We may therefore understand this now familiar fact in a new way: we take a vector
in the n-dimensional space where the frame representation lives, project it into the original
r-dimensional space V, and then return back to the n-dimensional space. Since in general a
frame is overcomplete, there may be many different n-dimensional vectors which project to the
same r-dimensional vector. But there is a special choice: that given by the analysis operator
itself, that is, the one that lives in range(A) and IT = AS is the projector onto that subspace.
We note in the special case that S = A", we have IT = AA* = A(ATA) L AT =TI": the
projection is in fact an orthogonal projection.

Finally, as in Lemma (3.4.3), notice that given one choice of synthesis operator, we
can write any other choice of synthesis operator

S =38y +X(I-T0), (3.71)

since SA = SoA + X(I — 1) A = I, where X is completely arbitrary, as (I — IT)A = 0.

3.6.2 Frame coordinates and dual coordinates

Given a frame with analysis and synthesis operators
A= 1) S=> 16l (3.72)

and a choice of dual frame with analysis and synthesis operators

§=Zm@| ~W=meu (3.73)

2We can understand this as a basic property of the pseudoinverse itself. To see it, recall that X = UZVT is the
singular value decomposition of X, then X* = VX*U", where =+ is the diagonal matrix of the reciprocals of the
nonzero singular values. Since the first » = rank(X) columns of U form a basis for col(X) and the first » rows of
VT form a basis for row(X), we have range(X*) = range(X"). If X is Hermitian, then range(X*) = range(X).
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we have two resolutions of the identity SA = I = ATS", providing two representations of a
vector |x),

) = SAlx) = Z(@ 016:) = ATST|x) = Z(«F,- 1)164). (3.74)

Let |y) denote the vector with components (¢#;|x): we will call this the frame representation
in terms of regular coordinates. Meanwhile, let |#) denote the vector with components (¢;|x):
the dual frame representation in terms of dual coordinates.

Suppose we seek a transfer matrix 7 which takes us between the two representations.
Unless the frame forms a basis, there will be multiple choices of dual frame, and moreover,
for a given choice of dual frame, there will be multiple choices of transfer matrices 7. As you
might suspect, 7 must be a {1}-inverse of the Gram matrix G, satisfying G7 G = G. Since
G = AA" and A and A" have left and right inverses respectively, this implies ATT A = 1.
Then

ATA|x) = AT |y) = AT)Y) = |v), (3.75)

that is, the dual synthesis operator acts on |j”) to give us back |x). In this sense, 7~ delivers
perfectly good dual coordinates, but they need not lie in the range of the dual analysis operator
ST. If we select the canonical dual frame, however, then the range of S T is the same as the
range of A. Moreover, range(G) C range(A), and taking 7 = G*, range(7") = range(G)
so that 77|y) = |§) for |§) = ST|x). Finally, G|¥) = AATT A|x) = A|x) = |y) takes us back
to dual coordinates to regular frame coordinates.

3.6.3 Double sided frames

Suppose we introduce two interlocking frames, one for vectors and another for
covectors: we shall call such a construction a double sided frame, a notion implicit in the
literature, but original to us. In the context of a GPT, this would be like introducing a frame
for states consisting of reference effects {(R;|}, and a frame for effects consisting of reference
states {|S;)}. In other words, the frame vectors (or covectors) are in fact states and effects
in the GPT. If the GPT dimension is r, then we demand that the reference states and effects
both span the r-dimensional space: and in this context, we call them informationally or
tomographically complete. (We will have more to say on this notion in the following section.)
Of course, we would also like the reference effects to form a legitimate measurement, that is,
SRl = (1],

In other words, let

R=) )R] S =) 1Sl (3.76)
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be the analysis operators for states and effects, respectively. If the reference effects are
spanning, then R will have a left inverse, RER = I and similarly if the reference states are
spanning, then S will have a right inverse SS® = I. Putting these two resolutions of the
identity together, we have

S(SERL)R = SOR = 1. (3.77)
Indeed, this is a necessary and sufficient condition for such a ® to exist:

Theorem 3.6.4. Let A € FI¥" and B € F"™. Then there exists a ® € F™" such that
ADB = I iff rank(A) = rank(B) = r.

Proof. 1If A®B = I, then from

r = rank(I) = rank(A®B) <rank(A) <r (3.78)
rank(/) = rank(A®B) < rank(B) <r, (3.79)

r

we conclude that rank(A) = rank(B) = r. Conversely, if rank(A) = r, then A has a right
inverse AR, and if rank(B) = r, then B has a left inverse B-. Then we may take ® = AXBL:
in fact, by Theorem (3.4.5) such a ® is a {1, 2}-inverse. |

Now if we have any @ satisfying SOR = I, then clearly, S = RE = S® is a valid synthesis
operator for R, and R = S® = ®R is a valid synthesis operator for S: in this sense, the two
frames are interlocking. Thus if we start from S®R = I, we can derive R and S; conversely
if we start from S and R, we can obtain a Born matrix ® = RS. Of course, this is not the
only choice of ®. As we have seen, satisfying S®R = [ is equivalent to POP = P, where
P = RS: that is, ® must be a {1}-inverse of P, and unless P is invertible, there is no unique
choice. But however the twin synthesis operators are obtained, we may define dual effects
and dual states as the rows and columns respectively of

= > 18l R=) 1R (3.80)

Our two resolutions of the identity
SR=17=SR (3.81)

then yield

o) =SR|p) = Z_ 1) (Rilp) = Z P(Rilp) 15:) (3.82)
0) =SRIp) = X 1S)(Rilp) = D W(Rilp) 1) = > @y P(Rjlp)IS),  (3.83)
i i ij
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where we write W (R;|p) to signify that these quantities need not be probabilities.

As usual, the Moore-Penrose pseudoinverse plays a special role in picking out a ®@. Let
Fs and F be the frame operators for our two interlocking frames. In the canonical case, we have
S* = STF;! = ®R and R* = F;'R" = S®, and the choice of ® = S*R* = SF;!F, 'R
tells us that in fact ® = P*.
Theorem 3.6.5. If M = AB is a rank factorization, M* = B*A* = B'(BB")~1(ATA)~1AT
[71].

Finally, just as P = RS = };:(R;[S;)|i)(j|, we may define the channel operator

C=SR= > [S)(Ri, (3.84)

so that (E|C|p) = X;(E|S;)(Ri|p) = P(E|R)P(R|p) = P(E|R, p). If P is the double sided
frame analogue of a Gram matrix, then C is the double sided frame analogue of the frame
operator. In fact, C picks out yet another choice of Born matrix, namely ® = RC~2S.

Theorem 3.6.6. Let M = AB be a rank factorization and BA is invertible. Then M b=
B(BA)?Aisa {1,2,5}-inverse [71], or group inverse.

3.7 Informational completeness

3.7.1 Separation

The essence of a GPT is a state space and effect space which separate each other. This
means that states are uniquely determined by the probabilities they induce on all the effects,
and the effects are uniquely determined by the probabilities they induce on all the states. In
other words, a GPT is a model which is entirely grounded in probability assignments: it
contains no extraneous structure beyond the probabilities an agent might assign to all possible
measurements on a system. This property of “separation” may be checked in a purely linear
algebraic way, as the following theorem shows.

Theorem 3.7.1 (Adapted from [81]). Let & and & be state and effect spaces. The following
two statements are equivalent:

1. 8§ and & separate each other.
2. & separates vectors in span(S) and S separates vectors in span(§).

Proof. (2) = (1) is immediate since & C span(&) and & C span(&). As for (1) = (2):
by the assumption,

Vne S : (E|n) = (E'|n) = (E| = (E’| (3.85)
VE € § : (E|n) = (E|n’) = |r) = |n). (3.86)
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Now suppose on the contrary that & did not separate span(&). This would mean that
3|x), |y) € span(S) such that VE € & : (E|x) = (E|y) but |x) # |y). (3.87)

On the one hand, VE € & : (E|(|x) — |y)) = O tells us in particular that (1|(|]x) — |y)) = 0,
where YV € & : (1|7) = 1. On the other hand, |x) — |y) € span(&) so we can express it as a
linear combination of states |x) — |y) = >; @;|n;) yielding

(11(1x) = 1) Zaxlm)—Zal—o (3.88)

Separating out the nonnegative from the negative components in the linear combination, we
have } ;.50 @ = Xg.<0 l@i| = N for some N. Thus

)= St =Y Wy, (3.89)

;>0 ;<0

are both convex combinations of states and so states themselves. Therefore

VE €& : %(EI(Ix) ) = —(EI Zmlm) = (E| {Z Sl - Y S8 Lol } (3.90)

;>0 ;<0

= (E|(|0'+) —lo7) =0. (3.91)

But since the effects separate the states, VE € & : (E|ot) = (E|o™) implies that |[o%) = |o7).
But |0%) - |[07) = %(|x) — |y)) this implies that |x) = |y), contradicting our original
assumption. We conclude & separates span(&) after all.

We use a different proof strategy to show that & must separate span(&). Again
assuming the contrary means that

(x|, (y| € span(&) such that Vr € & : (x|7) = (y|x) but (x| # (y]. (3.92)

In other words, Vzr € § : ((x| — (y])|7r) = 0. Now suppose we pick an effect (eo| in the
relative interior [105] of the effect space. Recall that a point is in the relative interior of a set
S just when there exists an € > 0 such that the intersection of a ball of radius € centered on x
with the affine hull of S is contained in the set: the relative interior is appropriate for talking
about the interior of a set which is confined e.g., to a subspace. Since the effect space contains
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the O vector, in fact, its affine hull is the span(8)3. Then for sufficiently small € > 0, let

(e| = (eol + €((x] = (¥])- (3.93)
Since (ep| is in the relative interior, then (e| will be a valid effect. But
Vi (e|n) = (eolm) + €((x] = (Y]))I7) = (eoln), (3.94)

showing that the 7’s can’t distinguish (eg| from (e|. But this contradicts our assumption: we
conclude that & can separate span(§&) after all. O

Corollary 3.7.1.1. Let {(R;|} be a set of effects whose span is span(8) and {|R;)} be a set
of states whose span is span(S). Then the probabilities P(R|p) suffice to characterize any
state p and the probabilities P(E|R) suffice to characterize any effect E. We call {(R;|} and
{|R;)} informationally complete, and we call a preparatory measurement characterized by
the conditional probability matrix P(R|R) a reference measurement.

In our earlier development, we took the existence of a reference measurement as an
assumption. If we start instead with an arbitrary GPT, is there guaranteed to be a reference
measurement? We reproduce here a proof given in [41, 106] that informationally complete
measurements exist in any GPT which allows all mathematically possible effects, that is, which
satisfies the no-restriction hypothesis. In fact, it shows that minimal IC (MIC) measurements
always exist, where n = r: the number of outcomes is precisely the dimension of the GPT.
The effects of a MIC therefore form a basis, and so ® = P(R|R)!.

Theorem 3.7.2. There exists a MIC in any GPT satisfying the no-restriction hypothesis.

Proof. Pick an arbitrary basis {(b;|}!_,. We have };(b;| = (s|, whatever (s| may be, but
we can always find some invertible matrix V which takes (s|V = (1] so that the covectors
(b?] = (bi|V sum to (1]. Now let m be the minimal value attained by any of the (b’|’s on any
of the states p of the GPT, that is, m = min; ,c5(b}|p). Because the state space is assumed
compact, the minimum can be attained. In finite dimensions, every linear functional is
continuous, and so the image of f(p) = (E|p) : & — R must be itself compact. Thus the
minimum is some finite value. Clearly, (b}| = (b}| — m(1] satisfies

Vi,p € 8 1 (b]1p) = (bllp) = m > min(b{lp) - m > 0. (3.95)
i,pe

3Recall that aff(§) = {3, aix;,x; € S, Y, @; = 1}. If 0 € S, then we can extend y = ; ;x; + (1 — @)0
where @ = }; ;. Then y is written as an affine combination. In the other direction, an affine combination is
already a linear combination.
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Moreover, };(b”| = (1 — rm)(1| so that };(b/|p) = 1 —rm > 0, since each term is
individually nonnegative, and they are assumed to not all be identically 0. Thus let

1

R;| =
(Ril 1—rm

((bi|V—m(1|). (3.96)

(R;| must still span the space, and since there are r elements, it must form a basis. Moreover,
the (R;| are nonnegative on all states, and sum to (1|, and so represent a logically possible
measurement. ]

Remark. Any measurement is informationally complete for some set of states and effects.

Remark. In particular, one may always construct an equiangular measurement in no-
restriction GPT. One simply begins with a regular (r — 1)-simplex with r vertices. Then as in
the theorem, one shrinks the simplex until the effects corresponding to the vertices (obtained
by adding in a component proportional to (1|) are nonnegative on all states in the GPT. Such
effects must form a linearly independent basis.

Remark. In any GPT, not just no-restriction GPTs, reference measurements exist. At worst,
one may simply consider all allowed measurements: the effects of each individually sum to
(1] so that they may be rescaled to form one single measurement. Since GPT effects must
separate the states, this will be a reference measurement.

3.8 de Finetti for GPT’s

Using informationally complete measurements, [106] proves a de Finetti representation
theorem for a wide class of GPT’s*. Analogous to the classical de Finetti representation
theorem, this theorem gives a subjective Bayesian justification for when one can act as if
repeated reference measurements are estimating “unknown states.”

Theorem 3.8.1. Suppose |p") € V®" is exchangeable, meaning that it is
(a) invariant under permutations of the n systems;

(b) n-fold nonsignalling, that is, nonsignalling across every bipartite split: this means that
the marginal probability of obtaining an outcome on system A does not depend on what
measurement is done on B;

(c) extendable, so that |p") may be obtained as the marginal of a state |p") for any N > n,

then |p") may be uniquely expressed

") = /S du(p)1p)®", (3.97)

“In fact, they work in the essentially equivalent framework of “test spaces.”
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where u is a unique probability measure on the single system state space & which is
independent of n.

The authors adopt the proof strategy of [73] in the setting of quantum mechanics:
they introduce an informationally complete reference measurement to express |p") as a
joint probability distribution on n copies of the reference measurement, and then appeal to
the classical de Finetti theorem. A crucial assumption, then, is that performing reference
measurements separately on each part of the collective is equivalent to performing a reference
measurement on the whole: this assumption is usually called local tomography. A famous
example where local tomography fails is quantum theory over the real numbers.

3.9 Conclusion

In this chapter, we have explored the properties of the Born matrix @, seeing that
it must form a {1}-inverse of P(R|R), the conditional probability matrix that characterizes
the reference measurement. Further pushing the notion of nonclassical coherence allowed
us to derive fundamental subspace restrictions for states, effects, and valuations. Using the
technique of rank factorization, we then showed that the QBist framework is essentially
equivalent to that of the framework of generalized probabilistic theories, allowing results of the
latter to be imported into the former and vice versa. We now turn to the question of what is the
simplest form the fundamental nonclassical coherence condition P(E|p) = P(E|R)®P(R|p)
can take, showing that in GPT-land, it may almost always be expressed as a particularly gentle
modification of the law of total probability.
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CHAPTER 4
DIE URGLEICHUNGEN

4.1 Introduction

As we have seen, on very general principles, we may derive a nonclassical coherence
condition

P(E|p) = P(E|R)®P(R|p), (4.1)

where @ is any {1}-inverse of P(R|R), the conditional probability matrix that characterizes
the reference measurement. In particular, in quantum theory, if the reference measurement is
taken to be a SIC-POVM [58], we arrive at the QBist Urgleichung, or fundamental equation,

P(Elp) = Z P(E|R)) {(d + )P(Rilp) - é} : 4.2)

which looks quite close to the law of total probability: the only difference is that one rescales
and shifts the reference probabilities P(R|p). Now this precise expression is unique to a SIC,
but a SIC is an example of a so-called quantum state 2-design, and any measurement forming
a 2-design will enjoy a similar expression [6]. More generally, we can ask: in any GPT, when
it is possible to choose a reference measurement which yields a Protourgleichung,

P(Elp) = ), P(EIR){aP(Rilo) + (1 = ) P(Ri0)}, (43)

where u represents a state of complete uncertainty? If & = d + 1 and P(R|u) = 1/d?, as it
does for a SIC, we recover the Urgleichung itself. We now show that in fact such expressions
are ubiquitous in the landscape of GPTs: in a GPT which allows all mathematically possible
states and effects, a set of reference states may be chosen so that any reference measurement
gives rise to a Protourgleichung. An equivalent condition can be stated in terms of the channel
operator associated with the reference measurement: it must be depolarizing, and we show
that this places restrictions on the action of P(R|R). We then explore in our terms the recently
introduced notion of morphophoricity [6, 76], the idea that a reference measurement maps a
state space into the probability simplex in a shape preserving way, providing an alternative
proof that such measurements correspond to the tight IC-POVMs pioneered by Andrew Scott
[77]. Finally, we examine critically a measure of nonclassicality found in the QBist literature,
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|1 — ®|| with respect to any unitarily invariant norm [78], showing that in the overcomplete
case, this measure is unable to capture the essence of the Protourgleichung in a univocal way.

4.2 Bloch form

In what follows, it will prove useful to bring our states and effects into a standard Bloch
(block) form. First we would like the normalization functional, corresponding to P(1|R), to

be represented as (1| = (1,0,...,0) so that states can be represented as
) = (— (4.4)
p po |’ '

We would also like to distinguish a particular state |u) to represent the “state of complete
uncertainty.” In some GPTs, there is a unique choice of such a state. For example, in classical
probability theory, such a state would correspond to (1/n, ..., 1/n). Notice that this is the
unique state which is invariant under all the symmetries of the state space which in this case
are permutations of the simplex vertices. In quantum theory, such a state would correspond
to I /d: similarly, this is the unique state invariant under the unitary symmetries of the state
space. More generally, given a GPT state space, we may consider a state |x) which is invariant
under the reversible transformations which preserve the state space, and adopt this as the
“state of complete uncertainty” [37, 76]. But in general, there may not be a single unique such
state [107]. Moreover, in classical and quantum theory, several ideas coincide: a state which
is invariant under state space symmetries, the geometric center of the state space, the maximal
entropy state. In terms of our reference measurement formalism, we might be inclined to
pick a state corresponding to an eigenvector with eigenvalue 1 of P(R|R): indeed, since
P(R|R) is column stochastic, it must have at least one such eigenvector which is a probability
distribution [108]: but in general, it will not have a unique such eigenvector. Thus the choice
of |u) depends essentially on the nature of the GPT. Of course, the simplest solution is to take
the uniform average of all the extremal states. For our purposes, however, it suffices merely to
distinguish some state |u) in the interior of the state space, and we leave open the question of
how to choose it. We will then work in a representation such that |u) = (1,0, ...,0)".

Lemma 4.2.1. Any finite-dimensional GPT can be brought, non-uniquely, into Bloch form:
for a choice of normalized state |u), one may choose coordinates such that

1

0
(1]=(1 0 ... 0) lw) =1| .1, 4.5)
where (1| is the normalization functional.
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Proof. LetV be the r dimensional real vector space spanned by the states of the GPT, and let
(1] € V* be the unit effect such that V|p) € & : (1]p) = 1. Choose a normalized state |u).
Every vector |v) € V decomposes uniquely as

[v) = (1)[w) + [vo), (4.6)

where |vg) = |v) — (1|v)|u) and (1]|vg) = 0. We can thus split V = R|u) & V) where we shall
call Vo = {|x) € V : (1|x) = 0} the “traceless subspace.” Picking a basis {|b1),...,|b,-1)}
for Vj, we may define an invertible matrix

B=(lw) Ib1) --- |bro1)). 4.7

Then (E|p) = (E|BB~!|p) = (E’|p’) shifts us into the new coordinate system in a probability
preserving way. In particular, since B(1,0,...)" = |u),

1
W) =B =|0f. (4.8)

At the same time, since (1|u) = 1 and (1]b;) = 0,
(1'l=1|B=(1,0,...), 4.9)

as desired. The choice of block representation is not unique, since it depends on the chosen
normalized state |u) and on the choice of basis for V. O

In what follows therefore without loss of generality, we will assume that (1| =
(1,0,...) and |u) = (1,0,...)7 so that effects and states may be expressed

(El = (w|Eo) p) = (p10) (4.10)

where w = P(E|u). Moreover, a measurement may be expressed as a block matrix whose
rows are effects,

E=|w| E |, (4.11)

where w is a column vector of weights satisfying 3" ; w; = 1 and the columns of Eq € R (=1
sum to 0. Thus Y.",(E;| = (1|, or more compactly, u'E = (1| where u" = (1,...,1).
Interpreting |u) as the state of complete ignorance, the weights w; can be understood as
the biases of the measurement P(E;|u) = w;: even in the state of complete ignorance, the
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gambler might nevertheless assign nonuniform probabilities to the outcomes of a measurement
signifying its bias.

4.3 Ubiquitous Urgleichung

An operator R representing a measurement can be thought of as a linear map from the
state space into the probability simplex, P(R|p) = R|p). Expressing it in block form makes
clear that it can alternatively be understood as an affine transformation from the traceless
subspace instead,

P(Rlp) =Rlp)=| w| Ry (p10) = w + Ropy. (4.12)

Assuming that {R;} is an informationally complete measurement, if we were to demand that
the quasiprobabilities W(R|p) = R|p) be close as possible to P(R|p) = R|p), we could do
no better than to assume that

W(Rlp) = w + aRopo, (4.13)
for some choice of a single parameter . Comparing Eq. (4.12) and Eq. (4.13), we have
W(R|p) = a(P(R|p) —w) +w = aP(R|p) + (1 — &) P(R|u), (4.14)

since w = P(R|u). Recalling that P(E|p) = P(E|R)®P(R|p) = P(E|R)W(R|p), we obtain
what we shall call the Protourgleichung,

P(Elp) = ) P(E|R;)®;cP(Ri|p) (4.15)
ik
= 2 P(EIR){aP(R/lp) + (1 - )P(R; )}, (4.16)

J

that is, we may take ® = oI + (1 — a)wu'. Can this always be achieved? We now establish
the following theorem:

Theorem 4.3.1. Given an informationally complete measurement with n outcomes in a
no-restriction GPT of dimension r with a distinguished interior state |u), one can always
choose a set of reference states which furnish a quasiprobability representation W (R|p) =
aP(R|p) + (1 — @) P(R|u), for some parameter |a| > 1.

82



Proof. Let

S = R=|w| aRg |. (4.17)
So

The Born identity requires that SR = 1. We have

1.1
(10

- (Sow CL’S()R()) ’ (4'18)

T T
W oRy _ (u w au Ro)

So S()W a’SoRo

where the last follows from u"w = 1 and u"Ry = 0. To satisfy the Born identity, then, our
states S must satisfy

S()W =0 aS()R() = Ir—l- (4.19)

The measurement matrix itself is

R=| w| Ry |. (4.20)

By informational completeness, it must have (not uniquely) a left inverse RY, which we may
express in block form as

¢
RL:( L). (4.21)
RO
Indeed,
¢ tw (R 1 0
RIR = w Rp) = = , 4.22
[ 0 %= (st i) = (0 1) 422

so that Réw =0 and R(L)RO = I,_;. We conclude that if we take Sy « Ré , we can satisfy the
two constraints in Eq. 4.19. The key is to choose the constant « so that |S;), the columns of
S, are valid states. To this end, let Sg = a_lRé where a has been chosen so that

1
Vi,E€é&:(E|S)=(E|E) ( = E;+—Eo- (RL); >0, (4.23)
o

L(RE);
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where (Ré)i denotes the i’th column of Ré. Now E; = P(E|u) > 0 since we chose |u)
to be an interior state. Thus we can ensure Vi, E € & : (E|S;) > 0 by choosing |a| > 1
sufficiently large. That such an @ can always be found follows from the same considerations as
in Theorem 3.7.2: the set of effects is assumed to be compact, and in finite dimensions, linear
functionals are all continuous, so that f(E) = (E|S;) sends the effect space to a compact
subset of R on which the function attains its minimum and maximum. Moreover, because we
work in a no-restriction GPT, 8§ = {p | VE € § : (E|p) = 0}.

In short, we select some left inverse RE of the measurement matrix R. The latter
r — 1 rows of RE form a left inverse Rg of Ry which additionally satisfies Réw = 0. We then
take Sg = éRé where || is chosen sufficiently large that |S;) are valid states. Thus Sow = 0
and aSoRy = I,_1, as desired, and since SR = I, S has a right inverse, and so r linearly
independent rows: the states |S;) are informationally complete. Finally, since w = P(R|u),
we have R|p) = @P(R|p) + (1 — @) P(R|u) as desired. O

Remark. The condition Sow = 0 amounts to Sw = |1): the weighted average of the reference
states is the state of complete uncertainty. In a self-dual theory, and for an unbiased
measurement, this implies that the reference states themselves correspond to a measurement.

Another perspective on this construction is provided by considering the channel
operator corresponding to reference measurement C = 3%, [S;)(R;|. Notice that (E|C|p) =
P(E|R)P(R|p). We can understand this in reflection terms: the gambler is now contemplating
their future where they expect first to perform the reference measurement followed by an
arbitrary final measurement {E;}. What state should they use now to assign probabilities to
the final measurement: precisely, C|p) = >; P(R;|p)|S)).

Corollary 4.3.1.1. A reference measurement furnishes a Protourgleichung with quasiproba-
bilities W(R|p) = aP(R|p) + (1 — @) P(R|u) iff its channel operator is depolarizing with
parameter 1/a.

Proof. Working out the form of the channel operator under the assumptions of Theorem
(4.3.1) yields

I ... 1
SR = wl| Ro (4.24)
So
u'w u'Ry 1 0
h (S()W S()R() B 0 ér—l (4'25)
_ 11+(1 _l)m(m, (4.26)
o’ a
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implying the reference measurement acts as a depolarizing channel with parameter 1/,

1 1
lp) = —lp) + (1 - —) 1) (4.27)
a a

The argument can be read in reverse so that the assumption that the channel is depolarizing and
informationally complete implies a quasiprobability representation of the desired form. O

Remark. It may be useful to see step by step “why” the Protourgleichung works. We begin
by inserting the Born identity into the expression for P(E|p),

P(Elp) = E|lp) = E [SPR] |p). (4.28)
If © acts as a Protourgleichung, we have
— ES [a'R|p) +(1- a)P(R|,u)] - E[a'SR|p) +(1- a)SP(R|,u)]. (4.29)

But we know that SR is just the channel operator C, which is depolarizing with parameter 1/,
and SP(R|u) = |u). The effect, then, is simply to balance depolarization with repolarization,

—E|a [1|p) + (1 - l) 0|+ (1 - @)l (4.30)
(04 (04
=E|lp) - (1= )l + (1 - ) )] (4.31)

Remark. In the case that « = 1, W(R|p) = P(R|p): the Protourgleichung collapses back
to the law of total probability. Since R = R, the channel operator is simply the identity
C = SR = I, which implies that P* = R[SR]S = RS = P: the conditional probability matrix
which characterizes the reference measurement is a projector. Moreover, notice that

VE.p: (Elp) = | (EIS||RIp)| = P(EIR)P(RIp). (4.33)

Thus S provides a linear map which embeds the effect space into the hypercube dual to the
probability simplex, and R provides a linear map which embeds the state space into the
probability simplex itself in such a way that all probabilities P(E|p) are preserved. We have
therefore constructed a simplex embedding, or equivalently a noncontextual ontological
model [79, 82]: in short, if we can take a = 1, then our GPT must be equivalent to a classical
theory. In the sequel, we shall discuss the possibility of classical representations more
thoroughly.

For a depolarizing reference measurement constructed according to the above pre-
scription, the conditional probability matrix P(R|R) which characterizes the reference
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measurement takes the general form,

P(RIR)=RS=| w| Ry (4.34)

So

= wu" + RoSo. (4.35)
We then have the following theorem:

Theorem 4.3.2. The conditional probability matrix P = P(R|R) which characterizes a
depolarizing reference measurement acts on vectors y € col(P) in its column space as

1 1
Py=—y+ (1 - —) w, (4.36)
a a

wherew = P(R|u) andy denotes the sum of the components of y. If the reference measurement
is a MIC, then in fact

P(RIR) = él + (1 - é) wu', (4.37)

and if moreover the reference measurement is unbiased, then P(R|R) = al + bJ, where J
is the matrix of all 1'’s with a = 1/a and b = (1 — 1/a)/r, that is, P(R|R) is compound
symmetric.

Proof. From P = wu' + RoSp and using the fact that Sow = 0, we see that Pw = w.
Moreover, since P is column stochastic, u'P = u'. By construction POP = P where
® =al + (1 —a)wu',oraP?>+ (1 —a)wu’ = P. Now suppose y = Px € col(P). Noticing
that wu' Px = wu'x, we have for y € col(P),

aPy+ (1 - a)quy =y, (4.38)

or
1 I\ _
Py=—y+|1-—]yw. (4.39)
a a

Now if the reference measurement is a MIC then P(R|R) is an r X r invertible matrix and
col(P) =V, the entire vector space so that

P(R|R) = é[ + (1 - é) wu'. (4.40)
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If the measurement is unbiased, then w = u/n, and P(R|R) = al + bJ where a = 1/a and
b=(1-a)lr. O

Remark. Supposing y € col(P) is a probability vector P(R|p), we have

P(RIR)P(RIp) = ~P(R|p) + (1 - é) P(RIp). (4.41)

We could have proven this equally well starting from the structure of the channel operator.

Lemma 4.3.3. Let {R;} be a depolarizing reference measurement such that ® = al + (1 —
a)wu'. Then P(R|R), the conditional probability matrix which characterizes it must have 1
eigenvalue equal to 1, r — 1 eigenvalues equal to 1/, and the rest 0.

Proof. Recall P(R|R) = wu' + RpSo, and that: ulw = 1, u'Ry = 0, Sow = 0, and
SoRo = @~ !I,_;. We first note that

P(R|R)w = wu'w + RoSow = w, (4.42)
so that w is an eigenvector with eigenvalue 1. Meanwhile, for any vector x,
P(R|R)Rox = wu'Rox + RoSoRox = ™ 'Ry, (4.43)

so that every vector in col(Ry) is an eigenvector with eigenvalue o~!. Since u'w = 1, but
u'Rg = 0, we conclude that w ¢ col(Rg). We have so far accounted for  linearly independent
eigenvectors. Finally,

rank(P(R|R)) < rank(wu') + rank(RoSo) < 1+ (r — 1) = r, (4.44)

so that the remaining eigenvalues are zero. O

4.4 Morphophoricity

The key to the construction of a depolarizing reference measurement is the demand
that

CVS()R() = Ir—la (4.45)

so that Sg = éRé where « is chosen so that the resulting states are nonnegative on all effects in

the GPT. Suppose however that we further demand that the reference states take the particular
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form

S = (4.46)

-1 ;
cROW

where W~ is the diagonal matrix with the reciprocals of the weights 1/w; along the diagonal.
If the constant ¢ were equal to 1, this would amount to taking |S;) = (1/w;)|E;), that is, to
taking the reference states proportional to effects. This is always possible in a self-dual GPT:
otherwise, employing the same trick as before, one may choose the constant ¢ to sufficiently
depolarize the prospective states until they are nonnegative on all effects. Either way, we’ll
call such a reference measurement a parallel update reference measurement. By the same
reasoning as in Corollary (4.3.1.1), if such a measurement is to furnish a depolarizing channel,
we must have

acRIW™ 'Ry = I,_4, (4.47)

orSy = CRSW_l = éRé, and since c is fixed by the demand that cRZ)W_1 furnish valid states,
this fixes the value of @. Finally, yet another way of saying it is that we require that the
columns of Ry be orthonormal with respect to the metric provided by M = acW=!.

If this is possible, we have the following interesting consequence. Recalling that
P(R|p) = R|p) = w + Rypg, we have

IP(RIp) = P(RIo)|[3 = |IW + Ropo — w — Roaro| [, (4.48)
= IRo(p0 — o0)|[%, (4.49)
= (po — U'O)TRZ)MRO(PO — 09) (4.50)
= (po - 00) acR{W™"Ro(po — 09) 4.51)
= |leo - o[- 4.52)

In other words, up to the diagonal metric M, the measurement map from the traceless subspace
into the probability simplex preserves Euclidean distances. We’ll call such a measurement
weighted morphophoric. In particular, for an unbiased measurement, we have RSRO = ﬁl
so that the traceless part of the effects form a tight frame for the traceless subspace (the

subspace orthogonal to |u)), and

2
’

1
[P(R), = P(R)o | = ——]lo0 ~ o (4.53)
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that is, the measurement map is a similarity with respect to the Euclidean metric on both the
probability simplex and the traceless subspace. Such a measurement is properly morphophoric.

Remark. “Morphophoric” in Greek means form-bearing: indeed, a morphophoric mea-
surement embeds a state space into the probability simplex in a shape preserving way. The
terminology was introduced in the quantum mechanical setting in [6]. A rigorous mathe-
matical treatment of the subject in the more general setting of “geometric GPTs” equipped
with inner products can be found in [76]. Morphophoric measurements in general yield
Urgleichung-like expressions which are somewhat more sophisticated; we confine our interest
here to the very simplest deformations of the law of total probability which correspond to
quasiprobability representations of the form W(R|p) = aP(R|p) + (1 — @)P(R|w). This
motivates our introduction of the notion of weighted morphophoricity, that is, the demand
that RSW_IRO oc [ in order to handle biased measurements on equal footing with unbiased.

Lemma 4.4.1. Weighted morphophoric measurements exist in any no-restriction GPT of
dimension r with a distinguished interior state |u), for any number of outcomes n > r and
arbitrary choice of biases w; > 0 and ),; w; = 1.

Proof. We seek R, S of the form

Foo (4.54)
cROW

Pick r — 1 orthonormal vectors in the subspace orthogonal to W'/2u, and use them to
build an n x (r — 1) matrix Ko such that ngl/zu = 0. Then let Ry = (ac)”'2W1/2K,.
Clearly, u'Ry = 0 and moreover, acRSW‘lRO = KSKO = I,_1. As in Theorem 4.3.1, by
taking || sufficiently large with ¢ = 1, the traceless part of (R;| can be made arbitrarily
small and so since w; > 0, the (R;|’s can be made positive on the compact state space.
This is enough to ensure they are valid effects since we work in a no-restriction GPT:
E={E|Vped&:(Elp) €[0,1]}. Similarly, since |u) is interior, vectors sufficiently close
to |u) will be valid states: thus we can take |c| sufficiently large that |S;) are positive on
the compact effect space. Since Ry has rank r — 1, the effects (and states) span the full
r-dimensional space, giving informational completeness. O

Suppose we have a weighted morphophoric measurement. We have shown that if we
consider the (properly depolarized) states proportional to the reference effects, they furnish a
depolarizing channel. But we are not limited to that particular choice of reference states: as
we have also seen, any S built from a left inverse of Ry will suffice. There is a special case,
however.

Theorem 4.4.2. For a weighted morphophoric MIC reference measurement, the choice of
reference states which furnish a depolarizing channel is fixed up to sign.
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Proof. From Theorem (4.3.1), given a choice of reference effects, we require of the reference
states that they satisfy SSoRo = I,_1 in order for the resulting channel to be depolarizing. At
the same time, morphophoricity demands Eq. (4.47), that is, acRgW_lRo = I,_1. Hence

(acR{W™" = BSo)Rg = MRy = 0. (4.55)

For a MIC, R(T) € C;r__ll)xr: by the rank nullity theorem, therefore, dim(null(R(T))) = 1.
Because the reference effects sum to (1|, we have Rz;u = 0, and so null(Rg) = span(u).
Meanwhile, denoting the ith row of M by m;(, we have Rgmi = 0: that is, each of the m;
must lie in null(R(T)) = span(u). Thus every row of M must be proportional to u" so that we

can write M = xu’ for some x € F"~!. From Theorem (4.3.1), we also have Syw = 0 and
R(T)W_lw = R(T)u = 0. Thus Mw = 0. But also Mw = xu'w = 0. But since the weights must

sum to 1, we conclude that x = 0, and so M = 0, and that ochgW‘l = Sp. For a weighted
morphophoric MIC, the choice of depolarizing reference states is essentially fixed up to c: we
assume one takes |c| as small as possible. Note, however, that we can take Sg = —cRgW_1
and B = —a: hence the reference states are fixed up to sign. O

Corollary 4.4.2.1. Suppose we have an unbiased morphophoric MIC reference measurement.
Its depolarizing reference states are fixed up to sign to be proportional to effects (modulo
c). By Theorem 4.3.2, the conditional probability matrix which characterizes the reference
measurement must be compound symmetric, that is, of the form P = al + bJ. Thus any
unbiased morphophoric MIC measurement is a SIC, that is, a symmetric informationally
complete measurement, forming a regular simplex in the effect space. Note, however, that
such measurements need not be extremal, that is, lying on the boundary of the effect space.
As we have observed, it is easy to see that nonextremal SICs exist in any GPT: one may simply
embed a sufficiently small (r — 1)-simplex (with r vertices) in the effect space such that the
effects are non-negative on all states.

4.4.1 An example from quantum theory

Consider the following extremal symmetric informationally complete measurement
(SIC-POVM) in d = 2 quantum theory. The effects can be written in terms of Pauli matrices,

R0=%(1+%(0'x+0'y+0-z)) R2=%(1+%(—‘Tx_o'y+o'z)) (4.56)
R, =%(1+%(0x—0'y_0z)) R3=4—11(1+%(—0x+(fy—%))’ (4.57)
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or more compactly in the Bloch representation,

111

L1 -1 -1

R=(4u|Rg) RO:R_1 R
-1 1 -1

(4.58)

T
Since quantum theory is self-dual, we can choose states proportional to effects S = (H)’ n
0

which case RSW_IRO = 4R8R0 = (1/3)I so that @ = 3 (and ¢ = 1). Then SR corresponds
to a depolarizing channel with parameter 1/3,

1 2
lp) = §|p) + glu), (4.59)

and we have the Urgleichung
1
P(Elp) = Z P(E|R) [3P(R,~|p> - 5] : (4.60)

Alternatively, however, we could choose the states antipodal to the aforementioned, which
-’.
also form a SIC, that is, we could take S’ = (ﬁg), in which case Sp = —RSW—1 = —4R(T)

and @ = —3. Then

1 4
lp) = —glp) + glu) (4.61)

with P(E|p) = X; P(E|R;) [-3P(R;|p) + 1]. In quantum theory, complete positivity for a
depolarizing channel demands that —1/(d? — 1) < 1/a < 1[109]. Indeed, when d = 2, the
lower bound becomes —1/3, which this latter channel saturates. Thus for both choices of
reference states, we have a valid depolarizing channel. It is worth remarking, however, that
the latter choice also leads to an inversion of the state space. For an arbitrary GPT, it may
or may not be the case that the channel with an inverted depolarization parameter is a valid
channel.

44.2 Tight IC-POVMs

Thanks to the pioneering work of Andrew Scott, it has long been known that in
the case of quantum theory, measurements which give rise to tight frames for the traceless
subspace (called tight IC-POVMs) correspond to so-called complex projective 2-designs [77].
We will have more to say about 7-designs in the sequel: here we confine ourselves to giving
an alternative proof using the formalism we have developed in this chapter.
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Theorem 4.4.3. In quantum theory over C, weighted morphophoric reference measurements
whose effects are extremal correspond to weighted complex projective 2-designs.

Proof. For a depolarizing reference measurement, we have

L 1 1
C=SR= § 1S) (R;i| = El + (1 - 5) ) (1] (4.62)
i=1

Given that we are working with quantum theory over C, we can interpret this expression in
terms of vectorized operators, which will be elements of cd’ [110]. Let|A) = (A®I) Zflz i 8)
be the (row) vectorization of A. It consists of the rows of A laid end to end to form a column
vector. Then

d d
(AIB) = | ) (.il(ATeD|[(BoD) ) |j,j>] (4.63)
i=1 j=1
= Z<i|ATB|j> ® (i|j) = Z(i|ATB|i> = tr(ATB). (4.64)
ij i

In other words, (A|B) reproduces the Hilbert-Schmidt inner product tr(A'B) on operators.
Note that in this case (A| really does mean the conjugate transpose of |A).

In this formalism, the vectorized identity operator (/| = (1] is the normalization
functional, while 5|I ) = |u) corresponds to the maximally mixed state. Thus

- 1 1\ 1
DUISHR] = —1p2 + (1 - —) = 114) (Lal. (4.65)
— @ ald

Taking the trace of the right-hand side of Eq. (4.65), we find
< 1, 5 1)1 1, ,
Ztr(RiSi) =~ @)+ |1-=|=(d)=—=(d*-1)+1. (4.66)
par a ald o’

Quantum theory over C is a self-dual theory, and so we can always take reference states
directly proportional to effects: thus let R; = tr(R;)S;—this along with the depolarizing
assumption amounts to weighted morphophoricity. Moreover, let us assume that our states
are pure so that tr(Sl.z) = 1. Then taking the trace of the left hand side of Eq. (4.65), we find

n

Z tr(R;S;) = Z tr(R)tr(S;S;) = Z tI'(Rl') =1r (Z Rl') = tr(l) =d. (4.67)
i=1 i=1 i=1

i=1
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Equating these two expressions fixes the value of a:
1
“(d-D+l=d=a=d+1. (4.68)
o

Thus our channel operator becomes

& 1 \1
C =) tr(R)|S)(Si| = Ip+(1-—| =1 4.69
;m DISH(Sil = 1z ( d+1)d|d><d| (4.69)
- m(1[,2 4 |1d)(1d|). (4.70)

Normalizing so that the trace of both sides is 1, we find
. 1

15:)(S; :—(1 1) ) 471
;w D(Sil = Zegy e + Ha) Ul (4.71)

where w; = tr(R;)/d so that )}, w; = 1. Considering the right hand side of Eq. (4.71), notice
that we can rewrite it as

Ip + 1) gl = Ta® I+ ) 17, )<k, k. (4.72)
Jjk

Taking the partial transpose of the second tensor factor and multiplying by %, we find:
1 1
: (Id ® I+ Z 1, k), ] |) (Id ® I+ SWAP) My 4.73)

where Il is the projector onto the permutation symmetric subspace of two tensor factors.
Considering the left hand side of Eq. (4.71), we must also take the transpose of the second
tensor factor. It is a useful lemma that for a pure state S = ) (y/|, we have |S)(S| = S ® ST.
We conclude

2
ZwS@S T (4.74)

Meanwhile, Schur-Weyl duality tells us that the integral over tensor powers of pure states is

sm’ 1
[ i - Ty = T 475)
d-1
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which in the case of t = 2, delivers us

[ rwiPas = 42ty - Zw DEXS .76)

(d

Indeed, this is the defining equation for a weighted complex projective 2-design, showing that
such designs coincide precisely with pure weighted morphophoric reference measurements
[77] in quantum theory. O

Corollary 4.4.3.1. For a pure weighted morphophoric reference measurement in quantum
theory, we have a = d + 1 so that W(R|p) = aP(R|p) + (1 — a) P(R|u) becomes

W(R|p) = (d + )P(R|p) — dP(R|p). 4.77)

For an unbiased measurement:

d
W(R|p) = (d+ 1)P(R|p) — ;u (4.78)
For a MIC, with n = d*:
1
W(R|p) = (d+ 1)P(R|p) — Eu (4.79)

It has long been known that the unbiased complex projective 2-designs with the minimal
number of elements correspond to pure SICs [111] with P(R;|R;) = 521]:1)’ if indeed SICs
exist in any dimension [112, 113]. We then arrive at the Urgleichung [2],

42
P(Elp) = Z P(E|R))

J=

(d+ D)P(R;|p) — = (4.80)

Remark. In appendix 4.7, we give the analogous result for quantum mechanics over R.

4.5 The LTP Deformation

As we have seen, the only difference between the law of total probability and our
nonclassical coherence condition is the presence of the Born matrix ®, a {1}-inverse of
P(R|R), the conditional probability matrix which characterizes the reference measurement
itself. Inspired by this, [78] introduced the distance between the identity and ® with respect
to any unitarily invariant matrix norm' as a measure of the nonclassicality of the reference

1
IFor example, a Schatten p-norm ||A]| = (2 o-l?’ )7 where the o’s are the singular values of A [108].
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measurement,
D(®) = || - D] (4.81)

We shall call it here the LTP deformation. By minimizing this quantity over all allowed
reference measurements with a certain number of outcomes, one obtains the irreducible LTP
deformation, a property of the underlying theory itself (e.g., d dimensional quantum theory
over C), and which is meant to be a measure of nonclassicality on grounds that classically one
may always pick a reference measurement for which ® = [, simply reading off an objective
property of the system without disturbing it. The conclusion of [78] was among all minimal
informationally complete (MIC) measurements (with d> outcomes), parallel update SIC
reference measurements achieve the irreducible LTP deformation in all dimensions—if they
exist.

Now for a MIC, the reference states and effects must form bases, and we have
® = P(R|R)~! univocally. But if we want to calculate D (®) for “overcomplete” reference
measurements, we must make a choice of Born matrix. We therefore introduce the minimal
LTP deformation

Duin = min ||l - ®|| st POP =P, (4.82)

which is a constrained convex optimization problem. In particular, the Frobenius norm
squared is strictly convex, and since the feasible set is itself convex, the problem in this case
has a unique solution [105]. One can further obtain the irreducible LTP deformation by
minimizing over both reference measurements with a certain number of outcomes as well as
over @ itself.

But this quantity may be misleading. On the one hand, we have seen that for any
depolarizing reference measurement we may take ®; = af + (1 — @)wu'. This is arguably
the simplest Born matrix in algebraic terms. It gives an LTP deformation of e.g.,

1 =@ llF = |1 = alVn(l +|lw]?) - 2. (4.83)

which in the unbiased case becomes ||/ — ®@||r = |1 — @|Vn — 1. But in general this will not
be the @ matrix which gives the smallest possible LTP deformation for the given measurement.
In other words, in the non-MIC case, there may be a divergence between algebraic simplicity
and matrix distance. For example, there are other ® matrices that act as a Protourgleichung,
that is, which act just like @ = o + (1 — @)wu' on the relevant subspace, but which may
have different D (®) values. For example, putting two forms of the Born identity together

95



SR = SR = I yields SRSR = I so that we may take

® =RS=| w| aRy (4.84)

=wu' + a’RpSy. (4.85)

This Born matrix indeed acts as a Protourgleichung for a depolarizing reference measurement.
Since P(R|p) = R|p) = w + Rypg, we have

®,P(R|p) = [wu' + a®RoSo| [w + Ropo] (4.86)
=w+ Q’ZR()S()R()p() (4.87)
=w + aRoppo (4.88)
= aP(R|p) + (1 — @) P(R|p), (4.89)

where we have used the fact that aSoRg = I. If we suppose that this Born matrix is
unitarily diagonalizable, that is, a normal matrix, then we can easily calculate its LTP
deformation. By the same argument as in Lemma 4.3.3, the Born matrix ® = wu' + a’R¢S
will have 1 eigenvalue equal to 1, r — 1 eigenvalues equal to @, and the rest 0. Then
Il = ®,|| = ||[I - VDVT|| = ||V(I — D)V'|| = ||I - D||, where we have used the unitary
invariance of the norm, and D is the diagonal matrix with the aforementioned eigenvalues
along its diagonal. We conclude

r—1 n-r

I - ®lF = ||diag|0, 1 —a,...,1—a, -1,...,—1 (4.90)

F

=Vr-D(1-a)2+ (n-r). 4.91)

But suppose we add IT,, the projector onto the complement of col(P), so that @3 =
wu' + a?*RoSo + IT, . This will make no difference in the action of @5 since IT, gives 0 on
any vector in col(P). But crucially, now

r—1 n—-r
—_—
diag|0, 1 -a,...,1-a,0,...,0 (4.92)

I — ®s]|F

F

11— a|Vr— 1. (4.93)
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In fact, we can get a more explicit form for this Born matrix. Using P = wu' + RyS( and
®; = al + (1 — @)wu’, we have for the projector onto col(P), IT = P® = wu' + aRS.
Then

@3 = wu' +a®RoSo + 11, = I + a(e@ - 1)RySo. (4.94)

The point, of course, is that all three choices of @ matrices behave the same on the
subspace col(P(R|R)), even if they differ elsewhere. The @ matrix we considered is arguably
the simplest: it depends only on the fact that the reference measurement is depolarizing
without being sensitive to the details of the measurement itself. @, and ®3 act exactly the
same as the first on the relevant subspace: the second is confined entirely to that subspace,
while the third is able to achieve the smallest LTP deformation of the three by adding support
judiciously onto the complement.

Now since P(R|R)® is a projector onto col(P(R|R)), we could define an alternative
measure,

Dyup () = [|(1 — P)IT], (4.95)

where IT is the orthogonal projector onto col(P). Any ® matrices which act identically on
the subspace to which probability vectors are in any case constrained would be given identical
scores by this measure: thus this measure would judge the three @ matrices we considered
above to have the same LTP deformation. But then again, is this what we really want? If we
can make a @ matrix simpler in an algebraic sense by adding support on the complement
of col(P), why shouldn’t we? We conclude that measure one uses depends on the goal: for
non-MIC reference measurements, there is no one univocal measure of LTP deformation.

We further dramatize this issue by proving the following theorem. Using the method of
Lagrange multipliers, we can solve for the @ matrix which achieves ming ||/ — ®@|| s.t. POP =
P with respect to the Schatten 2-norm (the Frobenius norm) analytically, at least for unbiased
reference measurements.

Theorem 4.5.1. The unique Born matrix which minimizes ||I — ®||g for an unbiased
depolarizing reference measurement is

1 K KX
®=1+ (1 - —) S (SoS)) " (RIR0) 'R}, (4.96)
a
Proof. Define a Lagrangian

L(®,A) = |- ®|f +tr(AT(Pd>P—P)) (4.97)
= n = 2tr(®) + ||®||?> + tr(AT POP) — tr(AT P) (4.98)
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where A is a matrix of Lagrange multipliers. Recalling that

ou(X) aXI*
0X I X 2X 0X

we differentiate with respect to ® and demand that the result vanishes.
0L (D, A
OLON) _ of 2w+ (PATP) =0
0P
yields
1 or o pr
d=17- EP AP,

where, considering that POP = P, A must satisfy

1
PP-P= EPPTAPTP.

Considering the LHS of Eq. (4.102), and recalling that SyRy = RS =

Sow = 0, we find
. 1
P2 = [wu' + R()S()] [WLtJr + R()SQ] = WLtT + EROSO’

so that

1-«a

P |
PP—P=wu+ —RySo — wu' — RoSo =
a a

As for the RHS of Eq. (4.102), we first note that
PPT = [WuT + R()S()] [uw'{' + S(JSRZ;]
=wu'uw’ + quS(T)R(T) + R()SouwT + ROSOSSRZ;

PTP = |uw" + SIRY| [wu' + RoSo]

= uw wu + uw™RySy + SgRTqu + SSRZ;ROSO.

0

otr(AX) _

RoSo.

AT, (4.99)

(4.100)

(4.101)

(4.102)

1 Rt —
alanduRO—

(4.103)

(4.104)

(4.105)
(4.106)
(4.107)
(4.108)

Let us assume that A = S{A’R{. We will justify this after the fact, since we will show that it
leads to the unique solution to the optimization problem. With this ansatz, the terms in PPT
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which end in w' and the terms in P” P which begin with u all vanish, leaving

|

=3 [qu SR + Rosos“R’f]sTA’RT [STRTwu + sTRTRoso] (4.109)

= [wzﬂs* +ROSOST]A' [R*wu +R*ROSO] (4.110)
a

If we further assume that the measurement is unbiased, so that w = %u, then this becomes
simply ﬁ [ROSOS(T)]A’ [RSROSO]. Recall that informational completeness implies that SOS(T)
and R(T)Ro are invertible. So let A’ = ,6’(SOS(T))_1 (RgRO)_l. As for the constant 3, we require

[RoS0S; (5059 (RiRo) ™ [RiRoSo| = 25 Res £ —

e Y RoSo. (4.111)
Thus 8 = 2a(1 — @), and
A =2a(1 - a)S}(SoSH) ™ (RIRo) 'R}, (4.112)

Putting it all together, the unique Born matrix which minimizes the LTP deformation with
respect to the Frobenius norm for an unbiased depolarizing reference measurement is

O=1- %PTAPT (4.113)
1[1 .

=1-3 [Zuu* + sORg] [Za/(l — @)} (SoS!) " (RTRg)" 1RT] [ ' + STR*] 4.114)

= I +a(a - DSIR}|S}(SoSH ™ (RRo) 'R} |SIR} (4.115)

=1+ —ST(S S\ (R{Ro) 'R, (4.116)
Finally, we show this this gives us the unique solution. The Frobenius norm is strictly
convex: letting f(®) = |1 — ®||?, for & # &, and 0 < ¢ < 1, we have (1P + (1 —1)P») <
tf(®1) + (1 —1¢)f(Dy). Moreover, the feasible set is {® : POP = P}. This is affine since it

is the set of solutions of a linear equation: indeed, if @, ®, are in the set, one may easily
check that so is t®@; + (1 — ¢)®,. Suppose that ®; and ®, were distinct minimizers. But then

f (%(cbl . @2) < SF@) + 3 f(@), @.117)

which contradicts minimality, and so ®@; = ®,. Thus the solution to the optimization problem
is unique. U
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But how does this Born matrix act on probability vectors? Recalling that P(R|p) =
R|p) =w + Rypg = %u + Rgpp in the unbiased case, we have

a-—1 _ _ 1
®P(R|p) = [1 +——8](808) ! (R}Ro) ‘Rg] [Zu + Ropo] (4.118)
1 a-—1 _ - _
= ~u+Ropo + — S{(SoS)) ™ (R{Ro) 'R/ Ropo (4.119)
1 a-1 _
= —u+ (Ro + S(T)(SOSS) 1)/Oo- (4.120)
n a

In other words, this Born matrix does not act as an Protourgleichung! That said, there is
a special case. We can always choose Sy = é(Ro)Jr = é(RgRo)_le—that is, Sp can be
taken proportional to the pseudoinverse of Ry, which is a left inverse since Ry has linearly
independent columns. Symmetrically, we have Ry = éSS(SOS(T))‘l, and so

® = I +a(a - 1)RoSp. 4.121)
and
1 1
®P(R|p) = —u + (RO + (- 1)R0)p0 — “u + aRopo. (4.122)
n n

In this special case, when the reference states derive from the pseudoinverse, the ® which
minimizes ||/ — ®||r acts as a Protourgleichung. In fact, even if the measurement is biased
and the states were not obtained from the pseudoinverse, we can nevertheless always use a
Born matrix of the form @ = I + a(a@ — 1)RpSy. Indeed,

POP = [wu' +RoSo] [ + a(a — NReSo] [wu" + ReSo] (4.123)
.1 1

= wu' + =RoSo + a(a - 1) (—2) RoSo (4.124)
[04 04

=wu' + RoSy = P. (4.125)

Indeed, notice that ® = I + a(a — 1)RoSy is precisely the Born matrix we derived in Eq.
(4.94), by finding a @ supported entirely on col(P), and then adding in the projector onto its
complement.

4.5.1 A choice of measures

Recall that for a MIC, we have

P(R|R) = él + (1 - é) wu'. (4.126)
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It is not hard to confirm that the unique ® matrix is
®=al+(1-a)wu', (4.127)

which clearly acts as a Protourgleichung. For overcomplete reference measurements, however,
we must make a choice of ®. We’ve seen many examples,

@ =al +(1-a)wu', (4.128)
which is algebraically simplest,
@, = wu' + a*RoSo, (4.129)
which is supported entirely on col(P),
D3 =1+ a(a—-1)RpSy (4.130)

which achieves smaller LTP deformation by adding to the former the projector onto the
complement of col(P), and which in certain circumstances (unbiasedness, and the reference
states derive from the pseudoinverse) coincides with

a

—1
- S{(SoS)) ™ (R{Ro) 'R/, (4.131)

Dpin =1 +

which we have shown achieves the smallest LTP deformation with respect to the Frobenius
norm. The first three act as a Protourgleichung on col(P), and yet achieve different values for
the LTP deformation. The final one, the one which explicitly minimizes ||/ — ®|| ¢, need not.
These examples show that the two concepts (minimal deformation with respect to a matrix
norm, and the form of the Protourgleichung itself) are in fact distinct. We could amend the
measure, e.g., to consider the distance not from the identity per se, but from the identity on
the relevant subspace, that is, col(P): then e.g., the first three @ matrices would be scored the
same. But if we can achieve algebraic simplicity by adding support on the complement, why
shouldn’t we? We conclude simply that care must be taken to choose the measure proper to
the circumstance at hand.

Happily, however, the exercise has allowed us to identify a distinguished set of
reference states for any unbiased informationally complete reference measurement, namely
those given by

- 4.132
L(R{R) 'R} @1
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for which the minimal @ (with respect to the 2-norm) does in fact act as a Protourgleichung.
In fact, if the measurement is weighted morphophoric, then this just gives us a parallel update
reference measurement.

4.6 Conclusion

In this chapter, we have established that the Protourgleichung

P(Elp) = )" P(EIR)|@P(R;lp) + (1 - ) P(R; 1) (4.133)
j=1

is ubiquitous. In any no-restriction GPT (which allows all mathematically possible states
and effects), and for any reference measurement, one can always find a set of reference states
which yield an expression of this form. The key requirement is that the channel associated
with the reference measurement must be depolarizing—and this requirement can always be
satisfied. Considering the case where the reference states can be chosen proportional to
the effects (modulo a depolarization parameter), we related our construction to so-called
“morphophoric measurements,” and ultimately to complex projective 2-designs, from which
we recovered the standard Urgleichung. In light of these results, we reconsidered a matrix
norm based measure of LTP deformation, showing by example that it fails to adequately
capture the essence of the Protourgleichung, even as it still holds interesting lessons about the
nature of reference measurements to teach us.

The Protourgleichung is the simplest nonclassical normative constraint between
probability assignments P(E|p), P(E|R), and P(R|p): it is universally available whether
one works in quantum theory, classical probability theory, or any of the more exotic members
of the GPT community. Nevertheless, the Urgleichung itself is a child of quantum theory
over C, its particular parameter (o = d + 1) and the cardinality of its outcomes (d?) hinting at
quantum theory’s special structure, and whispering of the possibility of pure SIC-POVMs.
Indeed, these latter arguably represent the simplest nonclassical generalization of the trivial
classical reference measurement, which simply reads off an objective property of a system
without disturbing it.

Consider that, in the terms we’ve developed here, the trivial classical reference
measurement has states and effects which are simply the r-dimensional basis vectors. It
is a parallel update measurement, with reference states proportional to reference effects.
The corresponding channel is simply the identity channel, which is trivially depolarizing,
and the Protourgleichung collapses to the LTP. The measurement is trivially morphophoric,
simply mapping the probability simplex exactly to itself. It is unbiased. It is a MIC. It is
equiangular. Its reference states are extremal, corresponding to the vertices of the probability
simplex itself. The reference effects are extremal too. Each reference state can be perfectly
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distinguished by some effect?, and each reference effect can be perfectly distinguished by
some state. Moreover, the reference states and reference effects perfectly distinguish each
other. Finally, such a measurement exists in any dimension, where the maximal number of
pairwise perfectly distinguishable states scales with the dimension.

Compare this to the properties of a SIC reference measurement in quantum theory
over C, which is a parallel update measurement, whose associated channel is depolarizing
with parameter é = ﬁ. It is morphophoric, unbiased, a MIC with d” elements. It is
equiangular. Its reference states and reference effects are extremal, corresponding to the
vertices of a simplex. Each reference state can be perfectly distinguished by some effect,
and each reference effect can be perfectly distinguished by some state. And finally, such a
measurement (apparently) exists in any dimension, where the maximal number of pairwise
perfectly distinguishable states scales with the dimension?.

The only differences, then, are the values of the depolarizing parameter, the fact
that the state space is mapped to a subset of the probability simplex, and the fact that the
reference states and reference effects don’t perfectly distinguish each other. Thus pure SIC
reference measurements are arguably the closest analogue to the trivial classical reference
measurement, and this is true not just in one theory, but in a whole infinite sequence of
them, for each Hilbert space dimension d. From these considerations, if one were trying
to generalize classical probability theory as minimally as possible, incorporating the idea
that nature forgoes hidden variables*, one could imagine nothing simpler than positing the
existence of pure SIC reference measurements, with their attendant, the Urgleichung—and

indeed, this has been the basis of QBist reconstructions of quantum mechanics hitherto.

4.7 Appendix: Real Vector Space QM

A close cousin of standard quantum theory is quantum mechanics over R. Here there
is a subtlety if one works with vectorized operators. For quantum mechanics over C, if we
take P(R|R) = RS where the rows of R are vectorized effects (R;| and the columns of S are
vectorized states |R;), then RS will be a full rank factorization: this is because the real space
of Hermitian matrices is d2, but also the vectorized operators are d? dimensional. On the

That is, there is some effect which yields probability 1 on that state.

3The point of emphasizing that the maximal number of pairwise perfectly distinguishable states scales with
the dimension is to exclude, for example, so-called spin-factor theories, whose state spaces are n-dimensional
balls, and for which SICs exists trivially. In such theories, regardless of the dimension, the maximal number of
pairwise perfectly distinguishable states is always 2. Such a theory is an example of a Euclidean Jordan Algebra
[24, 22] of which quantum theory over C is also an example, as well as quantum theory over R, H, and d = 3
quantum theory over O. For quantum theory over R, pure SICs are only known to existin d = 2,3,7,23, and
are known not to exist in most dimensions [114]. For quantum theory over H, pure SICs are only known to exist
in d = 2,3, and there is numerical evidence suggesting that they don’t exist already in d = 4 [115]. There is a
pure SIC in octonionic d = 3, but this is the only dimension in which such a theory can be constructed. We
shall hear more about Euclidean Jordan algebras in subsequent chapters.

4Or more positively, as Blake Stacey would put it, respecting nature’s vitality [24].
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other hand, if one works over R, the state space is the space of real symmetric matrices which
has dimension d(d + 1)/2 even as the vectorized operators remain d> dimensional. In this
latter case, RS built from vectorized operators will not be a full rank factorization. One could
instead work with the states and effects expanded in an operator basis of d(d + 1) /2 elements;
otherwise, one will have to modify the Born identity to SOR = Il ;> where Il is the
projector onto symmetric subspace on two factors, i.e. onto the space of vectorized symmetric
matrices. This issue is quite general if one doesn’t work with full rank factorizations.

Thus for a depolarizing channel in real vector space quantum mechanics, we have (in
terms of vectorized operators)

Z S (Ril =~y + (1 - 1) =112 (L. (4.134)

This theory is also self dual, so taking the trace of both sides, and assuming our states are
pure, we find

1 I ] 2
g-tdd+rh 1, d¥2 (4.135)
a 2 a 2
and
S USRI = Ty + |10} U4 (4.136)
LU d 2 sym? T g g N '
- 2(Idz+SWAP+|Id)(Id|) (4.137)

Again dividing by 1/d so the trace of both sides is 1, and taking the partial transpose, which
actually leaves both sides of the equation invariant, we obtain

1
Zw 5198 = T (Idz + SWAP + |1d)(1d|), (4.138)

which according to [116] coincides precisely with / ) (¥|®>dyr where the integral is taken
over pure states in the real vector space theory. Thus weighted morphophoric references
measurements for quantum theory over R coincide with real projective 2-designs.

On the subject of real vector space quantum mechanics, [117] conducted a numerical
search for MIC reference measurements minimizing ||/ — ®|| in d = 4. It is known that in
this dimension one cannot construct a SIC-POVM out of pure effects: the maximum of 6
equiangular lines is not enough to furnish the 10 elements required for a MIC. In fact, in d = 4,
the minimum number of elements in a pure biased 2-design is 11, and the minimum number
of elements in a pure unbiased 2-design is 12 [118]. These efforts were unable to yield
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minimal reference measurements whose Born matrix acts as a Protourgleichung, a fact which
is now contextualized by the present work. Indeed, such reference measurements can be
found, although they will not minimize ||/ — ®||. It is worth noting that subsequent numerical
searches suggest that in this case, if the reference effects are pure, then the depolarizing
reference states must be mixed. It is also worth noting that unlike in [78], the minimal
reference measurement does depend on the choice of matrix norm, which is likely to be true
in the general overcomplete case.
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CHAPTER 5
(NO) RETURN TO CLASSICALITY

5.1 Introduction

Having supplemented standard probability with a set of coherence conditions rich
enough to encompass the brand of nonclassicality exemplified by quantum mechanics, we
may then ask: when is a gambler justified in using vanilla probability theory after all? When
is the gambler justified in acting as if objects have definite properties before they are measured
and which are revealed by measurement, and which do not depend on the context in which
they are measured? To put it more precisely, when is the gambler justified in supposing
that there is a reference measurement {A;} satisfying ®, = [ so that regardless of whether
the reference measurement is actually performed, the gambler ought to appeal to the law
of total probability P(E|p) = P(E|1)P(A|p) for guidance. To answer this, we assimilate
Spekkens’s notion of noncontextual ontological models to our general philosophy. Following
[81], we show how an equirank nonnegative matrix factorization of the probability table
characterizing a scenario corresponds to so-called simplex embedding [82], which furnishes a
noncontextual ontological model of the scenario. In particular, we show that if the probability
table characterizing the scenario captures a reference measurement { R;}, then the existence of
a noncontextual ontological model can be understood as the existence of a classical reference
measurement {A;} for which {R;} itself is a reference. Thus we can understand noncontextual
ontological models in terms more suitable to the QBist: indeed, this provides a motivation
for the idea of a noncontextual ontological model to begin with. We also show how simplex
embeddings implicate a variant of the Born matrix whose nonnegativity implies classicality,
and discuss the general conditions under which @ may be taken to be a stochastic matrix.
Finally, we show how violations of Bell inequalities and noncontextuality inequalities more
generally can be interpreted as the cost of abandoning the fundamental nonclassical coherence
condition.

5.2 Noncontextuality

We have developed the notion of a state as an equivalence class of consequences
conditional upon any of which the gambler would assign the same probabilities to the reference
measurement. In short, for us the concept of a state is fully grounded in a gambler’s state of
expectation about reference outcomes regardless of the peculiarities of prior circumstances.
If the gambler would assign probabilities P(R|A) given circumstance A and probabilities
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P(R|B) given circumstance B, and P(R|A) = P(R|B), we would identify the circumstances
A and B, saying: they amount to the same state. Calling A or B the context, we see that our
definition of a state is precisely noncontextual. The state is what for the gambler is invariant
across contexts. And of course, by coherence, assigning the same state of expectation to the
reference measurement conditional on either circumstances means that the gambler ought to
assign the same probabilities to any measurement—and the same could be said of the effects.

We also showed how we may form a GPT-style representation using a rank decompo-
sition, and we will now see how this preserves noncontextuality. To this end, let us consider
an m X n table of conditional probabilities where the columns correspond to outcomes of
preparatory measurements and the rows correspond to outcomes of subsequent measurements,

P(Ei|lmy) -+ P(Ei|m,)
P(E|m) = :
P(Ey|m) -+ P(Ey|m,)

This matrix P(E|r) will have some rank r, and we may form a rank decomposition
P(E|r) = EP for E € R II € R*". Now suppose two rows of P(E|x) are identical:
P(E|r) = P(E;|r). Then in the rank decomposition (E;|TI = (E;|II, or ((E;| - (E;[)II = 0.
But IT € R*": it has r linearly independent rows. Thus if a linear combination of them
yields the zero vector, each component in the linear combination must be identically 0, and
so (E;| = (E;|. Similarly, if we assign identical probabilities to two outcomes E; and E
given any n, then we assign the same row vector (E;| = (E;|. In this way, the representation
of context becomes simply the label i or j which remembers which consequence in the
equivalence class actually occurred. More generally, suppose that a row is linearly dependent
on a subset of other rows, P(E;|r) = Xy a;P(E;|r) for J some subset of rows. Then
(Ei|Il = X ;c; a;(E;|II where the same argument implies (E;| = 3 jc; @;(E;|. In this way, a
rank factorization preserves linear equivalences in probability assignments, guaranteeing the
new representation is noncontextual. In particular, if e.g., two rows of P(E;|r) and P(E;|r)
are identical, we ought to identify the two outcomes even though they may appear in two
different measurements: in a contextual representation, however, the vector representatives
(E;| and (E | might depend on which measurement the outcome appears in.

As we will see, the feature that guarantees that P(E|nr) = EP is a noncontextual
representation is that rank(P(E|x)) = rank(E) = rank(IT). Otherwise, the argument from
linear independence would not hold: we might have P(E;|r) = P(E;|x), but it would not
necessarily follow that (E;| = (E;|. Similarly, we might have P(E|n;) = P(E|n;), but
it would not necessarily follow that |r;) = |7;). We would not want to call |7;) or |7})
themselves states, since according to the gambler’s own lights, assigning |7;) or |7;) would
lead precisely to the same probabilities for all measurement outcomes. The gambler would
be completely indifferent to the choice of representation |r;) or |7;) as far as their mesh of
beliefs is concerned: the only difference between them is in the irrelevant context, that it was

107



in fact outcome 7; as opposed to 7r; which occurred. In contrast, a rank decomposition yields
one vector representative for equivalence class.

Thus if we forget the labels, in the representation furnished by a rank decomposition,
each effect is assigned an (E| and each state a |7). In the language of Spekkens [80], the
table P(E|r) gives an operational theory, assigning a probability to each pairing of E; and
n;. Quotienting by “operational equivalence” yields a set of states and effects which separate
each other: two separate states must yield different probabilities on some effect, and two
separate effects must yield different probabilities on some state. This mutual separation of
states and effects is a prerequisite for passing to a GPT, or generalized probabilistic theory.
(One must also complete the theory by taking conic combinations of states and effects, and
adding in opposite effects (=E| = (1] — (E| for each effect, if they are not in the table.) In the
language of Spekkens, a GPT is then a noncontextual model of an operational theory!.

If instead we use an arbitrary decomposition P(E|r) = EP, however, even if we
“forget the labels,” we may end up with vector representatives (E;| and |7;) that remember their
context even though that context makes no “operational difference” in terms of the gambler’s
own probability assignments. Indeed, even if P(E|xr) has no repeated rows or columns, if
we use an arbitrary decomposition, because of the linear dependence, there will be many
different choices of vector representatives that make no difference at all, thus introducing
context dependence where there was none before. So which decompositions guarantee a
noncontextual representation? We have the following lemma:

Lemma 5.2.1. Let M = AB and let {(A;|} denote the rows of A and {|B;)} denote the
columns of B. Then {(A;|} separates points in span({|B;}) and {|B;)} separates points in
span({(A;|}) iff rank(M) = rank(A) = rank(B).

Proof. We first note that span({(A;|}) = row(A) and span({|B;}) = col(B). Moreover,
dimrow(A) = rank(A) and dim col(B) = rank(B). Now to say that {(A;|} separates points
in span({|B;)} is to say that for

Vix),|y) € col(B), Alx) = Aly) = |x) = |y). (.1

Thus A is 1-to-1 on col(B). 1-to-1 linear maps must preserve the dimensionality of the
subspace on which they act. Thus dim Acol(B) = dim col(B) = rank(B). But since M = AB,
col(M) = Acol(B) and so rank(M) = dim Acol(B). We conclude that rank(B) = rank(M).
Similarly, row(M) = row(A)B so rank(M) = dimrow(A)B. To say that {|B;)} separates
points in span({(A;|}) is to say that

V(x], (vl € row(A) : (x[B = (y|B & (x] = (y. (5.2)

IFor us, of course, we begin from states as distributions P(R|7) and effects as distributions P(E|R).
This is a noncontextual representation even though the dimension n of the probability vectors might be
larger than the rank of P(R|R): as we have seen the coherence conditions P(R|r) = P(R|R)®P(R|p) and
P(E|R) = P(E|R)®P(R|R) ensure that any P(R|r) and P(E|R) live in the column and row spaces of P(R|R).
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So dimrow(A)B = dimrow(A) = rank(A) and since row(M) = row(A)B, rank(M) =
dimrow(A)B and rank(A) = rank(M).

Conversely, suppose rank (M) = rank(A) = rank(B). We haverank(M) = dim Acol(B) =
rank(B) = dim col(B) so that A is 1-to-1 on col(B), and so the rows of A separate vectors in
col(B). Similarly, rank(M) = dimrow(A)B = rank(A) = dimrow(A) so that B is 1-to-1 on
row(A), and the columns of B separate vectors in row(A). O

Thus to preserve noncontextuality we ought to confine ourselves to decompositions
P(E|r) = EP where rank(P(E|n)) = rank(E) = rank(IT). Indeed, there would not seem
to be any good reason for exploring contextual representations, unless of course they had
some other perhaps desirable structure. With this in mind, we now turn to the possibility of
constructing a classical model of P(E|r). This would require us to be able to write for each
state 7 and effect E,

P(Elx) = ) P(EI1)P(Ailm), (53)

that is, we factorize P(E|n) = P(E|1)P(A|r). In the language of Spekkens, we thereby
construct an ontological model: we introduce a set of “hidden variables” which take values
{A;}, we map effects to response functions P(E|1), and we map states to distributions
P(A|p). In our terms, this is equivalent to assuming there exists a reference measurement
with outcomes {1;} whose performance the gambler is indifferent to so that @, = . It is
this indifference that licenses the gambler to act as if the system is characterized by some
underlying properties which the reference measurement {A;} reads off. Those without a
commitment to expressing everything in terms of coherence between the beliefs of a gambler
betting on the consequences of their own actions, would simply want to say: if I can give an
ontological model, then the system must really “have” such properties.

But in fact, constructing such ontological models is trivial. Indeed, there is an
ontological model for every such table P(E|x), namely, P(E|r) = P(E|n)l,. Here we
introduce as many reference outcomes as 7’s. Each r; is associated with a state of complete
certainty about the outcome of the reference measurement: a column vector of all 0’s and a 1
in the jth place. We take the response function P(E;|1) to simply be the ith row of P(E|n)
so that indeed P(E;|1)P(A|r;) = P(E;|n;) as desired. In fact, in the language of Spekkens,
we have in this model measurement noncontextuality but preparation contextuality.

Now it may be that P(E|x) is invertible. Then this trivial decompositions will be
equirank, and by Lemma 5.2.1 the construction will be noncontextual. In the language of
Spekkens, we would have a noncontextual ontological model. But in general the trivial
decomposition will yield a contextual representation. For example, suppose the third
column of P(E|r), that is, P(E|n3) were a convex combination of the first two: P(E|n3) =
pP(E|my)+(1=p)P(E|r;). This s alinear dependency, and so P(E|x) cannot have full rank.
In the decomposition P(E|n) = P(E|A)P(A|x) = P(E|n)I,, we map P(A|m;) = (1,0,...)T,
P(Am) = (0,1,0,...)", and P(A|m3) = (0,0,1,...)" so that each P(A|nj) picks out
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the jth column P(E;|r;). But since P(E|n3) = pP(E|n1) + (1 — p)P(E|r2), it follows
that P(A|n3) = (0,0,1,0,...)" is indistinguishable from pP(A|71) + (1 — p)P(A|m) =
(p,1—=p,0,...)". In other words, there are two completely different states of uncertainty
about the reference outcomes {4;} which by the gambler’s own lights are consistent with
assigning identical probabilities to all measurements. The difference between the two we
call context. Now this particular example could be avoided by identifying which columns
of P(E|r) are extremal (in the sense of convex independence) and which rows are extremal
(in the sense of conic independence) and restricting attention to those: but the underlying
problem is quite general.

This trivial example shows that a nonnegative matrix factorization (NMF) is always
possible, that is, a decomposition M = AB where M, A, B are elementwise nonnegative. But
it is generally desirable to have more compact such factorizations.

Definition 5.2.1. Let M € R’gg" be a nonnegative matrix. The nonnegative rank rank,(M) =
ry is the smallest inner dimension such that M can be factored as M = AB where A € R™*"+
and B € R™*", It satisfies rank(M) < rank,(M) < min(m, n).

In particular, we would like to find an NMF P(E|x) = P(E|1)P(A|x) where the columns
P(A|r;) are proper probability distributions summing to 1. The nonnegative matrix rank puts
a lower bound on the number of the outcomes of the classical reference measurement.

Lemma 5.2.2. Let M be column stochastic and M = AB a nonnegative matrix factorization.
After deleting any zero columns of A, there is an equivalent factorization M = A’B’ with A’
and B’ column stochastic.

Proof. Let a; denote the columns of A and let a; denote ith column sum. Now if a; = 0,
delete that column as well as the ith row of B: since A is nonnegative, the whole column must
be 0, and since M = albi + ..., neither will contribute to M. Now let K = diag(ay,...):

then A’ = AK~! will be column stochastic. B’ = KB will ensure M = A’B’. Meanwhile,
letu =(1,...,1)7%. Clearly, u'B'=u'KB. Butu'K = (ay,...) =u'A,sou’B = u'AB =
u"M = u' since M is assumed column stochastic. O

Corollary 5.2.2.1. We may always construct an NMF of P(E|r) = P(E|1)P(A|n) so that
P(A|r) is column stochastic.

Proof. We may always organize the rows of P(E|r) in terms of measurements, i.e.,
E ](1), Eél), .. E fz), Eéz), ... where the superscript refers to which measurement the outcome

is a part of. If a measurement has a full set of outcomes, then Vj : }; P(El.(k)|71 i) =1
that is, the column sums of the rectangular block P(E (K)|7r) are all 1. If a measurement

doesn’t have a full set of outcomes, we can always add a row namely P(1|7) — }; P(El.(k) |7r)
which completes the measurement: we may always consider the outcome that none of the
other outcomes occurs. Suppose there are 4 measurements. In any column, there are h
blocks which sum to 1: the column sums of P(E|n) are therefore A, so that h~'P(E|x)
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is column stochastic and so by the previous lemma, h~'P(E|r) = P’(E|1)P(A|r) are all
column stochastic. Thus P(E|r) = [hP(E’|1)]P(A|r) is a decomposition of the original
matrix, and P(A|r) is column stochastic, so its columns can be interpreted as distributions of
the outcomes of the reference measurement {A;}. O

Invoking Lemma 5.2.1, we may now characterize when a noncontextual ontological
model exists of a probability table P(E|n).

Corollary 5.2.2.2 (Theorem 1 of [81]). P(E|r) admits a noncontextual ontological model
iff there exists a nonnegative matrix factorization P(E|r) = P(E|1)P(A|r) satisfying
rank(P(E|rn)) = rank(P(E|1)) = rank(P(A|n)).

Finally, it may be that P(E|x) contains within it probabilities P(R|R) characterizing
a reference measurement {R;}. We shall see that the existence of a noncontextual ontological
model amounts to the assumption that a classical reference measurement {A;} exists for which
{R;} is a reference.

5.2.1 An example

An example might be helpful here. Let us consider a probability table with three
measurements each with three outcomes, and four preparatory outcomes.

T T T3 T4
Aap | 1/2 172 172 1/2
Bag |1/2 0 1/2 0
Nag| O 1/2 0 1/2
Bec |12 0 1/2 0
Cegc |1/2 1/2 0 0
Ngc| 0 1/2 1/2 1
Cac|1/2 1/2 0 0
Aac | 1/2 172 1/2 1)2
Nac| O 0 1/2 1)2

P(E|n) = (5.4)

We will label the three measurements AB, BC and AC. Indeed, notice that P(Aap|n) =
P(Axc|m): thus we are justified in identifying an effect A whose equivalence class is
{AaB, Aac} since we assign the same probabilities regardless of which 7 occurs. Similarly,
we may identify effects B and C. The measurement labels then serve to remind us which
pair of effects appear together in a single measurement, along with a third effect to ensure
probabilities sum to 1. This table has the following contextual factorization with a classical

111



reference measurement of four outcomes,

P(E|n) = P(E|)P(A|n) (5.5)
A1 Ay Az Ay
Al 1 0 0 1
Bap| 0 1 0 0
T V(%) T3 T4
ZAB 8 (1) (1) 8 1212 0 0
=| 7BC Ll1/2 0 1/2 0 |. (5.6)
Cece|1 0 0 0
00 12 0 1)2
Npc| O O 1T 1T 1 3010 o 1/2 1/2
Cicl1 0 0 0 4
Aac| O 1 1 0
Nac| 0O 0 0 1

Indeed, notice for example that

P(Aagl)=(1 0 0 1), (5.7)
but

P(Aacl)=(0 1 1 0). (5.8)

The response function assigned to the effect A depends on context: whether A appears
in the measurement AB or the measurement AC. By construction P(Asg|1)P(A|m) =
P(Ac|A)P(A|r): this is necessary in order to reproduce the table. But if the gambler
were able to perform the classical reference measurement and obtain outcome A1, notice
that P(Aap|d1) = 1 but P(Aac|d1) = 0: they would be certain that A would occur in the
measurement AB but certain that A would not occur in the measurement AC. Thus the
gambler would not regard “A” as a property of the system independent of the choice of
measurement: whether “A” depends on the context in which it is measured.

Moreover, rank(P(E|n)) = 3,rank(P(E|1)) = 4,rank(P(A|7)) = 3. Thus indeed
the equirank condition is violated. Denote the four columns of P(E|n) as py, p2, p3, P4, and
note that p; — p> — p3 + p4 = 0. We can therefore write an arbitrary vector in the column
space of P(E|n) as e.g., x = ap| + bpy + cp3. Forming the explicit expression for x and
demanding that it be elementwise nonnegative leads to several inequalities which a, b, ¢
must satisfy, not all of which are independent: they can be reduced down to four, namely
b>0,c>0,a+b > 0,a+c > 0. Inthree dimensions, extreme rays are where two independent
inequalities are both saturated [119]. Solving for these explicitly and discarding solutions
where (a, b, c) = (0,0, 0), we find four extreme rays: (1,0,0), (0,1,0),(0,0,1),(-1,1,1).
But assigning these values to a, b, ¢ yields just py, p2, p3, and p4 again. Suppose that P(E|A1)
only had three columns. Since P(E|r) = P(E|1)P(A|x), these three columns would have to
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generate a cone with four extreme rays, which is contradictory. Thus rank, (P(E|nr)) > 4,
and since we have an example with inner dimension 4, it follows that rank, (P(E|r)) = 4:
we cannot find an NMF with fewer hidden variables, and so any classical model must be
contextual.

5.2.2 Simplex embedding

We now show that we can understand the construction of a noncontextual classical
model in terms of a linear embedding of states and effects into the simplex and its dual
hypercube in such a way that all probabilities are preserved.

Lemma 5.2.3. Let M = AB be a rank decomposition so that M € F*", A € FI™ and
B € FX". At the same time, let M = CD be an equirank decomposition with arbitrary inner
dimension: C € F"™* and D € F*" with r = rank(M) = rank(C) = rank(D). We may
express this decomposition equivalently as

C = AT, D =TgB (5.9)

for Tu, Tg satisfying TaTg = I,. Moreover, TgT projects column vectors into col(D) and row
vectors into row(C).

Proof. Since M = CD, every column of M is a linear combination of the columns of
C. Hence col(M) C col(C). But since rank(M) = rank(C), the column spaces have the
same dimension, and so in fact col(M) = col(C). Meanwhile, because M = AB is a rank
decomposition, col(M) = col(A) and thus col(A) = col(C). Since A and C share the same
column space, and the columns of A form a basis for col(A), we can write C = ATy for some
operator T4 which specifies the (unique) expansion coefficients. Similarly, row(M) C row(D).
But since rank(M) = rank(D), we have in fact row(M) = row(D). Meanwhile, because
M = AB is a rank decomposition, row(M) = row(B) and thus row(B) = row(D) and we
can write D = TgB for some operator 7. Finally, since M = AB is a rank decomposition, A
has a left inverse and B has a right inverse. Thus explicitly 74 = A“C and Tz = DB and so
TuTg = AYCDBR = ALMBR = ALABBR = I. Conversely, suppose C = AT and D = TgB,
then

rank(C) = rank(AT,4) < rank(A) = rank(M) = rank(CD) < rank(C), (5.10)

and similarly for rank(D), so that M = CD is an equirank decomposition.

Finally, we note TpTy = (TpT4)? is a projector. Clearly, col(TgT4) C col(Tp).
Conversely, if y € col(Tg), then y = Tpz for some z. But (TgTa)y = TpTaTpz = Tpz =y
so every vector in col(7Tp) is fixed by TgT4. Thus col(TgT4) = col(Tg). Meanwhile since
D = TgB and B has full row rank, its columns span all of F". So col(D) = Tgcol(B) =
Tp(F") = col(Tg). Thus col(TgT4) = col(D) and so TgT4 projects onto col(D). At
the same time, row(7gT4) C row(T4). Conversely, if y € row(Ty4), then y = zT4. But
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v(TgTa) = zTaTpT4 = zT4 = y so every vector in row(Ty) is fixed by TgT4. Thus
row(TgT4) = row(T4). Meanwhile since C = AT4 and A has full column rank, its rows span
all of F". So row(C) = row(A)Ts = (F")T4 = row(T4). Thus row(T5T4) = row(C) and so
TpT4 projects onto row(C).

m]

Corollary 5.2.3.1. Let P(E|n) = P(E|A)P(A|r) be an equirank stochastic NMF and let
P(E|r) = EIl be a rank decomposition. Then P(E|1) = ETg and P(A|rx) = TnIl where
Te = EFP(E|Q) and Ty = P(An)R satisfy TgT = I.. Moreover, I = TyTg projects
column vectors into col(P(A|n)) and row vectors into row(P(E|Q)).

Remark. This formulation in terms of embedding maps Tg and Ty is more appropriate if one
wishes to consider whether one can embed an entire GPT (and not just a probability table
P(E|r)) into the simplex and its dual.

Remark. We note that the more general idea of embedding one GPT into another GPT has
been treated systematically in [120, 121] although finding such embeddings, if they exist, will
not in general be as computationally tractable as finding a simplex embedding. In particular,
one may ask when a GPT can be embedded into quantum theory itself [120] so that the state
and effect spaces can be mapped into d X d Hermitian matrices, where d = \[r. One then
may test quantitatively whether P(E|r), encompassing one’s best judgement of the behavior
of a system, is compatible with the quantum formalism.

5.2.3 QBist noncontextuality

While so far we have hewn closely to the standard account of noncontextual ontological
models, we now show that if among the scenarios captured by the table P(E|x) there is
a reference measurement {R;}, then we can understand noncontextuality in terms more
amenable to the QBist mode of thought. For a QBist, the ultimate classical reference
measurement {A;} is one for which @, = I: the fundamental nonclassical coherence relation
collapses to the law of total probability, signifying the gambler’s indifference to whether
the classical reference measurement is performed or not. Let P(E|r) = P(E|1)P(A|r) be
a decomposition of P(E|x). We will show that this representation is noncontextual if and
only if {R;} forms a reference for {A;}. This makes sense conceptually: since the the states
P(E|R) and effects P(R|A) are by definition noncontextual, if {R;} forms a reference for {2;}
itself, then P(E|A) and P(A|7) must inherit this noncontextuality. For QBists, then, this gives
a motivation for the idea of a noncontextual ontological model to begin with.

To see this, suppose that the gambler relies upon a reference measurement with
outcomes {R;}, but that they further suppose there is an ultimate classical reference mea-
surement {4;} (with ¢ outcomes, taken to be a preparatory measurement) whose actual
performance the gambler is indifferent to. Specifically, we suppose that P(R|R) is a submatrix
of P(E|r), the probability table that characterizes the scenarios the gambler is invested in.
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Let P(E|r) = P(E|A)P(A|r) be an equirank decomposition P(E|r) into response functions
and probability vectors. As we have seen, there then exist simplex embedding matrices
such that P(E|1) = ETg and P(A|r) = Tpll, where P(E|x) = EII is a rank decomposition.
We then have P(R|R) = RS, where R is constructed from the relevant rows of E and S is
constructed from the relevant colums of II. Since {R;} forms a reference for the scenarios
summarized by P(E|r), we have rank(P(R|R)) = rank(P(E|r)), so that P(R|R) = RS is a
rank decomposition and S®R = /. Thus in particular,

P(R|A) = RTg P(A|R) = T11S, (5.11)
so that
P(E|1) = ETg = ESORTE = P(E|R)DP(R|A) (5.12)
and
P(A|n) = TnIl = TpSORI = P(A|R)DP(R|n). (5.13)

We conclude that if P(E|r) = P(E|1)P(A|n) is an equirank decomposition, furnishing a
noncontextual ontological model, then

P(E|1) = P(E|R)®P(R|A) P(A|r) = P(A|R)®P(R|7), (5.14)

which shows that {R;} is a reference for {A;}: we can treat its states and effects like any other
in the fundamental nonclassical coherence relation.
There is, however, a catch. Notice that

“P(2J1)” = P(AR)®P(R|A) = TR®STg = T, Ty = I, (5.15)

where I1, projects column vectors onto col(P(A|x)) and row vectors onto row(P(E|1)). But
if {A4;} is an ultimate classical reference measurement, we would expect that P(1|1) = I,
where c is the number of outcomes of the classical reference measurement! In a special
case, this is possible. Suppose ¢ = r = rank(P(E|r)). Then P(E|r) = P(E|1)P(1|R)
would be not just an equirank decomposition, but a rank decomposition. In this case, 71
and Tg would be r X r matrices and since TgTy = I, we must have Tg = Ty ' 5o that
I1, = TuTg = I,, as desired. In other words, if P(E|n) = P(E|1)P(A|x) is in fact a rank
decomposition, P(1|1) = I, as expected. Otherwise if ¢ > r, although “P(1|1)” = I1,, the
matrix nevertheless behaves exactly as one would want,

P(E|A)P(A|A)P(A|m) = P(E|n), (5.16)
since I1, projects column vectors into col(P(A|r)) and row vectors into row(P(E|A)). Thus

in the relevant sense, I1, acts just like the identity. In fact, it couldn’t be otherwise. Since
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P(R|D)IL, = P(R|A) and I P(1|R) = P(A|R), we have

P(R|1) = P(R|A)P(AR)DP(R|A) = P(R|R)®P(R|A) (5.17)
P(AR) = P(AR)®P(R|A)P(AR) = P(A|R)®P(R|R), (5.18)

so that P(R|1) € col(P(R|R)) and P(A|R) € row(P(R|R)). If rank(P(R|R)) = r < c,
there is no way that P(1|R)®P(R|1) = I, since this would imply that ¢ < rank(P(1|R)) <
rank(P(R|R)) = r, a contradiction. If we like, however, we could extend P(1|1) to the full
identity matrix: clearly it will make no difference since I1, already acts on the identity on our
response functions and probability vectors. Moreover, we may adopt @, = I, since

“P(A|2)"®;4P(A]1)" =15 = “P(A]1)". (5.19)

With this technicality aside, we now show the converse. Let P(E|x) = P(E|1)P(A|x).
If P(R|R) is a submatrix of P(E|r) which characterizes a reference measurement, and
{R;} forms a reference for {A;}, in other words, P(A|R)®P(R|1) = II,, then P(E|r) =
P(E|A)P(A|r) must be an equirank decomposition, constituting a noncontextual ontological
model.

Theorem 5.2.4. Let P(E|n) = P(E|1)P(A|E) and assume that a conditional probability
matrix P(R|R) characterizing a reference measurement is a submatrix of P(E|r). Thus
in particular, P(R|R) = P(R|A)P(A|R). Let ® be a Born matrix for P(R|R). Then
P(A|R)®P(R|A) = I1, where 1, projects column vectors onto col(P(A|n)) and row vectors
onto row(P(E|Q)) iff P(E|n) = P(E|A)P(A|E) is a noncontextual ontological model.

Proof. On the one hand, we have shown that the existence of a noncontextual ontological
model is equivalent to P(E|r) = P(E|1)P(A|E) being an equirank decomposition. Then
P(E|A) = ETg, P(A|7) = TnIl, and Ty Tg = 11, for simplex embedding matrices Tg and Tty
(Corollary 5.2.3.1). Here P(E|rn) = EIl is a rank decomposition. Since {R;} is a reference
measurement, rank(P(R|R)) = rank(P(E|xr)). Thus P(R|R) = RS is a rank decomposition,
where R is constructed from the corresponding rows of E and S is constructed from the
corresponding columns of II. Since @ is a {1}-inverse of P(R|R), we have S®OR = I (Lemma
3.4.4). Thus

M, = TnTg = TuS®RT: = P(A|R)®P(R|A). (5.20)
Conversely, let P(1|R)®P(R|A) =I1,. Then since {P(1|R)} C {P(A|n)},

P(AR) = TLP(AR) = P(AR)®P(RI)P(A|R) = P(A|R)DP(R|R). (5.21)

rank(P(R|R)) < rank(P(A|R)). We conclude that rank(P(1|R)) = rank(P(R|R)) =

Thus rank(P(A|R)) < rank(P(R|R)). But from P(R|R) = P(R|1)P(1|R), we have
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rank(P(E|n)). Similarly, since {P(R|1)} € {P(E|1)},
P(R|A) = P(R|)IL, = P(R|A)P(AR)DPP(R|A) = P(R|R)DPP(R|A). (5.22)

Thus rank(P(R|1)) < rank(P(R|R)). But from P(R|R) = P(R|1)P(A|R), we have
rank(P(R|R)) < rank(P(2|R)). We conclude that rank(P(R|1)) = rank(P(R|R)) =
rank(P(E|n)) and so the decomposition P(E|r) = P(E|A)P(A|r) is equirank, corresponding

to a noncontextual ontological model. O

5.3 Computational interlude

5.3.1 Alternating projections

We now discuss some of the practicalities of computing such matrix factorizations.
We have already seen that one may calculate a rank decomposition using the singular value
decomposition,

s
P(E|n) =UZV' = [U1 Uz] l%’ 8] [“%l = Ul(ZrVIT) = ES, (5.23)
where X, is a diagonal matrix of the r nonzero singular values. But in practice, even as one
refines one’s probabilities, one will generically find P(E|x) is in fact full rank, perhaps with
a few large singular values, and many more smaller singular values. One could set these
small singular values to O (and which singular values to zero out is a matter of judgement),
and from the SVD decomposition obtain a low rank approximation to P(E|r). But then it is
possible that the low rank approximation will contain numbers that lie outside [0,1]. To deal
with this, the literature [122] suggests using an alternating series of optimization. Fixing a
choice of r, one initializes E at random, and then solves numerically the following convex
program (with e.g. python’s cvxpy [123]),

min ||P(E|r) - EP||% such that Vi, j : 0 < [EP];; < I, (5.24)

which gives the closest elementwise nonnegative approximation to P(E|x) holding E fixed
and varying I1. Then holding IT fixed, one solves

min ||P(E|x) - EP||% such that Vi, j : 0 < [EP];; < I, (5.25)

finding the closest approximation over choices of E. One alternates between these two
programs until one finds a reasonable enough rank r approximation of P(E|x) which is
elementwise nonnegative.

Each individual step is a convex quadratic program and can be efficiently computed,
large dimensionality notwithstanding; the optimal product may be unique even when the factor
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itself is not. The same method may be extended to find a nonnegative matrix factorization if
one further demands that the elements of E and I lie in [0, 1].

5.3.2 A linear program for simplex embedding

[82] offers an alternative, principled way of calculating a simplex embedding, if it
exists: here we give it our own spin, showing that it amounts to the nonnegativity of a variant
of the Born matrix. Let P(E|r) = EP be a rank decomposition yielding effects {(E;|} and
states {|7;)}. On the one hand, we can consider the cone generated by the states

cone(I1) = {1) [ lp) = " ailm). i > 0}: (5.26)

on the other hand, we can consider its dual cone, the set of linear functionals nonnegative on
the states,

cone*(T) = {(m ‘(mn >, 0}. (5.27)

Let IT* be the matrix whose 7, rows correspond to representatives of the dual cone’s extreme
rays. Then cone™(IT) = cone(IT*). Clearly, then, we can write any row vector nonnegative
on every column of IT as some conic combination of the rows of IT*, i.e. x'IT* for x >, 0.
For a geometric intuition: consider the convex hull of several points. Such a convex set
may be described in two alternative ways [124]. The first is called the vertex representation:
it specifies the set by giving its extremal points, those points which cannot be written as
convex combinations of any other points in the set. The second is called the halfspace
representation: here each facet of the convex set corresponds to an inequality a; - x + b; <0
defining a halfspace, and the convex set is expressed as the intersection of all these halfspaces.
For example, suppose we have the following 4 states given in Bloch representation so that

(11 = (1,0,0),

1 1 1 1
1S1) =1 1S2) = 1 1S3) =| -1 1S4) =|-1]: (5.28)
1 -1 -1 1

the traceless part of the states form the vertices of a square. These are clearly the extreme
points of the square: any point in the interior of the square can be written as a convex
combination of these four states. We can consider more generally the cone they generate,
whose base is cut by (1| = (1,0,0). The four states then lie on extremal rays of the cone
which terminate at |0). At the same time, we could describe the same square as an intersection
of halfspaces: all the points (x,y) satisfying —1 <x < 1 and —1 < y < 1. Putting these in
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standard form,
y—-1<0 -y—-1<0 z—1<0 -z—-1<0. (5.29)

The square is the intersection of all points satisfying these four inequalities. Introducing an
auxiliary dimension, we can write these affine inequalities as linear inequalities, indeed, as a
single matrix inequality,

-1 10,

-1 -1 0

Lo 1 llxl=o (5.30)
-1 0 -1/V

which, incidentally, also allows one to appreciate the role of the “traceful” part of the state in
a new light. Multiplying by -1 gives

I-1 0\,

1 1 0

Lo ZillEl=o (5.31)
1 0o 1)V

which shows that any conic combination of the rows of the left hand matrix will be
nonnegative on the square. In fact, these rows represent extremal rays of the dual cone
cone” (IT). Geometrically, they correspond also to a square, albeit rotated 45 degrees: by
duality, extremal points have been exchanged with facets. In GPT-language, this dual square
correspond to all of the logically possible effects in the theory.

Returning to the main thread, we can go in the opposite direction, considering the
cone generated by the effects E in the rank decomposition P(E|x) = EP,

cone(E) = {(nl | (1] = Y Bi(Eil. B = 0}, (5.32)

as well as its dual cone
cone*(E) = {|a) (E|a) >, o}, (5.33)

for which cone(E) = cone(E"), the n}, columns of E* being representatives of the extremal
rays. Then we can write any column vector nonnegative on every row of E as some conic
combination of the columns of E*, i.e., E*y for y >, 0. Suppose now that we can find a
matrix @ of shape n X n; which is elementwise nonnegative and which satisfies

E*O'I" = 1. (5.34)
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Then since by construction EE* >, 0 and IT*II >, 0, we have
(EE")®*(IT"'II) = P(E|n), (5.35)

where each parenthesized matrix is nonnegative. Consolidating this into the product of
two matrices, we therefore obtain a nonnegative matrix factorization, and after possibly
renormalizing it, a decomposition P(E|r) = P(E|A1)P(A|r). Indeed, letting e.g., T = E*®*
and T; = IT*, we have therefore constructed by Lemma 5.2.3 a simplex embedding, and thus
a noncontextual ontological model.

Given E* and IT*, which may be computed using standard software packages (e.g.,
cdd [125]), it is a simple linear program to find an elementwise nonnegative ®* satisfying
E*®*IT* = [ if one exists. If it does not exist, following [82], we may relax the problem and
seek a @ satisfying the following program:

minimize p
over p, ®*

subject to E*®*IT* = (1 — p)I + p|u) (1]
® >,0,0<p<,

where |u) (1] is the completely depolarizing channel. Given sufficient noise, any P(E|nr) has
a noncontextual ontological model: depolarizing noise will eventually shrink the (traceless
part of the) state and effect spaces sufficiently that they can fit simultaneously into the simplex
and the dual hypercube of response functions. The minimum amount of depolarizing noise
that makes this possible is a measure of the nonclassicality of the scenario.

Finally, we note that E*®*II* = I is a kind of cousin of the Born identity [I®E = 1
where instead of actual states II, we have representatives of the extremal rays of the cone dual
to the effects E* and instead of actual effects E, we have representatives of the extremal rays
of the cone dual to the states IT*. In the special case that E* = IT and IT* = E, then ®* = ®
is a nonnegative {1}-inverse P(E|n), if it exists. In the next section, we will pursue this idea
further.

5.4 Stochastic ®

We showed in Lemma 3.2.2 that ® may always be taken to be quasistochastic. When
might it be possible to go further and take @ to be stochastic? Now if P(R|R) is invertible, the
answer is very simple: the only stochastic matrices with stochastic inverses are permutation
matrices [126]. To handle the more general case, we adapt an argument given in [83].

Theorem 5.4.1. Let P = P(X|Y) be a column stochastic matrix. Then there exists a column
stochastic {1}-inverse ®, satisfying POP = P iff

1. P(X|Y) factors into the product of two stochastic matrices P(X|Y) = P(X|1)P(2]Y).
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2. The columns of P(X|A) have pairwise disjoint support: ¥i # j : supp P(X|4;) N
supp P(X|[4;) = 0.

3. Every column of P(X|A) is also a column of P(X|Y).

Proof. First, we assume a column stochastic @ exists satisfying POP = P. Recall that
IT = P® is a projector onto the column space of P. The jth column of I[Tis 7; = P®e; = P¢;
where ¢; is the jth column of ®. We assumed @ is column stochastic so 7, is a convex
combination of columns of P. Now denote by P(X|A;) the extreme columns of P(X|Y), that
is, the distinct extreme points of the convex hull of the columns of P(X|Y). Now in general,
ITP(X|A;) = P(X]A;) and so

P(X|4) = ) P(Xjla)m; = > P(X;14) [P, (5.36)
J J

that is, P(X|4;) must be a convex combination of the m; which are themselves convex
combinations of columns of P. But we assumed that P(X|4;) is extremal. Thus if P(X;|A;)
is nonzero, 7; = P(X|4;) since P(X|4;) can’t be expressed as a convex combination of any
other columns. Now suppose P(X|A;) and P(X|Ay) share support at index j. Then by the
above argument, 7; = P(X|[4;) = P(X]|A;): they must be equal. We conclude that if two
extreme columns are distinct, they must have disjoint supports, which gives us (2). We
already constructed P(X|A1) from the extreme columns of P(X|Y), giving us (3). And since
every column of P(X|Y) is a convex combination of its extreme columns, there must be some
column stochastic matrix P(A|Y) such that P(X|Y) = P(X|A)P(A]Y), which gives us (1).

Conversely, assume (1), (2), and (3). By (1), P(X|Y) = P(X|1)P(1]Y). By (3),
for each A; there is some column index f (i) such that P(X[A;) = P(X|Yf(;). Let P(Y|1)
satisfy P(Y;|A;) := 6; f(;) so that P(X|1) = P(X|Y)P(Y|14). Meanwhile, define P(1|X) by
first setting

1, j €suppP(X|4;),

i (5.37)
0, otherwise,

P(4;|X;) ={

and then, if there is some index j which doesn’t lie in the support of any column P(X|A;),
put a single 1 anywhere in that column. In the end, because the supports are disjoint, each
column of P(1|X) will have exactly one nonzero entry, and P(1|X)P(X|1) = I. To see this,
first assume i # k. Then

Z P(A|X))P(X;|x) =0, (5.38)
‘

121



since by construction P(4;|X) and P(X|A;) have disjoint supports for i # k. If i = k,

DPQIXPP(Xjla) = Y P(Xla) =1, (5.39)
J

Jj€supp P(X|4;)

since P(X]A) is column stochastic, and we are summing just the nonzero entries in a column.
Finally, let ® = P(Y|1)P(1]|X). Clearly, ® is column stochastic and

POP = P(X|Y){P(Y|)P(AX)}P(X|Y) (5.40)
= {P(X|Y)P(Y|)}P(AIX){P(X|)PY)} (5.41)

= P(X|)P(A]Y) = P. (5.42)

O

Corollary 5.4.1.1. In the above construction, P(X|Y) = P(X|2)P(A|Y) is a rank decomposi-
tion.

Proof. By (2) the columns of P(X]|A) have pairwise disjoint supports, and so they must
be linearly independent. Thus P(X|1) € R and rank(P) = rank(P(X|)P(]Y)) <
rank(P(X|1)) = r. But by (3) every column of P(X|4) is also a column of P, and so
rank (P(X|1)) < rank(P), from which we conclude rank(P) = r. Finally, since P(1|Y) €
R™™ rank(P(A|Y)) < min(r,n) < r. But rank(P) < rank(P(2|Y)) < r = rank(P) so that
rank (P(2|Y)) = r as well. o

Remark. Notice that justas P(X|Y) = P(X|1)P(A|Y), ® = P(Y|A)P(A|X) = P(Y|X), which
we could call a stochastic retrodiction map. Moreover, the key step is that P(1|X)P(X]|A) = L.
In other words, the events {X;} allow one to completely retrodict the A;’s.

Corollary 5.4.1.2. In the above construction, P(A1|X)P(X|A) = I: so P(X|A) has a stochastic
left inverse. Similarly, P(Y|Q) is a stochastic right inverse of P(1]Y).

Proof. We defined P(Y;|4;) = 6, f(;) so that P(X|1) = P(X|Y)P(Y|1). But that means
P(X|A) = P(X|A)P(A|Y)P(Y|A). Acting from the left with P(1|X), wehave I = P(1|Y)P(Y|1)
as desired. |

Corollary 5.4.1.3. Let P(R|R) be the conditional probability matrix that characterizes the
reference measurement. If P(R|R) has a stochastic Born matrix, then the corresponding GPT
is classical.

Proof. From Theorem 5.4.1 and its corollaries, we know that P(R|R) has a stochastic rank
decomposition P(R|R) = P(R|1)P(A|R). Then P(A|r) = P(1|R)®P(R|r) is a probability
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distribution and P(E|1) = P(E|R)®P(R|A) is a response function which satisfy

P(EJ)P(A|n) = P(E|R)®P(R|)P(1|R)DP(R|x) (5.43)
= P(E|R)®P(R|R)®P(R|r) (5.44)
= P(E|R)®P(R|n) (5.45)
= P(E|n). (5.46)

Now suppose that the effects {E;} and the states {r;} are informationally com-
plete for the GPT. Then rank(P(E|R)) = rank(P(R|r)) = rank(P(R|R)) = r. Now
from P(E|1) = P(E|R)®P(R|1), we have rank(P(E|1)) < rank(P(E|R)). But from
P(E|R) = P(E|A1)P(A|R), we haverank(P(E|R)) < rank(P(E|A)). Thusrank(P(E|1)) =r.
Similarly, comparing P(A|nr) = P(A|R)®P(R|r) and P(R|r) = P(R|A1)P(A|r), we have
rank(P(A|r)) = r. Since P(R|R) = P(R|A1)P(A|R) is a rank decomposition, there
must be r A’s. Thus P(E|A) has full column rank and P(A|r) has full row rank; from
P(E|r) = P(E|1)P(A|r) we may conclude that rank(P(E|xr)) = r. The factorization is
therefore equirank. In particular, this will hold if we consider all the states and effects of the
GPT: the GPT is therefore entirely classical. O

5.4.1 An example

For concreteness, we give an example of a situation when a stochastic ® matrix is
possible. Let

2 2 11
7 0 3035
L ol{1 o L 3 L o L 1
P(X|Y) = P(X|)PQIY) =] 2 | Toi)=5 1 0 (5.47)
A N
0 7 07 % 8
Then
10 1100
0 1((1 1 0011
O =PYIVPX) = 0 0 (0 1 1)— 000 0 (5.48)
00 0 00O
Slightly more generally, suppose that
p 0
_|(1=-p) O _|a (1 1T.00
P(X|1) = 0 q P(1) = b P(1X) = 001 1/° (5.49)
0 l1-¢
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which yields

ap
P(X) = P(X|)P() = a(lb:] 2 (5.50)
b(1-q)

Clearly, P(1) = P(1|X)P(X). Thinking of P(1) as a state and P(X|A) as a set of effects,
we see that we can tell a very classical story. First 4| or A, is chosen with some probability.
Conditional on A1, a coin is flipped with bias p, and if it lands heads, the measurement yields
X1 and if it lands tails, the measurement yields X;. Similarly, conditional on A;, a coin is
flipped with bias ¢, and this gives either X3 or X4. If you like, first the ultimate classical
reference measurement is performed, reading off the property of the system (which 4 is the
case), and then conditional on that value, one of several outcomes associated to that property
is chosen at random. Meanwhile, the n distributions over the » hidden variables that give rise
to P, that is, P(1]Y;), are constrained: all the states of complete certainty about which A is the
case must be among them.

5.5 Negativity in quantum theory

For completeness we reproduce here the nice proof of [127] that negativity is necessary
in any frame representation of quantum mechanics, and so no noncontextual ontological
model is possible for full quantum theory. See also [128, 129, 130] for a general discussion of
the relationship between quantum theory, frames and their duals, negativity, and contextuality.

Theorem 5.5.1 (Theorem 2 of [127]). There does not exist a dual frame of positive semidefinite
operators for a frame of positive semidefinite operators for d > 1.

Proof. Let {E;} be a PSD operator frame, and {E;} its dual. Consider the map

M(p) = ) Eitr(Eip) = p. (5.51)
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Forming its Choi state,

1
Cu = ZJ M) ® [i) ] (5.52)
1 -
=~ D" Etr(Exli){j]) @ li) (] (5.53)
ijk
1 -
== > Eve ) GIEDING] (5.54)
k ij
1 -
- - Zk: B o ET. (5.55)

we see that it is a sum of tensor products of positive semidefinite operators: in other words,
Cy 1s a separable state. But M is supposed to be the identity map, whose Choi state is
maximally entangled. Thus the dual frame of a positive semidefinite operator frame cannot
itself be composed entirely of positive semidefinite operators. O

Corollary 5.5.1.1. Since the dual frame contains operators with negative eigenvalues,
W(E|p) = E|p) will in general take negative values. Thus in quantum theory, there must be
negativity in any frame representation, and so no noncontextual ontological model is possible
[80].

5.6 QBist Bell Inequalities

As we noted in the previous chapter, the authors of [78] explored ||/ — ®|| with respect
to any unitarily invariant norm as a measure of nonclassicality. The intuition is that classically
it is always possible to pick a reference measurement such that ® = I: but this is precisely
forbidden by quantum theory. This is suggestive of the idea that quantum systems do not have
underlying properties which are read off by measurements, even reference measurements,
but that, as QBism holds, the outcomes of measurement are better regarded as the possible
consequences for an individual agent gambling upon a nature which is being continually
cocreated. But for a single system, this is a heuristic argument and not at all a proof: after all,
the outcomes of any single system quantum experiment can be spoofed by a laptop computer
which is generally regarded to operate on definite properties by perfectly definite rules. From
this point of view, there is nothing to exclude the hypothesis that a single quantum system has
some definite, yet unknown properties which are however disturbed by measurement. The
situation is different, however, when we consider multipartite scenarios. There the violation
of Bell’s inequalities force us into a quandary: either quantum systems have underlying
properties that condition the results of measurement, but these properties may be disturbed
without regard for locality; or else the outcomes of measurements are created in the act of
measurement for the individual observer. (We exclude here the evasion of the quandary by
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the hypothesis of a multiverse.) For QBists, the point is that when one formulates a Bell
inequality, one in fact appeals to the law of total probability in defiance of the fact that
performing a reference measurement makes a difference. We now show that violations of
Bell inequalities, and noncontextuality inequalities more generally, may be understood as
quantifying the cost of abandoning the fundamental nonclassical coherence condition.

5.6.1 Local realism?

The usual way of introducing Bell inequalities is to consider a multipartite scenario,
where n distant parties share parts of a system, and each party agrees to choose from a menu
of potential measurements on the part local to them. In the simplest case, suppose Alice
has a choice of measurements {A;} each of which has outcomes {a;}, and Bob has a choice
of measurements {B;} each of which has outcomes {b;}. We can then consider the joint
probability distribution P(Ax = a;, B; = b;). In particular, following Bell, we may consider
the subset of all joint probability distributions which can be expressed

P(Ay=a;,B; =bj) = Z P(Ax = ailAn)P(B; = bj|A4,)P(Ay), (5.56)

where P(A1,,) is a distribution over some underlying “hidden variables” {A,,}, while P(A; =
ai|A,) and P(B; = bj|A,,) are response functions which depend only upon Alice (or Bob’s,
respectively) local choice of measurement—and the hidden variables. The point is that, for
Bell, any correlations in Alice and Bob’s measurement outcomes ought to be explained by
correlations between the hidden variables which their systems are supposed to have agreed
upon before they were separated. The set of all such “classical” joint probability distributions
for a given multipartite scenario forms a so-called Bell polytope L [131, 132].

For us, we take the point of view of a gambler who expects to act upon Alice and upon
Bob, and who believes them when they promise that they will try to communicate the results
of their measurements. But for the gambler, there is no measurement until they themselves
act upon Alice and upon Bob [133]. Introducing reference measurements {RZ.A} and {Rf } for
each of them, the gambler ought in general to appeal to the coherence condition,

P(Ax = ai, B = b)) = {P(Ak — 4j|RY) ® P(B; = bj|RB)}{<I>A ® CIDB}P(RA, RE|p).
(5.57)

If the gambler is indifferent to whether the reference measurements are performed or not,
then this reduces to

P(Ar = ai, B = b)) = {P(Ak — 4;|R") ® P(B; = bleB)}P(RA, RElp)  (5.58)

= > P(Ax = ai|R})P(B, = b;|RE)P(R!, RE|p),  (5.59)

ru
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which indeed has Bell form, where the outcomes of the reference measurements play the role
of the so-called hidden variables”. In this way, the assumption of “Bell locality” amounts for
us to the assumption that the gambler can introduce a reference measurement for Alice and for
Bob, and that they are indifferent to whether these reference measurements are performed or
not. The key point is, as always, that the gambler may very well not be indifferent to whether
the reference measurements are performed. Turning it around, and as we will see, we can
bound ||/ — ®@|| in terms of the magnitude of a Bell inequality violation.

5.6.2 CHSH

For sake of intuition, consider for example the CHSH scenario. This is a bipartite
scenario in which the gambler can ask Alice and Bob for the outcomes of two possible
measurements they made. The outcomes are valued in {+1}. Supposing that P(A; = a;, B; =
b ) takes Bell form, one may derive the famous inequality

-2 < <AlBl> + <A132> + <AzBl> - <A232> <2. (5.60)

Let us consider Ay, A, first. Suppose they take opposite values. In that case, (—1) + (+1) =
(+1) + (=1) = 0 so that A; + A, = 0, and since either we have (+1) — (-1) = +2 or
(=1) = (+1) = =2, we have A| — A, = +2. On the other hand, suppose they take the same
values. In that case, (+1) — (+1) = (-1) — (—=1) = 0 so that A; — A, = 0, and since either
we have (+1) + (+1) = +2, or (-1) + (-1) = =2, we conclude A| + A, = +2. Let us now
consider the quantity

C = (A] + Az)Bl + (A] - Az)Bz. (5.61)

If Aj, A, take opposite values, then Aj+ Ay = 0and A; — Ay = £2sothat C = 0+ (£2)(x1) =
+2. On the other hand, if A, A, take the same values, then A{ — A, =0and A; + Ay = £2 50
that C = (£2)(x1) + 0 = £2. Either way, C = +2. Assuming a joint probability distribution
over the outcomes of the four measurements, we may consider the expectation value of C:

(C)={((A1 +A2)B1 + (A — A2)B>) (5.62)
= (A1B1) + (A2B1) + (A1B2) — (A2By). (5.63)

2This is perfectly sensible if we analogize to classical physics. Classically, the ultimate reference device is
simply reading off the positions and momenta of all the particles: these are the “hidden variables” upon which
any other observable supervenes—and in principle they need not be hidden at all! And this is as it should be:
what is the point of hypothesizing some underlying properties which could never in principle be measured?
But to consider something measurable according to e.g., quantum theory is quite restrictive: distributions
P(RA, RB|p) are not as general as P(1,,). The former are constrained e.g., to correspond to quantum states,
which rules out large swathes of the probability simplex, whereas the latter are otherwise unconstrained. Thus
joint probability distributions in the form of Eq. 5.58 are a subset of those defined by Eq. 5.56. Luckily, this is
all we will need.
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Since C = +2, we must have =2 < (C) < 2, and so
=2 <(A1B1) + (A2B1) + (A1B2) — (A2By) < 2, (5.64)

as desired. We derived the inequality solely by assuming that A, A, By, B> all take preexisting
values in 1, and it holds whatever joint probability distribution we assign to the outcomes of
the four measurements.

Let us take another point of view, however. Since (AxB;) = 2;; aibjP(Ax = a;, B; =
bj), letting

1 1
s = (1 _1) Cijkl = aibjsgi, (5.65)

and denoting by p and c¢ the tensors P(Ay = a;, B; = bj) and ¢, i, flattened into vectors, we
may rewrite the CHSH inequality as

—2<c’p<2. (5.66)

Here p is often called a behavior. This is quite general: a Bell inequality always takes the
form

c’p < B, (5.67)

where ¢ represents a particular observable and 3 is a classical bound derived by supposing that
p takes Bell form. Geometrically speaking, each Bell inequality (c, 8) defines a halfspace:
their collective intersection is the Bell polytope L, the set of all behaviors which can be
written in Bell form. In fact, the CHSH inequality corresponds to a facet of this polytope.

Of course, quantum mechanics generally violates Bell inequalities. In the CHSH
scenario, let Ay = Z,A» = X, and B| = (Z + X)/V2,B» = (Z — X)/V?2, where Z, X are
Pauli observables and let the initial state be p = |y)(y/| where |¢) = (|00) + |11))/V2. Then
by the Born rule

P(Ai = ai, By = b)) = tt( (s, ® Ty 15,)p), (5.68)

where I1,, |4, is the rank-1 projector onto the a; outcome of observable A;. Famously, this

choice of state and observables leads to |¢p| = 2V2, the maximal violation compatible with
quantum mechanics.
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5.6.3 Bounding ||I — ®||

In order to show how a Bell inequality violation can bound ||I — ®||, we first rewrite
Eq. 5.57 as

P(Ax = a;,B; = bj)

= > P(Ai = ai|R)®LP(B, = by|RD)DS,P(RY, R |p) (5.69)
= > | Peac = alRNP(BI = b, |REP(RY, RE|p) | |04 08, (5.70)
= Z Tijkl,rsuv(ﬁrsuv’ (5.71)

rs,uv

so that denoting by p the tensor P(Ay = a;, B; = b;) flattened into a vector, reshaping
the tensor T into a rectangular matrix T, and finally flattening ®4 ® ®? into a vector
¢ = |®4 ® ®B), we can achieve a yet more compact expression p = T¢. In other words,
the reference probabilities which specify the Bell scenario are packaged into the matrix T,
separate from the choice of Born matrices. Consequently, we can write any Bell inequality as

¢'Top < B. (5.72)

Now let ¢pg = |®4 ® ®B) and ¢ = |I ® I), where the soft brackets denote the vectorization
of the matrices. On the one hand, p, = T¢o gives us our nonclassical distribution, while
pc = Toc lies in the Bell polytope L. We now recall that the operator norm associated with
a vector norm ||-|| is

|Allop = ||Sl|Tp l|Av]], (5.73)
v||=1

so that immediately we have [[Av]|| < [|Al|op||v||. Putting this together, we have

1o — Pell = Tdo — Técll = I T(dg = de)ll < I Thoplldg = dcll. (574
or
Ipg -~ pcl
- > — 5.75
60 = dell > = (575)

But [[py — pcll > dist(pg, £) since p¢ lies in L. We then have the following theorem.
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Theorem 5.6.1. Let p be a behavior which violates ¢'p < B. Thenc'p = B+ Afor A > 0, and
' A
dist(p, L) > W, (5.76)

where ||-||. is the dual norm> of ||-|I.

Proof. We first reprove a standard result. Let H = {x | (y,x) = B} be a hyperplane. The
distance of a point Xy to H (with respect to a choice of norm ||-||) is
Al

dist(xo, H) = TR

(5.77)

where ||-||. is the dual norm and A = (y, Xg) — 8. To see this, we observe that for a norm ||-||,
its dual norm [105] is defined as

Il = sup (x,y). (5.78)
Iyli<t

Immediately, we have the tight inequality

Yy
Iyl

Let us now consider the distance from a point Xy € R” to a hyperplane H = {x | (y, x) = S}.
In other words, we seek the point in H closest to Xg,

x.y) = llyll <X > < [yl (5.79)

dist(xg, H) = migllxo - x||. (5.80)
Xe

By definition, for x € H, (y,x) = (; by the same token, for xo ¢ H, (y,Xo) = B + A.
Subtracting these two expressions yields

(y,d) = A d=x-x, (5.81)
so that we can reformulate our problem as miny gy=al|d||. But |A| = [{y,d)| < |ly||.||d]|, or

Al

1dll = :
1yl

(5.82)

3In particular, for a p-norm, ||xl, = (X;x7 )1/ P the dual norm is the Hélder dual ||x||, satisfying
1/p +1/g = 1 [105]. Notice that the Euclidean norm is self-dual in this sense.
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Since the inequality is tight, we can achieve the minimum, and thus

A
dist(xo, H) = |||y_||| (5.83)

corresponding hyperplane {x|c¢"x = 3}, and since the polytope £ lies entirely in the halfspace,
the distance to the hyperplane gives a lower bound on the distance to the whole polytope. In
other

Finally, since every such inequality defines a halfspace {x|c’x < A3} bounded by the

dist(p, £) > dist(p, H) = el (5.84)
O
With this result in hand, we conclude that
P —Pcll _ dist(pg, £) A cp -
lgg - dcll = — > - CP-B (5.85)
IT|op ITlop ITllopllell™  ITlopllell

where A is the Bell inequality violation. Specializing to the Euclidean norm |||, we have
that the associated operator norm is ||T||op = 'max(T), the largest singular value [108]; that
the Euclidean norm is self-dual; and finally, that |[vec(A)||> = ||A||r, the Frobenius norm

Vir(ATA). Letting @ = ®* @ ®*, we arrive at the following theorem:

Theorem 5.6.2. Consider a two party Bell scenario. Introduce a reference measurement for
each party and consider the joint reference measurement with Born matrix ® = ®, @ Op.
Let ¢ be the Bell observable, A be the Bell inequality violation, and omax denote the largest
singular value. Finally, let T be the matrix with entries

Tijktrsuv = P(Ax = a;|R})P(B; = b;|RE)P(RA, RE|p), (5.86)

where P(Ay = a;|R?) and P(B; = b;|RB) are the response functions characterizing Alice
and Bob’s effects and P(R2, RE|p) is the probability distribution characterizing the initial
state. Then

[P = (5.87)

omax (D) llell2 .
The generalization to m parties is straightforward.

Returning to the CHSH example, assigning a qubit SIC reference measurement {R;}
to Alice and Bob each, we can characterize the quantum state of their two qubits with the
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joint probability distribution
P(R,R;|p) = tr((Ri ®Rj)p), (5.88)
and characterize their measurements with
P(Ay = ai|R,) = tr(Ilg;)a,0u) P(B; = bj|R,) = tr(Ily, p,07), (5.89)

where 0, = R, /tr(R,,) are reference states. Maximal violation of the CHSH inequality gives
A=2V2-2. Meanwhile, for two qubit SIC reference devices, o (T) = \/m, yielding
I — ®||Fr > 0.1794. Now in fact, ||I — ®||r ~ 24.4949, so the bound is not particularly
informative as to its exact value. The point is rather that it cannot be 0. Indeed, we may take

A
B= (5.90)
O-maX(T)HCHZ

itself to be a measure of the nonclassicality of the scenario as captured by the reference
measurement. This result opens up a number of interesting further directions for research.
In particular, one may ask: optimizing over number of parties, reference measurements,
initial states, choices of measurements, and Bell inequalities, which scenario gives the largest
bound? Is it possible to find a bound which is equal to the actual value of ||/ — ®@||? Fixing
a reference device (e.g., a SIC), which Bell scenario gives the largest bound? Conversely,
fixing a Bell scenario, which reference measurement gives the largest bound?

5.6.4 Noncontextuality inequalities

The wonderful review article [134] gives an explicit algorithm for constructing a Bell
inequality which witnesses the nonclassicality of a behavior p or else affirms its classicality.
The first observation is that any uncertainty in the response functions (e.g., P(A; = a;|Ax))
can be shunted instead into the hidden variables A: thus it suffices to consider models
where the local response functions take values in {0, 1}, that is to say, it suffices to consider
deterministic local hidden variable models. In such a model, the hidden variables simply
assign outcomes to measurements in a particular run. For example, let there be two parties,
Alice and Bob, and let A = (A4,,...,44,,;4B,,...,4p,) be an assignment of outcomes to
each of m measurements for Alice and each of n measurements for Bob in a given run. To
each possible A corresponds a deterministic behavior

Py(Ak = ai, B = bj) = 6a;,05,6b;.15,- (5.91)

132



A behavior p then has Bell form iff it can be written as a convex combination of these
deterministic behaviors,

p= Pp(d) p()20, Y p()=1. (5.92)
A A

Given a behavior p, consider the following linear (and so efficiently solvable) program

max S=c'p-p suchthat VA:c'p,—B<0Oandc/p-pg<1. (5.93)
C,

Now if p has Bell form, from VA : ch 1 — B <0, we have, summing over all A’s,

Zp(/l)ch/l —B<0=cp<g (5.94)
A

Thus S < 0. If p is not of Bell form, then by the second constraint ¢'p — 8 = § < 1. Since
p ¢ L, a separating hyperplane can be rescaled so that the optimum achieves S = 1. The
point is that any deterministic behavior satisfies ¢'p 1 < B, and thus so does any behavior in
Bell form. At the same time ¢'p < 8 + 1: the classical bound is violated by p itself. Thus
the Bell functional ¢ witnesses the nonclassicality of p. We note that the Bell polytope £
is the convex hull of the deterministic behaviors, which are its extreme points: switching
from the vertex representation to the halfspace representation of the polytope, we see that £
is characterized by a finite set of Bell inequalities. If ¢'p < S is true for any point p in the
polytope, then the set {p € £ : ¢'p = B} is a face. Faces of dimension dim £ — 1 are called
facets, and the corresponding Bell inequalities are called tight: any other Bell inequality can
be written as a non-negative combination of facet inequalities.

In fact, exactly the same technique works for the more general class of noncontextuality
inequalities. The simplest example of a contextuality inequality is provided by the Specker
triangle [135]. Suppose we have three measurements A, B, C each of which has two outcomes
to which we assign valuations in {—1, +1}. Each pair of measurements can be made jointly,
but not all three together. Suppose that these measurements reveal some preexisting properties
of the system: a, b, c € {—1, +1}, that is, the A measurement reads off whether a is =1, and
so forth. Clearly, (ab)(ac)(bc) = a’b*c? = 1. In particular, this means that the products of
each pair cannot all be —1: we cannot have ab = ac = bc = —1. Either none of them or two
of them can be —1, and so at most two of the outcomes of the A, B, C measurements must
disagree. Consequently,

1, ?fAiB N 1, %fA;&C N 1, %fBiC <9 (5.95)
0, ifA=B 0, ifA=C 0, ifB=C
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Taking expectations, this implies

P(A#B)+P(A+C)+P(B#C) <2,

(5.96)

and using the fact that P(A # B) = P(A=+1,B=-1) + P(A = —1,B = +1) as well as the
fact that outcomes are valued in {—1,+1} so that (AB) = 1 —2P(A # B), we may rewrite

the inequality as

(AB) + (BC) + (CA) > —1.

Finally, letting

and

c=(1 -1 -1 +1

P(A=+1,B=+1)
P(A=+1,B=-1)
P(A=-1,B=+1)
P(A=-1,B=-1)
P(A=+1,C =+1)
P(A=+1,C=-1)
P(A=-1,C=+1)
P(A=-1,C=-1)
P(B=+1,C =+1)
P(B=+1,C=-1)
P(B=-1,C =+1)
P(B=-1,C=-1)

+1 -1 -1 +1 +1 -1 -1 +1),

we see that we can write the inequality as

c-p>-1.

More generally, we may define response functions

P(A =ao, B =bola,b,c) = 04y.a0py.b
P(A =ap, C = C()|a, b, C) = 5ao,a560,c
P(B = by, C = cola, b, c) = 6pyp0co.c»
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which formalize the idea that the measurements A, B, C simply read off the values of the
properties a, b, ¢, so that given a distribution over their values P(a, b, ¢), we can write

P(A = ag, B = by) = Z P(A = ag, B = bola, b, ¢)P(a, b, ¢) (5.104)
abce

P(A =ay,C =co) = Z P(A = ag,C = cgla,b,c)P(a, b, c) (5.105)
abc

P(B = bo,C = cp) = Z P(B = bo, C = cola, b, c)P(a, b, c). (5.106)
abc

Gathering up these three distributions into a behavior p, we may then consider the geometry
of the allowed behaviors implied by the law of total probability. As before, they form a
polytope L of allowed classical behaviors, and the inequality ¢ - p > —1 corresponds to a
facet of this polytope. We could have considered nondeterministic response functions, and
more general types of hidden variables, but as long as the pairwise distributions may be
obtained by marginalizing over a distribution P(a, b, ¢), the resulting behavior will lie in
the abovementioned polytope whose vertices are precisely states of certainty about which
values a, b, ¢ take. Converting to the halfspace representation yields all the noncontextuality
inequalities, of the form ¢ - p < 6.

As we discussed earlier, if we introduce a reference measurement for the system, to
say that A, B, C are pairwise jointly measurable is to say that there exist three measurements
{JAB}, {JACY, {JBCY such that

P(A, Blp) = P(A, BlJAB)P(JAB|R)DP(R|p) (5.107)
P(A,Clp) = P(A, C|lJAC)P(JACIR)®P(R|p) (5.108)
P(B,C|p) = P(B, C|JB)P(JBC|R)®P(R|p) (5.109)
satisfying
P(Alp) = > P(A,Bllp) = > P(A,Cilp) (5.110)
P(Blp) = ) P(AwBlp) = ) P(B.Cilp) (5.111)
P(Clp) = ) P(AClp) = ) P(Bi.Clp). (5.112)

Gathering up P(A, B|p), P(A,C|p), P(B,C|p) into a behavior py, we can compare it to
the behavior p obtained by setting ® = /, and relate the violation of any noncontextuality
inequality for the scenario to ||/ — ®|| by the same argument we gave for Bell inequalities.
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5.7 Conclusion

In this chapter, we have given a QBist-friendly account of classicality, adapting work
on so-called noncontextual ontological models to the QBist framework. We have shown
how such models correspond to nonnegative matrix factorizations, or equivalently simplex
embeddings, relating such constructions to the existence (or not) of a nonnegative cousin
of the Born matrix, emphasizing along the way the QBist idea that classicality involves
indifference to whether or not a reference measurement is performed. Finally, we have shown
that for QBists, violations of Bell inequalities and the like may be understood as quantifying
the cost of the failure to adopt the fundamental nonclassical coherence condition.
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CHAPTER 6

CHARACTERIZING QUANTUM STATE SPACE WITH A SINGLE QUANTUM
MEASUREMENT

6.1 Introduction

In 1927, Niels Bohr introduced the notion of complementarity, that not all aspects of a
physical system may be simultaneously definite, as the distinctive feature of the new quantum
mechanics [136, 137]. For example, the Heisenberg uncertainty principle, o0, > %h, tells
us that if we experiment upon an ensemble of identically prepared particles, then a small
variance in the measured position of the particles implies a large variance in their momentum,
and vice versa. In particular, regardless of the choice of ensemble, the variance of the two
quantities cannot be made arbitrarily small together while remaining consistent with quantum
theory. The uncertainty principle may be generalized e.g., to arbitrary pairs of observables,
and even to collections of observables [138]. If Bohr was right that complementarity is the
defining feature of quantum theory, then it ought to be possible to characterize “quantum
states” as nothing other than probability assignments which satisfy appropriate uncertainty
relations for all possible observables.

From this point of view, what is essential is not the traditional Hilbert space formalism,
but instead the constraints quantum theory urges on probability assignments: indeed, the
former can be seen as a convenient mathematical technique for imposing those very constraints.
As we have discussed, this is the central contention of QBism [1], a subjective Bayesian
interpretation of quantum mechanics, which holds that quantum theory should not be viewed
as a description of physical reality but rather as a set of consistency constraints on probability
assignments motivated by nature’s lack of hidden variables. In particular, QBists side with
Schrodinger in viewing the quantum state as nothing more than a “catalogue of expectations”
[53]. Indeed, while Bohr and Heisenberg focused on relations between observables like
position and momentum, contemporary quantum information theory contemplates a more
general class of measurements, so-called informationally complete (1C) measurements [73].
Remarkably, assigning appropriate probabilities to the outcomes of a single IC measurement
is equivalent to assigning a quantum state. Thus one may take Schrodinger’s “catalogue
of expectations” a step further, and identify quantum states with probability distributions
directly.

The caveat is that while all quantum states correspond to probability distributions,
not all probability distributions correspond to quantum states [139]. On the Hilbert space
side, such invalid distributions correspond to self adjoint matrices which are not positive
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semidefinite, and thus cannot be regarded as density matrices. A picture thereby emerges of
quantum state space as a privileged subset of the probability simplex, corresponding to just
those probability distributions which map back to valid states. The shape of the subset depends
on the choice of informationally complete measurement used as a “reference,” and can be
derived by calculating certain quantities associated with the Hilbert space representation of
the measurement. From a foundational perspective, however, one might wonder whether it is
possible to characterize the shape of such a privileged subset without reference to Hilbert
space as such. Related questions have recently been asked in the context of GPT tomography
[140, 141], which provides a theory agnostic approach to reconstructing state and effect
spaces from the experimental data collected from a wide range of measurements. Certainly, a
state is invalid if it implies a negative probability for some effect. From a QBist point of view,
the Born rule is just an example of a general nonclassical coherence constraint, expressed
entirely in terms of probabilities with respect to a reference measurement. One may thus rule
out a probability distribution if the Born rule, formulated in terms of probabilities, yields a
negative number for some measurement outcome. In this way, the shape of state space would
emerge out of the demand for probabilistic consistency.

Nevertheless, just as a single IC reference measurement may characterize a quantum
system entirely in terms of reference probabilities, one might wonder whether a single specially
chosen reference measurement could perform “state space tomography” by appealing only to
probabilities assigned to that single measurement. Probabilistic consistency with this one
measurement would imply consistency with every possible measurement, and provide an
important proof of principle for the QBist approach to quantum mechanics. In this chapter,
we demonstrate that this can in fact be done. Taking one’s reference measurement to be a
complex projective 3-design allows the set of valid probability distributions—that is, the
shape of quantum state space—to be elegantly characterized by an uncertainty principle!,
precisely in the spirit of Bohr. Crucially, the only building blocks needed to formulate this
principle are reference measurement probabilities.

In particular, we will show that probability assignments to the outcomes of the reference
measurement cannot be too sharp in a prescribed way: they must satisfy a lower bound on the
variance with respect to any of a natural class of observables. This is so even as those same
probability assignments may imply a sharp distribution on the outcomes of some alternative
measurement via the Born rule. This is a dramatic reversal of the situation classically, where
any alternative measurement may be regarded as a coarse graining of a reference measurement
e.g., of the positions and momenta of a set of particles. In the classical case, on the one hand,
certainty is achievable for the reference; on the other hand, one cannot achieve more certainty
about alternative measurements than about the reference. Thus our result underscores in a
novel and perspicacious way the degree to which quantum mechanics resists hidden variable
interpretations. Moreover, the notion of defining the set of valid probability distributions in
terms of an uncertainty principle is a promising approach to constructing generalizations of

I'We note that whereas the usual uncertainty principle relates probability distributions with respect to
different measurements, our generalization is formulated with respect to a single measurement.
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quantum theory in the spirit of generalized probabilistic theories [4, 142] or in the QBist
literature, the gplex research program [5]. Independently motivating the features of a 3-design
representation, and demonstrating how a Hilbert space representation arises from them (rather
than the other way around), would represent a significant advance in the ongoing quest to
derive the quantum formalism from satisfying quantum information theoretic principles, and
at the same time likely lead to a novel characterization of 3-designs themselves. Indeed, it
is to this subject we turn in the next and final chapter. Moreover, we note that 3-designs
are of great contemporary interest due to their special role in the theory of classical shadow
estimation, where employing a 3-design allows one for example to achieve constant sample
complexity in fidelity estimation independent of system size [7, 8, 9, 10]. We hope the present
work places these developments in a broader context.

In the spirit of completeness, we begin by reviewing the probability-first formalism
for quantum mechanics furnished by an informationally complete reference measurement,
and then lay out the basic features of complex projective 3-designs. These mathematical
preliminaries aside, we derive scalar constraints on probability assignments corresponding
to pure states: pure state probability assignments turn out to live in the intersection of
2-norm and 3-norm spheres of specified radii restricted to a natural subspace. Operationally,
these constraints can be interpreted as bounds on the agreement between several copies of
the reference measurement; conceptually, they can be understood as entropic uncertainty
principles [143]. We then establish a vector constraint on pure probability assignments,
which draws our attention to a particular 3-index tensor built out of the probabilities which
characterize the reference measurement itself. To handle the case of mixed states, we report
the key insight that for a 3-design measurement, one can relate the variance of an observable
as measured directly to the variance of the observable as measured by the reference. This is
what allows quantum state space to be characterized in its entirety by a single uncertainty
principle, which lower bounds the variance of any of a natural class of observables. In
closing, we observe that the reason 3-designs play such a privileged role is that for just these
measurements, the structure coeflicients for the Jordan algebra of observables [27] can be
expressed solely in terms of the probabilities which characterize the reference measurement.
The essence of this observation was already made in [63, 144], but its significance for
probabilistic representations of quantum mechanics was left unexplored. In fact, we show
that just as a 2-design allows the Born rule to be expressed as a gentle modification of the
law of total probability, 3-designs allow the quantum Jordan product on observables to be
expressed as a gentle modification of the classical Jordan product, the elementwise product of
valuations on reference outcomes.

6.2 The reference measurement formalism

In quantum mechanics, the most general form of a measurement with a finite number of
outcomes consists of a set {E;}"_ | of positive semidefinite matrices called effects, acting on a

Hilbert space H,; satisfying 3 E; = I. If aset of effects {R;} span the d-dimensional operator
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space, we call the measurement informationally complete: the probabilities P(R;|p) = tr(R;p)
fully characterize the density matrix p representing a quantum state, which must itself be
positive semidefinite with tr(p) = 1. We suppose that upon obtaining an outcome R;, an
agent would assign a corresponding state o5 to a subsequent reference measurement>. We
suppose that {o;} also span the d>-dimensional operator space, and in fact we will always
assume that for our reference measurement o; = tr(R;)"'R;, that Vi : tr(R;)™' = n/d, and
that each o7 is a pure state. In other words, we specialize to the case of unbiased rank one
measurements R; = (d/n)|y;){¥;].

The minimal number of effects in an IC measurement is d%: moreover, at best an IC-
measurement may furnish a linearly independent, but not orthonormal basis [145, 146, 147],
and more generally an informationally overcomplete set. We must therefore take up the matter
of its dual representation—with a probabilistic twist. Let |0;) = vec(oy) = (I ® 07) 2 |/, )
be the vectorization of a reference state o, and similarly let (R;| = X;{i,i|({ ® R;) be the
vectorization of a reference effect. In general, (A|B) = tr(ATB), and so arranging (R;| into
the rows of a matrix R, and |o;) into the columns of a matrix S, we can write the conditional
probability matrix with elements P(R;|R;), for the probability of a subsequent reference
outcome given an initial reference outcome, P = RS. By informational completeness,
these probabilities fully characterize the reference measurement itself, and they will play a
fundamental role in the sequel.

We call a Born matrix any matrix ® which satisfies POP = P, the defining equation
of a {1}-inverse of P [71]. As we have seen, it follows from informational completeness that
POP = P < SOR = [ [75], which provides a resolution of the identity, and thus a dual
representation |p) = S®R|p) or,

p = ®;P(Rlp)o;. (6.1)
ij

If the measurement operators (and states) are linearly independent, then P will be invertible,
and thus ® = P~!. Otherwise, there will be a variety of choices for the Born matrix>, and
different assignments of probabilities will lead to the same ascription of a density matrix.

%In the language of the previous chapters, we take the reference measurement to be a preparatory measurement.
3Recall that the {1}-inverses of a matrix P = UXV' may all be calculated from its singular value
decomposition via

0'_1 A T
qD—V(B CU,

where A, B, C are completely arbitrary matrices, and o is the diagonal matrix of nonzero singular values. A
typical example is the Moore-Penrose pseudoinverse, for which A = B = C =0 [71].
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Consider now some alternative measurement {E;}" . We can write the Born rule
probability P(E;|p) = tr(E;p) in terms of reference probabilities,

P(Ei|p) = r(Eip) = (E;|SOR|p) (6.2)
= ) P(EiR))®;iP(Ri|p),
jk

and appreciate that the Born rule has become a simple deformation [130] of the law of total

In particular, taking E = R, we have that P(R;|p) = 2 jx P(R;|R;)®;xP(Rk|p). This
is a fundamental consistency criterion in an overcomplete probability representation. As
we saw in Chapter 3, it follows from the defining equation of a {1}-inverse that P® is a
projector onto col(P): recall the column space of P (or equivalently, its range) is the span of
its columns. Now P = RS is in fact a full rank factorization of P, and hence the columns
of R form a basis for col(P) [102]. Thus any vector with components x; = tr(R;X), that is,
x = R|X), must lie in col(P). Conversely, if x € col(P), there must exist a vector X such that

xi =2 P(Ri|R)X; = tr (Ri 2 )ZjO'j) = tr(R;X) for some operator X. By the same token,
just as distributions P(R|p) must live in col(P), response functions P(E|R) ought to live in
row(P). Moreover without loss of generality, valuations on reference outcomes may be taken
to be vectors in col(P). Finally, taking oy = tr(R;)~'R; = (n/d)R; means that P = P and so
col(P) = row(P).

6.3 Making designs

It follows from the representation theory of the unitary and symmetric groups [116, 148]
that the tth moment of quantum state space, that is, the rth tensor power of a pure state
averaged over all pure states is

-1
) Hsym‘a (63)

d —
[ wweas =17

where dy denotes the Haar measure on pure states, and Ilgyy, 18 the projector onto the

permutation symmetric subspace on ¢ tensor factors [62]. Note tr(Iliym) = (d+;_1) is just

the dimension of that subspace. As Iy, can be expressed as a sum over all permutation
operators, we have in fact

d+t-1\"1
/wwww=(ﬁ );Zn (6.4)

’ ﬂ'ES[

where Tr = X4, g, [z-11)s - - -5 @p1n){ats - - . al.
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A quantum state t-design, also called a complex projective t-design [62], is an ensemble
of pure states {p;, [;)}"_, which satisfy

> piluuit® = [ 1)wi®as, 65)
i=1

that is, the average over the design ensemble mimics the average over all pure states up to the
t-th moment. We will call a design unbiased or unweighted if Vi : p; = % The number of
elements in a ¢-design satisfies

(d— 1+ Lt/ZJ)(d— 1+ [t/Z])
n2 .
L2/2] [1/2]

We note that a 7-design of any order always exists for sufficiently large n [149], and a 7-design
is also a (t — 1)-design. For ¢t = 1, we have ) ; p;|¥;)(¢i| = %I which shows that a 1-design
furnishes a set of rank-1 projectors which, rescaled, sum to the identity: thus a 1-design is a
quantum measurement. For a 2-design

1
Zpi|¢’i><%|®2 = m(h@l +121), (6.6)

where 77 is the swap operator: two typical examples are symmetric informationally complete
(SIC) states and states corresponding to a complete set of mutually unbiased bases (MUBs)
[150]. In fact, it follows from Eq. 6.6 that for any unbiased 2-design reference device, we can
take ® = (d + 1)I — %J , where J is the Hadamard identity, the matrix of all 1’s (Appendix
6.8)*.

The Born rule then takes the profoundly elegant form

P(Elp) = Y PEIR) | (d+ DP(Rilp) - & . ©7)

which was given an independent motivation in the case that n = d? in [78], and is related to the
fact that 2-designs are optimal for linear quantum state tomography [77, 151]. The terrain of
3-designs is an area of active investigation: several examples were presented in [6], and more
general constructions were given in [152, 153]. In particular, 3-designs have been studied
for their use in the theory of classical shadows [7, 8, 9] since they lead to well-controlled
variance in the estimation of expectation values. In d = 2, the complete set of MUBs forms
a 3-design as does the union of the tetrahedral SIC and the antipodal SIC formed by Bloch

“Moreover, viewing R as a frame analysis operator and S = S® as an frame synthesis operator, we see that

the dual analysis operator SJr has the same range as R itself. Thus by Lemma 3.6.3, the columns of S furnish
canonical dual elements
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sphere inversion. Notably, the set of n-qubit stabilizer states [154] also forms an unbiased
3-design. Whent =3,n > %dz(d + 1), a bound which is not tight [62].

Finally, we note that the order-t frame potential ¥, provides a variational characteriza-
tion of z-designs [62, 111].

Theorem 6.3.1.

d+t—1\"
Z’ b

Folpi W}l = > pip I wilu )P > (
ij

with equality if and only if { p;, |¥;)} forms a complex-projective t-design.

Proof. Theorem 3.6.2, we showed that the frame potential tr(F?) > tr(F)/d achieves its

lower bound only for a tight frame. Here F is the frame operator. From Eq. (6.3) and Eq.
(6.5), we have

d+r-1

-1
t ) Mgy (6.8)

Fr= ) NPl Npiwil® = (

This implies that {/p;|y;)®’} forms a tight frame for the symmetric subspace on which ITgyy
is the identity operator. Applying Theorem 3.6.2 to tr(th) gives the result. O

6.4 The shape of quantum state space

6.4.1 Bounding agreement

We begin by providing a characterization of pure state probability distributions in
terms of a set of entropic uncertainty principles. They can be motivated by considering
the following scenario. Suppose an agent performs ¢ preparatory measurements py, . . ., O,
and afterwards performs a reference measurement on each of the 7 systems. What is the
probability that all 7 reference measurements give the same outcome? In other words, we are
interested in the agreement probability

n t

n
P(agree|p1,...,p;) = Z P(Rilpj) = tr (Z RY ®_ pj) .
i=1 j=1 i=1
Assuming the reference measurement is unbiased and that the reference states are proportional
t
to effects R; = %0}-, we have P(agree|pq,...,0;) = n‘f—_]tr (% 2y o-i®’ ®§.=1 pj). If we further

d+t-1y~1

assume that the reference measurement forms a ¢-design, 1 3, o® = (“'7") Ty, and so
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the agreement probability can be written

d (d+1-1\""1 ,
P(agreelpl,...,p,):F( ; ) ;Ztr(T,TQZ)j:lpj).

' rwes,;

To evaluate expressions like this, it suffices to consider traces with cyclic permutations. For
t = 2, the swap operator 1> = ), |b, a){a, b| yields

tr

(X®Y) ) |b,a)a, bl) = ) (alX|b)(b|Y]a) = tr(XY),
ab

ab

while similarly, for # = 3, a cyclic permutation of three elements delivers

tr

(X®Y ® Z) Z b, c,a){a, b, cl) = Z(aleb)(blch)(chla) = tr(XYZ).

abc abc

In light of this, we have for the order-2 agreement probability,

|

P(agree|p1, p2) = 741

(%) [tr(Pl)tT(Pz) +1tr(p1p2)|. (6.9)

Now tr(p1p2) < w/tr(pf)tr(p%), while the purity satisfies tr(p?) < 1. Thus when p; = p2 = p

pure, we saturate the upper bound of this quantity. For the lower bound, we note tr(p102) > 0
with equality if and only if py, p; are orthogonal, which leads to bounds

dy 1 .
(;) d+1 = ZP(Rilpl)P(Ri|p2) < (Z)

. 1
d+1 (6.10)

Similarly, for ¢t = 3, we find

1

P(agree|p1, p2, p3) = @ )d+2)

2
(f) (1ot (p2)tx(p3) + (o)t (p2p3)
+ tr(p2)tr(p1p3) + tr(p3)tr(p1p2) + tr(p1p203) + tr(p10302) |,

which is maximized when p; = p» = p3 = p pure, so that tr(p?) = tr(p>) = 1, and minimized
when p1, p2, p3 are mutually orthogonal (when the dimension permits), delivering bounds

6

(d+1)(d+2) 6.11)

D S (R PRIp)P(RIy < (4]
n (d+1)(d+2)_ i i1P1 i1p2 ipP3) = n
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Since in both cases, the upper bounds are saturated by identical pure states, we conclude
that pure state probability assignments with respect to a 3-design lie in the nonnegative
orthant, in the intersection of three kinds of spheres. From }}; P(R;|p), they live on a 1-norm

n

sphere of radius 1; from ¥, P(R;|)?, they live on a 2-norm sphere of radius , / (d) #; and

2
from Y. P(R;|p)>, they live on a 3-norm sphere of radius \3/ (%) Wc(dﬂ)' Finally, since

we derived all probabilities from the trace of a reference effect on a state, our probability
distributions live in col(P).

We could continue on, contemplating the z-fold agreement probability for an unbiased
t-design reference device for any ¢. Since a pure state satisfies V¢ : tr(p’) = 1, we would
find that pure probability vectors live on t-norm spheres with fixed radii determined by the
agreement probability

d (d+r—1\""1 d(d+1—1\"
P(agree|p®f):ZP(R,-|p)f:F( t ) EZH(T’”O@):F( . ) :
i neS;

(6.12)

where the last follows from the fact that since Vr : tr(p’) = 1, all of the ¢! terms in the sum
will be 1.
The following lemma [155, 156], however, assures us that a 3-design is all we need.

Lemma 6.4.1. A Hermitian operator A is a rank-1 projector if and only if tr(A?) = tr(A%) = 1.

Proof. Let {1;} be the eigenvalues of A. tr(A?) = tr(A®) = 1 means that Zi/ll.z = Zi/lf’ = 1.
On the one hand, };; /11.2 = 1 implies that Vi : =1 < A; < 1. On the other hand, }; /l? < /ll.z
with equality if and only if Vi : A; € {0, 1}. But since the whole sum must be 1, we must have
exactly one A; = 1 and the rest 0. Thus A is a rank-1 projector, or equivalently a pure state

. |

In light of this, as long as t > 3, we can fully characterize the pure states of quantum theory
with respect to an unbiased ¢-design reference device by Vi : P(R;|p) > 0 and

> P(Rip) =1 (6.13)
2 (d) 2
ZP(RAp) —(n)d+1 (6.14)
o (dY 6
ZP(R’“O) _(n) d+ 1) (d+2) ©.15)
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along with P(R;|p) = X jx P(Ri|R;)®;xP(Ri|p), that is, the probability distribution lives in
col(P)>.

Thus in a sense we have already achieved our goal since quantum state space is the
convex hull of all pure state probability assignments. The bounds on agreement probabilities,
from which the constraints on pure states were derived, already suggest a kind of uncertainty
principle: after all, classically, there is nothing in principle preventing such an agreement
probability from being 1 when p; = --- = p;, or 0 for perfectly distinguishable states. In fact,
the upper bounds may be understood as implying a set of entropic uncertainty principles.
Defining the order-r Rényi entropy of a probability-distribution { P(R;|p)} as

H((P(R1p))) = 1 log

Z P(R;|p) ) (6.16)

for 0 < t < oo, it is clear from the above discussion that pure state probability distributions
achieve the lower bound on the Rényi entropies of order ¢ = 2, 3 over all states, and this, along
with the restriction to col(P), is enough to characterize them completely.

6.4.2 The contour of idempotents

As an alternative approach, we can derive a single equation picking out pure state
probability assignments by appealing to the fact that, for a normalized state, p = p? if and
only if p = pT is pure, that is, a rank one projector. Substituting the resolution of the identity
p = 2i; ijP(R;|p)o; into P(Ri|p?) = tr(R;p?), we find that

P(Rilp) = Z P(RiIp)P(Rulp) Y @ ;i@ R [tr(Ricrj ).
Jjk

We need only consider the real part since tr(R;o0;) = tr(R;(cjoy)") = tr(R; (0] o)’) =
tI‘(RTO' O'k) =tr(Rio j* o;) = tr(Riojok)* as R;, 07j, o are all positive semldeﬁnlte and so
every term in Eq. 6.17 is added to its complex conjugate.

Let M; = f | ) (¥ |®"dy be the tth moment of quantum state space. This is itself a
valid state, and so we can consider its probability distribution P(R;, R}, Ry, ... |M;) with
respect to ¢ copies of the reference measurement. If we assume an unbiased set of effects, by

3In fact, we can show more specifically that a probability distribution corresponds to a pure state if
and only if its component that lies in col(P) satisfies the quadratic and cubic constraints. To see this,
let p = ¥;; ®;jP(R;lp)oi. Then tr(p*) = 23, ®;;P(R;|p) Xy; P(Ri|Ri)®wP(R|p). Decomposing
P(R|p) = x + y, for x € col(P) and y € col(P)*, and using the form of @ for an unbiased 2-design, we find

tr(p?) = (d + 1) (%) X; x} — 1. Thus if and only if 3}, x7 = (d) vt

for tr(p?) = 1, using the expression for R [tl'(RiO'jO'k)] derived in section 6.4.2.

does tr(p?) = 1. The result is analogous
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the same argument as in Section 6.4.1, it follows that

P(RIM) = 6.17)
1 1\ | d
P(R;, Rj|IM>) = 741 (5) . P(Rile)l (6.18)
1 d
P(R: Ry RilM3) = s s (;)x (6.19)

g + P(R;|Ry) + P(Ri|R;) + P(Ri|Ry) + Z‘R[tr(RiO'jO'k)]].

If we further assume that the reference states form a 3-design then M3 = % O 0'1@3 and so
P(Ri,Rj, RgIM3) = % 2om P(Ri|Ry)P(R;|R,,)P(Ri|Ry). Equating these two expressions
allows us to calculate ‘R[tr(Rl-O'jO'k)] directly from the conditional probability matrix
P(R;|R;) which characterizes the reference measurement itself,

%[tr(RiO'jO'k)] = %

(d+1)(d+2) (%) 3 P(RIR) P(R} | R) P(Ri|R)

d
— P(Rj|Rr) — P(Ri|R;) — P(R;i|Rx) — -

Then Eq. 6.17, which expresses p = p? in terms of probability-assignments, simplifies to

P(Rip) = %[%(d 1)@ +2) (%) 3 P(RIRy) P (Rylo) - %]

which depends only upon P(R;|R;) and P(R;|p). A probability distribution satisfying Eq.
6.20 is clearly in col(P), and it is straightforward to check that Eq. 6.20 implies the scalar
constraints proved in the previous section.

Finally, we note that Eq. 6.19 implies a state assignment M3 allows one to
extract R[tr(E;oj0%)] (where o; = tr(E;)"'E;) from the joint probability distribution
P(E;, E;, Ex| M3) for any measurement {E;}. One may compare this method to the proce-
dure described in [157], which exploits the backaction on a control qubit after a controlled
cyclic permutation to extract the real part of a trace of an n-product of states from an expecta-
tion value. In particular, having estimated R [tr(E;0jo%)] for any informationally complete
measurement, we may characterize pure state probability distributions with respect to that
measurement according to Eq. 6.17. What makes a 3-design distinctive is that R [tr(R;07;0%) ]
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can be calculated from P(R;|R;) alone, and so pure state probability distributions can be
characterized by appealing to probabilities assigned to one single measurement.

6.4.3 A variance-based uncertainty principle

We now give a condition for the validity of any probability assignment, pure or mixed.
For a 3-design measurement, the variance of an observable as measured by a standard von
Neumann measurement can be directly related to the variance of the same observable as
estimated by the reference measurement. From this consideration, we can characterize the
validity of any probability distribution in terms of a lower bound on the variance of all
observables of a natural class, that is, those that live in col(P).

We begin by noting that a Hermitian matrix p is positive semidefinite if and only if its
second moment with respect to all Hermitian observables X is nonnegative:

VX : tr(X%p) >0 & p > 0. (6.20)

This follows from the fact that X% > 0 and the fact that the cone of positive semidefinite
matrices is self-dual [27]. More simply, one can observe that p > 0 is equivalent to
Yy (Wlply) = tr([y){(¥]p) > 0, and any X? can be decomposed into a sum of rank-1
projectors weighted by nonnegative numbers via the spectral decomposition.

Substituting X = >\ x;R; and p = };; ®;; P(R;|p)o;, we find that

VX :tr(X%p) = (g) Zxixjaa[tr(Riajak)]%P(Rﬂp) > 0. (6.21)
ijkl

If we assume that x € col(P), and exploit the expression for R [tr(R;ojo%)] in terms of
P(R;|R;), we may simplify the expression for tr(X 2p).

Lemma 6.4.2. For an unbiased complex-projective 3-design reference measurement,

1(d+2
tr(X?p) = =
r(X7p) 2(d+1)

) - L(<x2>ﬂ = 2(x)y <x>p)], (6.22)

d+?2

where e.g. (xz)p = ixl.zP(Rl-lp) andVi : P(R;|u) = % are the probabilities for the maximally
mixed state.

Proof. Let x be a valuation on reference outcomes, that is, an assignment of real numerical
values to the outcomes of the reference measurement. This is equivalent to the assignment
of a self-adjoint operator X since (x), = Y, x:P(Rilp) = tr (; x;Rip) = tr(Xp) = (X)),
although in an overcomplete representation different choices of x will yield the same
operator X. In other words, any real valuation x determines a self-adjoint operator X =
2. XiR;, though the representation is not unique. The variance with respect to a standard
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von Neumann measurement of X is Var[X]fOV") = tr(X?p) — tr(Xp)?, where tr(X?p) =
(%) Zijki Xixj R [tr(R;00%) | @i P(R;|p). Substituting in the expression for R[tr(R;00%)]
yields

2

w(X%) = 5 P(Rilp)

(d + 1)(d+2)z
k

Z P(Ri|R:)x;

_ (%) inP(Rile)xj — 2d{x)u(x)p — d2<x>’2‘

ij

. (6.23)

We assume that x € col(P) so that x; = tr(R;X) for some Hermitian X. By the 2-design
property then,

Z P(Ri|Rj)x; = Z P(Ri|Rj)tr(R;X) = dtr (% Z (R ® X) (6.24)
J J J

tr((1 +T21) (R ® X)) = % (gtr(f() + tr(R,-f()) ,  (6.25)

d+1 +1

where tr(X) = Y, tr(R;X) = 3 x; = n{x),, so that

d{x), + x;
; P(Ri|Rp)x; = ———— (6.26)
2
d>(x)? + 2d{x)ux; + xl.2
Z P(R,~|Rj)xj) - # TR (6.27)
>
n(d(x)2 + (x?) )
inP(Rile)Xj = du+ 1 a . (628)
ij
Substituting these expressions into Eq. 6.23 yields Eq. 6.22. O

As we have seen, the restriction that x € col(P) is natural since already any Hermitian
observable X can be expressed with respect to the reference device in this form. Remarkably,
this expression relates the second moment of X with respect to a standard von Neumann
measurement, whose outcomes are eigenvalues of X, to the second moment of X with respect
to the reference measurement, where now the x;’s are interpreted as numerical values assigned
to reference measurement outcomes. Only for a 3-design is such a simple relationship
possible, and this is what will allow us to characterize valid probability distributions in terms
of a lower bound on the variance with respect to the reference measurement.
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The restriction x € col(P) (for real x) is equivalent to the assumption that x; = tr(R;X)
for some Hermitian X. By the 2-design property, if X = }; x;R; for x; = tr(R;X), then

X = (%) [(d +1)X - tr(X)I]. Consequently, if the RHS of Eq. 6.22 is nonnegative for

some real x € col(P), then tr(X?p) > 0 for X = 7 (%) [)? + tr(f()]]; and if the RHS is

nonnegative for all real x € col(P), tr(X?p) > 0 for all Hermitian X. We conclude that
probability assignments P(R;|p) are valid if and only if

d
d+2

Vx € col(P) : Var[x], > ((x2># - 2<x>u<x>p) — ()2, (6.29)
where Var[x], = ZixizP(Rilp) - (ZixiP(R,-Ip))z. In this way, the shape of quantum state
space can be understood in terms of a variance based uncertainty principle: valid probability
assignments on reference outcomes cannot be too sharp lest they violate a lower bound on the
variance for any observable in col(P). We note that a related inequality was derived recently
in [10] in the context of bounding the variance of expectation values in shadow estimation.

6.5 The Jordan product

We can shed further light on the special role that 3-designs play in encoding the
shape of quantum state space by considering their relationship to the Jordan algebra of
observables. To see this, let us return to the inequality in Eq. 6.21, which we may reshape
into Vx : 2 x;[Ly]ijx; > 0, where

[£Lp]ij = ) Rltr(Riojor) 10k P(Rilp). (6.30)
kl

From this we conclude that probability assignments P(R;|p) are valid if and only if £, is
positive semidefinite. In particular, for an unbiased 3-design reference device, Eq. 6.30
simplifies to

1
[Lo]ij = 3

(d+1)(d+2) (%) 3" P(RuIR)P(Ru|R)P(Rolp)

b

d
- P(R(IR,) = P(Rlp) = P(Rlp) - =

which has the virtue of depending only upon reference measurement probabilities, and which
provides a straightforward way to check whether the variance bound is satisfied.
But there is another interpretation of the operator £,. Recall that under the Jordan

product A® B = %(AB + BA), Hermitian matrices over C form a Euclidean Jordan algebra
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[27, 24, 22]. A Jordan algebra is a nonassociative algebra which satisfies commutativity and
the Jordan identity,

AOGOB=B0oA
A’0(BOA) =A® (B0 A?).

If we define L, to be the linear operator which takes the Jordan product with A, that is,
La(B) = A © B, the Jordan identity is equivalent to [LA, L Az] = 0. A Euclidean Jordan
algebra enjoys the additional property that there exists an inner product on the underlying
vector space V such that VA, B,C € V : (Ls(B),C) = (B, L4(C)).

By introducing an informationally complete reference measurement, we identify
quantum states with probability distributions. We may then ask: how can we represent the
Jordan product in terms of probabilities? Treating states p and 7 as observables of the Jordan
algebra, if |p © 7) = L,|7), using the resolution of the identity S®R = /, we have

RL,|t) = RL,SOR|7) = £,®P(R|7), (6.31)

where £, = RL,S, whose matrix elements are

[Lp]ij = tr(RiLy(07))) = %(tr(RipO'j) +tr(Riojp))

= ) R[tr(Riojor) | @ P(Rilp). (6.32)
kl

Indeed, this is precisely the matrix we developed earlier, whose positive semidefiniteness
diagnoses the validity of probability assignments P(R;|p).

Significantly, Eq. 6.32 reveals that the three-index tensor R[tr(R;oj0%)] encodes
the structure coefficients for the Jordan product on d X d Hermitian matrices over C, and
thus fully defines it by its action on the reference states and effects. Since pure states are
idempotents of the Jordan algebra with trace 1, the structure coefficients implicitly determine
the geometry of the state space. At the same time, we have shown that the components of
this tensor can be extracted from the joint probability distribution P(R;, R;, Ri|M3). Finally,
taking our reference measurement to be an unbiased 3-design means that P(R;, R, Ri|M3) =
% 2om P(Ri|Rn)P(R;|R,,)P(Ri|Ry) so that P(R;|R;) alone is sufficient to characterize the
Jordan product, and through this algebraic structure, the entire state space.
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6.6 A gentle modification

As we have seen for a 2-design, the Born rule appears as a remarkably gentle
modification of the classical law of total probability,

P(EIp) = Y PEIR){(d + DP(Rp) - ). (6.33)

We will now see that our results imply that for a 3-design, the quantum Jordan product
appears as a similarly gentle modification of the classical Jordan product. In the previous
section, we worked out the formula for the quantum Jordan product on probability vectors:
expressing it instead directly in terms of valuations on the reference measurement makes the
correspondence with the classical rule most manifest.

But first let us remind ourselves what the classical Jordan product is in this case. As
we discussed in Chapter 2, classically, real valued random variables, which are valuations
Q — R on a sample space Q, form an algebra. Given valuations x(w) and y(w), we may
form their product (x o y)(w) = x(w)y(w). Treating x and y as vectors, this amounts to the
elementwise product x o y. Quantum mechanically, the role of the classical sample space is
played by the outcomes of the reference measurement, and if x and y are two valuations on
reference outcomes, we may form their classical product x o y: in fact, since o is commutative
and associative, this is nothing other than the Jordan producton R @ --- @ R ~ R". As we
have seen, valuations on the reference measurement are equivalent to the assignment of a
quantum mechanical observable. But of course, quantum mechanically there is another way
of multiplying observables: the Jordan product X ©Y = (XY + Y X)/2. Expressing this latter
directly in terms of valuations yields the classical formula with a gentle quantum correction.

Theorem 6.6.1. For x,y € col(P), the quantum Jordan product X ©Y = (XY +YX)/2
for X = Y;xiR; and Y = }; y;R; may be expressed with respect to an unbiased 3-design
reference measurement as

x@yzy(xoy)+(1—y)()_cy+§x—(x-y)u)/n, (6.34)

where x oy is the Hadamard or elementwise vector product, x denotes the sum of the vector x,

_ 1d+2
Cll’ld’y = 3uen

Proof. See appendix 6.8. O

Remark. This formula is valid for x,y € col(P): x ® y may not be in col(P), and hence
ought to be projected into it. Even if x © y ¢ col(P), however, since P(R|p) € col(P), we
have (X ©Y) = Y,(x © y);P(R;|p), that is, the formula properly reproduces the expectation
value since contracting with the probability vector will kill any components in col(P)*.
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Remark. Continuing to count, a 4-design will make the symmetric product of three operators
look as close as possible to x o y o z, and so on. But for characterizing quantum mechanics,
counting to 3 is enough.

Remark. In appendix 6.9, we show how unitary maps may be expressed in terms of this
formula.

6.7 Conclusion

We have thus shown that the shape of quantum state space can be understood in
terms of an uncertainty principle which constrains the probabilities one ought to assign to
the outcomes of a 3-design reference measurement. Compatibility with this uncertainty
principle can be diagnosed through the positive semidefiniteness of a particular operator £,
constructed from reference probabilities. We have also provided a set of scalar constraints
that pick out pure state probability distributions, which can alternatively be summarized by
a single vector constraint. Conceptually, these constraints can be understood as entropic
uncertainty principles, and operationally they relate to the agreement probability on multiple
copies of the reference measurement.

Crucially, each term that appears in our equations is grounded in a probability
assignment, and even better, these probabilities refer to the behavior of a single reference
measurement. The possibility of achieving this rests on the delicate interplay between unitary
symmetry and the Jordan algebra of observables. The algebraic structure of quantum theory
implies that the 3rd moment of quantum state space determines them all, and so does a
reference measurement furnished by a 3-design. This further vindicates the centrality of
3-designs already suggested by their optimality in classical shadow estimation tasks.

Our result holds particular significance for the QBist research program in the founda-
tions of quantum mechanics. As we have explained, QBism argues that quantum theory is best
understood not as a description of physical reality, but rather as a set of normative guidelines
for gambling on the consequences of one’s actions in a world undergoing ceaseless creation
[1, 2, 89]. Consequently, QBist “reconstructions” of quantum mechanics proceed [57, 5] by
motivating the constraints on probability assignments implied by quantum theory in the same
spirit in which de Finetti derived the usual rules of probability theory by contemplating what
constraints a gambler ought to place on their different bets in order to prevent a sure loss.

The simplicity of our result is very much in the spirit of [24], which suggests that the
constraints implied by quantum theory are in some sense the “most symmetrical” compatible
with what the author calls “vitality,” i.e. the nonexistence of a hidden variable model. Indeed,
our result shows that these constraints may be understood as a fundamental expression of
complementarity. That said, our derivation presumes a prior knowledge of traditional quantum
theory: the significance of our work here is that it exposes the structure that must be aimed
for in any future reconstructive effort, and it is to the latter that we turn in Chapter 7.

Here we observe that previous efforts at QBist reconstruction [5] took as their starting
place the generalization of the image of quantum state space within the probability simplex
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induced by a symmetric informationally complete (SIC) reference measurement. SIC
measurements have a host of virtues: the corresponding states form a simplex in quantum
state space whose vertices are pure states; the conjecture of their existence in any Hilbert
space dimension has led to a fruitful and unexpected interplay between physics and algebraic
number theory [5]. SIC states, however, only form 2-designs, and thus the Jordan structure
coefficients cannot be extracted directly from probability assignments assigned to a single
reference device. Breaking this barrier is the central innovation of the present work.

More specifically, the SIC based reconstructive effort began from the observation that
the 2-design condition implies the inner product between any two probability vectors must
lie between certain upper and lower bounds. Inspired by this, [5] defined a gplex to be set
of probability vectors which mutually satisfy these bounds, to which no more elements can
be added without inconsistency, and which contains a simplex of pure states (corresponding
to a SIC). The goal of the program was to motivate these bounds on independent grounds,
situate quantum theory in the vaster landscape of gplexes, and provide a principle by which
quantum theory could be identified within this landscape. This approach is consonant
with developments in quantum foundations over the last 25 years where the study of so-
called generalized probabilistic theories [4, 142] has played a central role in providing new
perspectives on quantum theory.

The authors of [5] demonstrated that any gplex whose symmetry group is a stochastic
subgroup of the orthogonal group isomorphic to the unitary group must correspond to
quantum theory, and vice versa: moreover, the existence of such a subgroup is equivalent
to the existence of a particular SIC. At the same time, the authors left open the possibility
of there being a simpler principle which could pick out quantum theory among the gplexes.
The present work shows that demanding the fundamental reference measurement to have the
properties of a 3-design, rather than a 2-design, means that a single finite set of probability
distributions is sufficient to characterize the theory, which is much more tractable, analytically
and computationally, as well as more conceptually satisfying.

Just as a gplex generalizes the representation of quantum mechanics according to a
SIC, it is natural to consider analogous generalizations of a 3-design representation, what
we might call 3-gplexes. For instance, one could explore the landscape of all state spaces
defined by an uncertainty principle as in Eq. 6.29, without at first restricting P(R;|R;), the
probabilities that characterize the reference measurement, to correspond to an actual quantum
3-design. Which properties of quantum theory are preserved in such generalized theories,
and which fall by the wayside? Just as identifying quantum theory among the gplexes led
to an alternative characterization of SICs themselves, picking out quantum theory among
the 3-gplexes would lead to an alternative characterization of 3-designs. A new approach
to identifying and constructing 3-designs, in particular, of self-testing them, would have
significant practical application in quantum computing and beyond—it is to this subject that
we now turn.
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6.8 Appendix: The first three moments

For reference, we first prove in one place some basic properties of the first three
moments of an unbiased quantum 3-design. In general, for an unbiased 7-design {07}, we
have

BRI o, (d+t=1\"  fd+r-1\""1
M= Y= [unwias = (T naw = (T 3

We will again and again use the generalized swap trick. Let T,; be the unitary operator which
performs a cyclic permutation of m subsystems. Then

r(Tr(A1 @ - ® Ap)) = tr(Ay ... Ap). (6.35)

We now examine the implications for unbiased #-designs that follow from the structure of the
moment operators My, M, and Ms.

1. My = é]. For an unbiased 1-design, therefore, %Zi o = 51. Letting R; = %03-
yields >; R; = I, from we conclude that {R;} may be viewed as POVM elements
corresponding to a measurement.

2. My = m(l +T5;). This yields

tr(Ma(X ® 1)) = %Z tr(o; X)o; = (tr(X)I + X), (6.36)

1
d(d+1)

which we may rearrange into a resolution of the identity,

X=(d+1) Z tr(R;X)o; — tr(X)1 (6.37)
= > w(RiX) [(d + Doy -1 (6.38)
= Z tl‘(R,'X)Rl‘, (6.39)

where {R;} are elements of the frame dual to the frame provided by the POVM.
Alternatively,

-

(d + Dtr(R:X) - ;—Ztr(X)l o = Z @;;tr(R,; X)o7, (6.40)
ij
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where ® = (d + 1)I — %J : here J is the matrix of all 1’s. In this way, the form of the
Born matrix may be derived from the second moment operator M,. Indeed,

P(Ei|p) = tr(Eip) = tr (Ei Z q)jkP(Rklp)o'j) (6.41)
Jk

= > P(Ei|R))®;xP(Ri|p) (6.42)

Jk

d

= ZP(EilRJ-) (d+1)P(Rjlp) - ;] , (6.43)

J

reproduces the Born rule. At the same time,
1 3 1

r(Ma(X ®Y)) = - Z (o X) (oY) = m(tr(X)tr(Y) + tr(XY)). (6.44)

Let x; = tr(0;X). Noticing that 3, x; = (n/d)tr(X), the action of P(R;|R;) = tr(R;o7)
on any such vector x can be expressed

d ) | _ _
; P(RiIR))x; = = ;tr(o;-aj)tr(an) - m(m(X) + tr(O'iX)) (6.45)

(d-ll- 0 ((d/n)ij +x,~). (6.46)
J

This holds for any vector x € col(P(R|R)) since if x € col(P(R|R)), then x; =
Y P(Ri|R))y; = tr(oi(d/n) ¥ yjo) = tr(0:X).

3. M3 = m([ + T30 + 1321 + To13 + T312 + T231). On the one hand,
1
r(Ms(X ®I®1) =~ tr(0iX)0i ® 0
n i

1
T dd+)(d+2)

(X)) RT+a(X)T +I®X+X @1+ (I X)Toy + (X ® Thy

(6.47)

2
= dd+ 1)(d+2)((tr(X)I®I+I®X+X®1)Hsymz). (6.48)
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On the other hand,

trp(M3(X®Y Q1)) = % Z tr(o; X)tr(ovY ) oy

= dd+ 11)(d T2 ((tr(X)tr(Y) +tr(XY) I +tr(X)Y + (V)X +2X O Y), (6.49)

where X ©Y = (XY + Y X)/2 is the Jordan product on d X d Hermitian matrices over C.

We now turn to the proof of Theorem 6.6.1.

Proof. Let X = );x;R; and Y = }; y;R; for x, y € col(P). We will rewrite

1
- tr(o; X)tr(o7Y) oy
" Zl: r(o; X)tr(o7Y) o,
1
S Idi D@+ ((tr(X)tr(Y) +tr(XY) +tr(X)Y +tr(Y)X +2X © Y) (6.50)
entirely in terms of x and y. Letu = (1,...,1)" so that
tr (0;X) = Ztr (o7R~)x~ = ! (gzﬂx +x,-) (6.51)
; P d+ 1\ n ’
and
d 1 (d
- . RNV = — | [Z,7 :
tr(XY) = le:x,tr(R,R])y] = Zx, [d+ 7 (nu y +y,) (6.52)
1 d|d .
- 1;(;<u*x><u'y) +xTy). (6.53)

Substituting these identities into Eq. (6.50) and expressing each term as linear combination
of the POVM elements {R;} yields

1 d 1 (d
i) . wor Ap.
Zi:d+1(nux+x’)d+l(nu y+yl)Rl

2
T d+ l)l(d 12) [ (%(”T’C)(“T” T Jlr 1 %(g(“u)(”m * xTy)) DR

i

d d
—(u iR+ —(u' iRi +2 iRi|. 6.54
+(u'x) Ei YiRi+—(u'y) Ei xiRi + Ei (x0y) (6.54)
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Matching coefficients of R; yields

1 d? d d
(St + Sty Sty ]

(d+1)2 \n
2 2
e 1)1(d +2) (%(”u)(”w * %d i [ ')

1 d d d
+ —x"y + = x)y; + =(uly)x; + 2(x 0 y);
d+1n n n

; (6.55)

which simplifies to

1{d+2 1 d . .
XQy= E(m (xoy)+ m;((uu)y + (u'y)x — (x'y)u)) (6.56)
= y(roy) + (1=9)(Ry+3x = (x- y)u)/n, (6.57)
where x o y is the Hadamard or elementwise vector product and y = %% Since a 3-design

furnishes an overcomplete representation, however, this expression for the quantum Jordan
product is not unique. Letting [T = P® be the projector onto col(P), then IT(x © y) gives the
canonical representation of the product on col(P). O

6.9 Appendix: The associator and the von Neumann equation

Unitary state updates in quantum mechanics are usually expressed in terms of the
commutator [X,Y] = XY — Y X which measures how noncommutative the product of two
Jordan elements is. Given an operator O and a Hamiltonian H, one may express the time
derivative of O in terms of the von Neumann equation,

d .
EO(t) = —i[H,0(1)], (6.58)

so that O () = U(1)OU(t)" where U = e*H! is a unitary operator, and we note that in the
Heisenberg picture, we ought to flip the sign so that O(¢) = U(¢)"OU(t). In this appendix,
using the results of [158, 159, 160, 27, 161], we show how unitary state updates may be
alternatively expressed in entirely Jordan algebraic terms using the associator,

(X,Y,2)=(X0Y)0Z-X0 (Y 02Z), (6.59)

which measures how nonassociative is the product of three Jordan elements.
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First, let us give a little context. Suppose we are working with an arbitrary Euclidean
Jordan algebra, and we consider a one parameter family of automorphisms G;. We can then
consider a continuous reversible “evolution” of an element x, x(#) = G,x. By definition,
Go = u, where u is the identity element of the EJA; G4, = G;G;and G,(x©y) = G;x © G, y.
Now for small ¢, G, = I + tD + O(t?) for some linear map D. Suppose G, acts on the Jordan
product x © y. On the one hand,

G/ (x0y)=x0y+tD(x0y)+0(?). (6.60)

On the other hand,
Gix © G,y = (x +tDx) © (y + tDy) + O(¢?) (6.61)
=x®y+t(Dx®y+x®Dy)+0(t2). (6.62)

Equating coeflicients of ¢ gives
D(x®y)=DxOy+x0Dy, (6.63)

that is, D satisfies the Leibniz rule, and so is called a derivation. It represents an infinitesimal
change that preserves a product, in this case, the Jordan product. Indeed, if we consider the
differential equation

d
Ex(t) = Dx (1), (6.64)

since D is a derivation, we have

d d d
E(X@y)(f) = EX(I)Q_)/'FX@E)?(I) (665)

Conversely, every derivation integrates to a one-parameter family of automorphisms. The
differential equation %x(r) = Dx(¢) has the solution x(¢) = ¢’®x. We must show that this
preserves the Jordan product. On the one hand, let f(7) = ¢’?(x ® y). Then % f(t) =Df(z).
On the other hand, let g() = ¢’Px © ¢'Py. Differentiating gives £¢(¢) = De'’x @ e'Py +
e'P’x ® De'Py = Dg(t) by the Leibniz rule. Since f and g satisfy the same linear ODE
(%z(t) = Dz(t)) with the same initial conditions f(0) = g(0) = x © y, they must be equal.
Thus e’® (x © y) = e'Px © 'Py, as desired.

Now let L,x = a © x be the linear operator that performs the Jordan product. It
is a remarkable theorem of Jacobson and Koecker that any derivation of an EJA D lies in
span{[L,, Lp]} [161, 27, 162]: in other words, the derivations of an EJA are precisely given
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by linear combinations of commutators of Jordan product operators. But
[Lo,Lpylc=ao0 (bOc)-bO(a®c)=(a,b,c), (6.66)

which is precisely the associator we defined above.

For associative Jordan algebras, for example, R” equipped with the elementwise
product o, corresponding to classical probability theory, the associator always vanishes.
While one can formulate continuous “evolution” in classical theory using the formalism of
continuous Markov chains and their rate matrices, this evolution does not originate intrinsically
from the theory itself. In contrast, the geometric meaning of derivations is particularly
transparent for the so-called spin-factor Jordan algebras which are defined on V,, = R @ R"
and whose Jordan product is

(x1,x0) © (¥1,¥0) = (X1y1 + X0 * Y0, X1Y0 + ¥1X0). (6.67)
For simplicity, let us pick elements a = (0, ag) and b = (0, by). Then
La(x1,x0) = (ao - xo,x100),  Lp(x1,x0) = (bo - x0,x1bo). (6.68)
A straightforward calculation gives

[La, Lp](x1,x0) = (0, (bo - x0)u — (ag - x0)bo) . (6.69)

Notice that the scalar component is unchanged. As for the vector part, suppose that n = 3,
and recall that in three dimensions (bg - xg)ag — (ag - x0)bo = (ag X bg) X x¢, so that if
4 (x1,x0)(t) = [La, Lp] (x1,x0), we have

ix(t) = w X x(1), (6.70)
dt

where w = ag X bg. This is precisely the equation for a rigid-body rotation around the axis w.

The further remarkable fact about quantum mechanics over C is that all these equations
can be rewritten not in terms of an associator with two observables, but in terms of commutators
with a single observable. In fact, the n = 3 spin-factor case is just such an example as it
coincides with a qubit. Quantum mechanics over C thus generalizes in a surprising way the
fact that in three dimensions, any vector representing an axis of rotation can be expressed
as the cross product of two vectors. We first observe that the associator can be rewritten as
a nested commutator. Letting X © Y = (XY + Y X)/2 be the Jordan product on Hermitian
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matrices, we have

(X,0,Y) = %(XO+0X)®Y—X®%(OY+Y0) 6.71)
- %(XOY +YXO0 + OXY +YOX — XOY — OYX — XYO - YOX) (6.72)
- %(YXO + OXY - OYX - XYO) (6.73)
= 2 (o1x.71- 1x.¥10) (6.74)
= —41IX.71.01. (6.75)

This holds for any EJA built out of Hermitian matrices. For quantum mechanics over C in
particular, however, we have the von Neumann equation %O(t) = —i[H,O(t)]. Writing
H =tr(H)I/d + Hy for tr(Hp) = 0, we see that the von Neumann equation cares only about
the traceless part of the Hamiltonian,

%O(t) = —i[tr(H)I/d + Hy, O] = —i[Hp, O]. (6.76)

What is not trivial is that over C, any traceless Hermitian matrix Hy can be written as i
times the commutator between two Hermitian matrices X,Y: Hy = i[ X, Y] [159]. Thus let
Hy = —}—J[X, Y] so that

d

I 1. |
—0() =~ l—zz[x, Y],O(t)] = - [[X.¥].00)] = (X,00).Y). (6.77)

As desired, we have reexpressed the von Neumann equation in terms of the associator instead
of the commutator, which in fact is the form that generalizes to any EJA.
What to make of this in the light of 3-designs? We have for x, y € col(P),

x@y=y(xoy)+(1—y)()_cy+§x—(x-y)u)/n. (6.78)
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Let IT = P® be the projector onto col(P). Making sure to project onto col(P) after an
application of ©®, we find after some algebra,

(x,y,2) (6.79)

1
= m{(d + 2)2(H(x oy)oz—xoll(yo Z))

+ (g)z (<n<y -2) = ¥2)x = (n(x - y) = Xy)z + (T(x - y) = X(y - Z”“)}-

Meanwhile, let L,y = x © y so that

1 1 d
- ¥ Tyt
L, 2d+1((a’+2)Dx+n(xl+xu ux )) (6.80)

Similarly, we can consider the linear operator A, , such that A, yo = (x,0,y),

Avy = {(d +2)*(D,IID, — D,IIDy) (6.81)

4(d + 1)?2
4\’ ,
+ (;) (n Gyl =y +x (u’ —uy™) + 5 (ux’ - qu))}.

For compactness, writing x A y = xy" — yx', we have

1 5 d\’ _ _
Ax,y:m{(d+2) [HDy,HDx]+(;) (nx/\y+xy/\u+yu/\x)}, (6.82)

so that

0(1) = UMOU1)t = e 10! = Z o(1)iR;, (6.83)

1

where o(t) = exp(IlA, yt)0, O = }}; 0;R; foro € col(P),and H = —ii[X, Y]for X =}, x;R;
and Y = ), y;R;. We may connect this to the general reference measurement representation
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of a unitary map. Let P(Rile(.U)) =tr(R;Uc; U"). Then

Z P(R|R) @ P(Ri|p) = Z | RU Z @ ptr(Ryp)o;U' (6.84)
IT: 7 IT:
= tr(R;UpU") (6.85)
= P(Rilp"). (6.86)

At the same time, from the above considerations,
P(RIRV)® = Mexp(ITA, ,0)I1, (6.87)

where we sandwich the operator with IT’s since the expression P(R,-lRJ(.U)) =tr(R;Uo;U M)

does not assume that P(RilR](.U))tb acts solely on vectors in col(P) although it produces only
vectors in col(P). In this way, unitary maps can be represented entirely in Jordan algebraic
terms.
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CHAPTER 7
RECONSTRUCTION

7.1 Introduction

In the last chapter, we began within quantum mechanics, assumed our reference
measurement was constructed from a complex projective 3-design, and then presented an
image of quantum state space within the probability simplex, showing that it can be defined
in terms of an uncertainty principle. In particular, we showed that the geometry of quantum
mechanics as a whole is encoded in the single matrix P(R|R) which characterizes the reference
measurement itself. The keystone in the argument was the connection between the third
tensor moment of quantum state space and the Jordan algebra of observables. In this chapter,
we go in the opposite direction. We begin from almost nothing: the gambler equipped with
the nonclassical coherence criterion P(E|p) = P(E|R)®P(R|p) which we have seen can be
derived on very general grounds. We then proceed to place increasingly strong constraints
on the matrix P(R|R) until we arrive back at quantum mechanics, and can conclude that
the reference measurement in fact forms a 3-design. The conceptual innovation is that just
as we may consider the gentlest possible modification of the law of total probability, the
Protourgleichung, in the same way we may consider the gentlest possible modification of
the classical rule for multiplying valuations on the reference outcomes. We make a series
of assumptions which then allow us to identify this rule with the quantum Jordan product.
On the one hand, this reconstruction of quantum mechanics allows us to see precisely how
it is, from the inside as it were, that 3-designs make the quantum Jordan product look as
close as possible to the classical Jordan product. In the QBist spirit, it is grounded entirely in
constraints on the reference measurement. On the other hand, our result may be interpreted in
practical terms as a way of self-testing [163] 3-design measurements. If P(R|R) satisfies our
constraints, we show it must have a Hilbert space representation, and in fact correspond to an
unbiased complex-projective 3-design: other methods, e.g., calculating the frame potential, do
not in themselves guarantee that such a representation exists. Moreover, once our conditions
are met, if P(R|R) minimizes the #’th order frame potential, the same framework certifies
t-designs for t > 3.

7.2 The Urgleichung

We begin as always with the gambler trying to make better decisions. We assume they
have identified a reference measurement {R;}!_, for a domain they are interested in so that
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they adopt the nonclassical coherence condition
P(Elp) = P(E|R)®P(R|p), (7.1)

where @ is a chosen {1}-inverse of P(R|R), the conditional probability matrix which
characterizes the reference measurement. Guided by simplicity, we assume that P = P(R|R)
is in fact symmetric (P = PT), and so bistochastic. Thus col(P) = row(P), and so probability
vectors P(R|p), response functions P(E|R), and valuations all live in the same subspace:
col(P). We denote the projector onto this subspace I1 = P®. Finally, we also assume that P
is constant along its diagonal: Vi : P(R;|R;) = const.

Next, we assume that ® = o/ + 8J, where J is the matrix of all 1’s, is a Born matrix
for P: thus the nonclassical coherence condition takes Protourgleichung form. If we require
that @ is quasistochastic, having negative entries, but with columns summing to 1, so that it
preserves the normalization of probability vectors, then we must have @ + nf8 = 1, so that

B=(1-a)/n.
Lemma 7.2.1. Suppose POP = P for ® = al + BJ where B = (1 —a)/n. Then

1 1
Vy € col(P) : Py = —y + (1 - —) yu/n, (7.2)
a a

foru = (1,...,1)7.

Proof. We have POP = aP? + 3J = P since PJP = J. Moreover, since JPx = Jx, it follows
that if we let y = Px € col(P), then aPy + 8Jy = y. Thus Py = (17(y — Buu'y), from which
the result follows. O

Lemma 7.2.2. Suppose P is stochastic, symmetric, and POP = P for ® = al + J where
B = (1 —a)/n. Then the eigenvalues of P are € {1,1/a,0}.

Proof. Since P is bistochastic, Pu = u, showing that 1 is an eigenvalue. Suppose that v # 0
is an eigenvector with eigenvalue A satisfying u'v = 0. Applying v to aP? + 8J = P gives
a@A?v = Av so that 1(ad — 1) = 0. We conclude that A =0 or A = 1/a. O

Corollary 7.2.2.1. If we further assume that P is constant along its diagonal, then Vi :
P(R|R) = (1+ (r = 1)/a)/n.

Proof. tt(P) = nP(R;|R;) = X;4; = 1 + (r — 1)/a, where r = rank(P), from which the
result follows. O

Lemma 7.2.3. I1 = P® is an orthogonal projector onto col(P).

Proof. Since POP = P, we have I1> = POP® = P® = II, so I is a projector. Then since
P = P7 (so that P is bistochastic) and ® = aI + (1 — @)J/n, we have P® = ®P. Moreover,
" = (P®)" = ®'PT = ®P = P®. Finally, since II = P®, range(IT) C col(P). Let

y € col(P) so that y = Px. Then [Ty = POPx = Px =y, so that I fixes col(P). O
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7.3 A nonclassical product

As we discussed in Chapter 2, a real-valued random variable is a map from a sample
space Q — R. Viewing the elements of the sample space as the outcomes of the finest grained
classical reference measurement, it becomes clear that more generally we ought to define a real
valued random variable as a map from reference outcomes to the reals: {R;} — R. Indeed,
if we have a valuation ¥ on any measurement {X;}, then x = xP(X|R)® is an equivalent
valuation on {R;}, where ¥ and x are understood as row vectors'. By equivalent, we mean
that 3}; x;P(X;|p) = X; x;P(R;|p) so that the gambler ought to assign the same price to both.

Moreover, such random variables form an algebra: multiplication of random variables
is achieved by the elementwise or Hadamard product x o y. Clearly, the product should be
valued at 3, x;v;P(R;|p). What we would like, although we do not assume it yet?, is that there
exists a measurement { M l.(xoy )} and a valuation m©°» such that x o y = m@») P(MEY|R)®
which we would value at the same price,

Z m;xoy)P(M(XOy)lp) — leylP(Rllp) (73)

1

Since x and y are valuations on {R;}, whatever this measurement {Ml.(xoy )} is, should it exist,
it will depend on the particular choice of reference measurement. But we could imagine
introducing an alternative product on valuations, x ® y, such that there exists a measurement

{Ml.(xey)} and a valuation m*®) such that x ® y = m©®®) P(M &) |R)®, so that

3w PMEp) = 3 [x © YLP(Rilp). (7.4)
l l

but where the measurement {Ml.(xey )} would not depend in any way on the reference
measurement used in the definition of the product ©.

For motivation, recall that we ought to use P(E|R, p) = P(E|R)P(R|p) in the case
that we perform an intermediate reference measurement: in this way, P(E|R, p) carries a
reference measurement dependence. In contrast, we ought to use P(E|p) = P(E|R)®P(R|p)
in the case that the reference measurement remains hypothetical: here P(E|p) does not
depend on the choice of reference measurement, even as it can be expressed in terms of
reference probabilities. At the same time, treating P(E|R)® as a valuation v on reference
outcomes, we can interpret P(E|p) as the price at which we value the random variable v on a
reference measurement we actually perform.

Analogously, the random variable x o y can be understood in terms of a reference
measurement the gambler actually performs. At the same time, by hypothesis, it is equivalent

'In general we will write valuations x as row vectors. In order to simplify notation, however, we may
sometimes treat x as a column vector when convenient.
2We introduce it as a guiding hypothesis, and later, by restricting the form of P(R|R), will we justify it.
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to a valuation on a measurement { M l.(xoy ) }, but the nature of the measurement depends on the
choice of reference. In contrast, while x ® y can be understood as a valuation on the reference

which is equivalent to a valuation on a measurement {Mi(xey ) }, we would like the latter to not
depend at all on the choice of reference. The reference measurement should remain in this
sense “hypothetical,” in that it merely provides a convenient way of expressing the observable,
which is independent of it. In seeking such a product, we will be guided by this analogy: just
as the Protourgleichung

P(Elp) = Z P(EIR:){aP(Ri|p) + (1 - @)P(Rilu)}, (7.5)

brings the fundamental nonclassical coherence relation as close as possible to the classical law
of total probability, we will seek a nonclassical product on random variables ® which looks
as close as possible to the classical product o. In other words, we have already assumed that
® = al + (1 — a)J/n, that is, the nonclassical coherence relation is a minimal deformation
of the classical rule, the law of total probability. We now similarly attempt to deform the
classical rule for the multiplication of random variables in as gentle a way as possible.

Notice that the Hadamard product is: commutative, that is, x o y = y o x; permutation
equivariant, that is, for any permutation matrix Py, it satisfies (P,x) o (P,y) = Pr(xoy); and
finally, it enjoys u = (1, ..., 1)" as a multiplicative identity: u o a = a. We will now explore
the space of products which enjoy these same properties, with a further demand: just as
P(E|R)®P(R|p) = aP(E|R)P(R|p) + (1 —a@)P(E|R)P(R|u) where P(R;|u) = 1/n, gives
a one-parameter mixture with the classically expected probabilities, we want our product © to
be a one-parameter mixture with the classically expected product o in the simplest possible
way.

Theorem 7.3.1. Let © : R" X R" — R" be a bilinear map which
1. is commutative: x @y =y O x,
is permutation equivariant: ¥ € S, : Pz(x © y) = (Pzx) © (Pry),

is unital with unitu: Vx € R" : u © x = x, whereu = (1, ..., I)T,

N o=

is a one-parameter mixture with the classical product: x ©y = y(xoy) + (1 —y)z
where 7 # 0 contains as few terms as possible.

Then any such product © must take the form
xOy=yxoy)+(1-y)(x+xy—(x-yu)/n, (7.6)

where o is the entrywise or Hadamard product, X = }); x;, - is the dot product, and vy is an
arbitrary parameter.
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Proof. Since O is bilinear, there must be a rank-3 tensor 7;; such that

(x0y)= Z Tijkxyk. (7.7)
I

Commutativity is equivalent to invariance under swapping of the last two indices,
Tijx = T (7.3)
Permutation equivariance means that for any permutation 7 € S,
Tatiyjk = Tix-1 (ya-t (k) = Tijk = Ta(iyn(j)n(k)s (7.9)

that is, 7;;x must be invariant under simultaneous permutations of its indices. Such permuta-
tions can shuffle the indices arbitrarily, but can’t change the patterns of equality between the
indices. There are five possibilities,

i=]=k, i=j#k, i=k#j, j=k#i, i, j, kdistinct (7.10)

and so the most general form for a permutation covariant tensor is

Tijk = Cléijéik + C25ij + 30, + C45jk + Cs, (711)
which yields
[xoyl;i = Z TijkXxjyk = C1Xiyi + C2YX; + €3Xy; + C4X - y + C5XY, (7.12)
Jk
or
XOy=cixoy+coyx +c3xy+cq(x - y)u + csxyu. (7.13)
From commutativity, T;jx = Ti;, so that c; = ¢3. Demanding that u is a multiplicative
identity gives
u@y=ciuoy+cy(yu+uy)+cq(u-y)u+ csuyu (7.14)
=c1y + co3(yu + ny) + c4yu + ncsyu (7.15)
= (c1 +ncy)y + (ca3 + ¢4 +ncs)yu = y. (7.16)
We conclude
c1+ncy=1 cy3 +c4+ncs =0, (7.17)
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and

1
xOy=(1-ncua)xoy+cu(yx+xy)+ca(x-yu- ;(023 + cq4)Xyu (7.18)
= (1 —ncp)xoy+cyn(yx +xXy —xyu/n) + c4(x - y —xy/n)u. (7.19)
The final demand, that x © y is a one-parameter mixture with x o y forces c3 o< c4. If we

take ¢4 = —cp3, then Xyu/n term drops out, leading to the simplest expression with the fewest
terms,

xOy=(l-ncpa)xoy+cy(yx+xy—(x-yu) (7.20)
=y(xoy)+ (1 -y)(x+xy—(x-yu)/n. (7.21)
O

Remark. We defined x © y on R" X R" — R", but this isn’t quite right for our purposes. On
the one hand, we always assume that x,y € col(P); on the other hand, even if x,y € col(P),
X © y need not be in col(P). Thus for consistency, we ought to project the result back into
col(P): therefore let xOy = I1(x ® y) which takes col(P) X col(P) — col(P). Through this
column space restriction, the product ® then depends on P.

We may now fix the value of y in terms of @. Notice that if we insert the projector
P® into the nonclassical coherence relation,

> uP(Xlp) = xP(XIRDOP(RIp) = {xP(XIR®|P{OP(RIp)| = x'Py = (x. )0,

1

(7.22)

where x' = xP(X|R)® and y = ®P(R|p), we can rewrite the relation as an inner product
on vectors with metric P. By Lemma 7.2.2, P is positive semidefinite: and on col(P) it is
positive definite. Thus (-, -)p is a proper inner product on col(P). Clearly, x is a valuation:
what about y? From

D 3P(RjIR) = " @ P(Rilp)P(R;IR:) = P(Rilp), (7.23)
J Jk

we see that we can interpret y as reference valuation such that (y)g, = P(R;|p): the expectation
of y on the reference measurement, conditional on the preparatory outcome R;, is equivalent
to the probability for the R;’th reference outcome conditional on p. Finally, notice that
((P(X;|R)®)", ®P(R|p))p = P(Xi|p) reproduces the fundamental nonclassical coherence
rule itself.

Now we would like our product ® to be compatible with this inner product.
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Lemma 7.3.2. Let x © y be a column vector and u = (1,...,1)". Demanding

u' (x ©y) = (x, y)p. (7.24)
fixesy = %(1 +1/a).
Proof. On the one hand,
W (xoy) =y y)+1-y)2x%/n-(x-y) (7.25)
=2y - Dx-y)+2(1 - y)xy/n. (7.26)
On the other hand,
(. )p=x"Py= é(x v+ (1 - é) xy/n. (7.27)
Equating terms implies that 2y — 1 = 1/a from which the result follows. O

Corollary 7.3.2.1. Fixing y = %(1 + 1/a) implies that
Vx, v,z € col(P) : {x,y ©2)p = {(x Oy, 2)p, (7.28)
so that © is self-adjoint with respect to this inner product.

Proof. Since for x,y € col(P),

(e y)p =3 Py = —(x - y) + (1 - 1) T/, (7.29)
@ a
we have
(x,y®z>p=lx-(y@z)+(1—l))_cm/n, (7.30)
@ «
(x@y,z>p=l(x@y)'z+(1—l)m2/n. (7.31)
@ @
Now,
x-(yoz) = sziyizz' +(1=y)@Zx-y)+y(x-2)=x(y-2)/n, (7.32)
(x0y)-z= Yinini +(1=y)O(x-2)+x(y-2)—2(x-y)) /n. (7.33)
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Thus
£ (702 - (1) 2= 21 =) F ) ~ X 2) Jn
~(1-3) @ =500 m
Taking component sums gives

1 1\ __ 1 1) __
y@z:—(y-z)’L(l__)yZ/”’ xGy:—(X'y)Jr(l__)xy/n’
a a a o

so that

fy@z—x@yZ:é()_c(y-z)—Z(x-y)).

Putting this all together, we find

x,yozp—(x0y,2)p
- l(1—1) (Z(x-y) =% (y-2)) Jn+ (1 —1)1(7e(y-z>—2(x-y>)/n
(04 ol a

a
=0,

as desired.

Remark. The projected product x®y is also self-adjoint with respect to (-,-)p.

PIl = PP® = POP = P and I1P = POP = P,

(x,y02)p =x'PII(y ©2) =x"P(y©2) = (x,y © 2)p
(x®y,2)p = (x0y) TPz = (x©y, 2)p.

(7.34)

(7.35)

(7.36)

(7.37)

(7.38)
(7.39)
O

Since

(7.40)
(7.41)

Lemma 7.3.3. The algebra on col(P) defined by ® along with vector addition and scalar
multiplication is formally real: if a sum of squares vanishes, each term must individually

vanish.

Proof. Let {v;} be a set of valuations. Suppose that }; v?z = 0. Then

1

which implies that Vi : v; = 0.
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7.4 Moment matching

Suppose we have a measurement {X;} with a valuation ¥. As we have seen, x =
P (X|R)D is an equivalent valuation on the reference measurement in the sense that

D ®P(Xilp) = ) xiP(Rilp). (7.43)

1 1

Similarly, higher moments of ¥ can be expressed as valuations on the reference measurement.
Letting x"m = £ P(X|R)® where x°" denotes the m-th Hadamard power of the valuation
vector, we have

1

2 5 P(Xilp) = ) 5" P(Rilp). (7.44)

At the same time, we supposed that the reference valuation x®y is equivalent to a valuation
m™®Y) on a measurement {Ml.(my )} independent of the choice of reference. In particular,

we can consider x®" for some power m: this too should correspond to a valuation on
a measurement independent of the choice of reference. What meaning can we give to
>i[x°™];P(R;|p), the m-th moment of x with respect to ®? By assumption, there must

exist a measurement {Ml.(xom) }, independent of the choice of reference, on which there exists
an equivalent valuation. The most minimal supposition would be that this measurement is
{X;} itself and further that x®™ is equivalent to x™: this would certainly be independent of
the choice of reference. But that would be too restrictive: after all, there may be multiple
measurements and valuations which imply the same reference valuation x = ¥’ P(X’|R)®.
We thus merely assume that there exists some class of measurements for which

1

Do w'P(Xilp) = Y xP"P(Rilp), (7.45)

that is, x™) = ¥ P(X|R)® = x®". For this class of measurements, then, (") = (x): we
can calculate the higher moments of x entirely in terms of the reference valuation x. This is in
the spirit of © being a minimal modification of o: whereas the classical powers of a reference
valuation x°" carry a reference measurement dependence, we assume that the nonclassical
powers x®™ remove this dependence, and the simplest assumption is that they reflect the
higher moments of the original valuation x™.

This assumption, perhaps innocuous, will turn out to have profound consequences.
The reason is that, as we have defined it, x®y is commutative, but it need not be associative: it
may be that (xOy)Oz # x&(y®z). In order for x®™ = xGx&xO . .. to have an unambiguous
meaning, we must therefore require that © powers of x associate with each other. Then even
if the algebra so defined is in general nonassociative, xOx®x® ... will have an univocal
meaning, independent of how it is parenthesized. An algebra with such a product is called
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power associative. But how can we implement the constraint that © is power associative?
Concretely, since © is defined in terms of P, what restrictions must be placed upon the
structure of P to guarantee power associativity? There is a very elegant answer to this
question: we may appeal to a remarkable theorem® of von Neumann, Jordan, and Wigner
[164, 28] to show that our product ® is power associative if and only if it satisfies an identity
known as the Jordan identity.

Theorem 7.4.1 (von Neumann, Jordan, Wigner [28]). Let V be a finite dimensional real vector
space equipped with a commutative bilinear product ®, not assumed associative. Further
assume that V is formally real with respect to this product. Then defining powers recursively

by x®1 = x and x°¢ = xOx®@=) the following are equivalent:
Vx € V,a,b € Ny : x®20x®0 = xOla+b) (7.46)
—
Vx,y € V: ((xOx)0y)ox = (xOx)O(yOx). (7.47)

We have already shown that xOy = I1(x ® y) defines a commutative bilinear product
on col(P), a finite dimensional real vector space. And moreover, because ® is self-adjoint
with respect to the inner product (-, -)p on col(P), it defines a formally real algebra. The
theorem then tells us that if this algebra is power associative (Eq. (7.46)), then ® must satisfy
the Jordan identity (Eq. (7.47)), and conversely, if © satisfies the Jordan identity, the algebra
must be power associative. Therefore we can ensure that x®” has a univocal meaning by
imposing the Jordan identity on ©. Since O is fixed up to the choice of P, this ultimately
means putting a constraint on P itself.

7.4.1 Polarization

We would like to massage the Jordan identity into a form which makes it easy to check
whether a given P induces a product ® which satisfies it. In particular, it would be convenient
if one could introduce an orthonormal basis {e;} for col(P) and check the identity on just
those basis vectors. This is the right idea: but in order to formulate it correctly, we will have
to polarize the Jordan identity.

Let L,y = x®y so that L, is the linear operator which performs © with x. Explicitly,

L, = H{ny +(1=y)(xu’ +xI - uxT)/n}, (7.48)

where D, is the diagonal matrix with x along its diagonal. Rearranging the Jordan identity
using commutativity, we may reexpress it in terms of Ly and L s,

xO((xOx)0y) = (xOx)O(xQy) &= LyL, ooy = L saLyy. (7.49)

30ne of many.
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Since this must hold for all x, y € col(P), we see that the Jordan identity is equivalent to
Vx € col(P) : J(x) = [Ly, L,e]IT =0, (7.50)

an expression which is cubic in x. By the bilinearity of ®, we have for any scalar A,
L) = AL, and Lo = /lzLx@Z so that [L sy, L(M)@Z]H = B[L,, L.s]II. Thus J(x) =0
is a homogeneous cubic identity in x. A real homogeneous polynomial identity of degree d is
equivalent to its full d-linear polarization: since d = 3, it suffices to consider the third order
polarization [161]. Indeed, checking only Vi : [L,,, L :]I1 = O on an orthonormal basis {e;}

for col(P) is not enough. To check the Jordan identity in terms of basis vectors {e;}, we must
polarize, or linearize, the Jordan identity so that it becomes a trilinear identity [161]: then it
suffices to check it on all triples of basis vectors. The standard procedure for doing so is the
following.

Leta, b, ¢ € col(P) be arbitrary, and let x = ta + sb+rc. Then Ly =tL,+sLy,+rL,,
and because @ is commutative and bilinear, we have

L2 =t*Lss + s> Lys2 + 1°L o2 + 2tsLygp + 257 Lyse + 2rtLegq, (7.51)
and so
J(x) = [Ly, Ls2]TT = {£*[ Ly, Ls2] + 8°[Lp, Lys2] + r°[Le, L o2

+125(2[Las Lagp] + [Lps L 2]

+ 2tsr([La,Lb@C] +[Ly, Lyse] + [Lc,La@b])}H. (7.52)

The full third order polarization is obtained from the tsr coefficient. Indeed, define the
symmetric trilinear map

1
T(a.b,¢) = 2{[Las Lyoe] + (Lo Leoa] + [Les Lasp L (7.53)
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Then T'(x,x,x) = [Ly, L s ]I1 = J (x), showing that T is the full third-order polarization of
the homogeneous cubic map J (x). We now show that Va, b,c € col(P) : T(a,b,c) =0
is equivalent to the original Jordan identity. On the one hand, suppose the Jordan identity
holds. Then Vx € col(P) : [Ly,L,s]II = 0. Since the expression in Eq. (7.52) is
a polynomial in ¢, s,r, and it must vanish for any choice of ¢, s,r, every coefficient in
fact must be identically zero. In particular, this means that the zsr coefficient vanishes.
Thus T(a,b,c) = 0. Since a, b, c are arbitrary, the Jordan identity therefore implies
VYa,b,c € col(P) : T(a,b,c) = 0. Conversely, suppose Ya, b,c € col(P) : T(a,b,c) = 0.
Then in particular, Vx € col(P) : T(x,x,x) = [Ly, L s ]IT = 0, so the Jordan identity holds.
We conclude that Vx € col(P) : J (x) = 0 is equivalent to Va, b, ¢ € col(P) : T(a,b,c) = 0.
The benefit of the latter trilinear identity is that if {e;} is an orthonormal basis and a =
Y.iaiei,b =,bie,c=72,cie;, we have

T(a,b,c) = ZaibjckT(ei,ej,ek). (7.54)
ijk

Since T is trilinear, Ya, b, ¢ € col(P) : T(a, b, c) = 0 if and only if
Vi,j, k:T(ei,ej,er) =0. (7.55)

Instead of using an orthonormal basis {e;} for col(P), we could simply use the columns of P
itself (or just r linearly independent columns of P). We may then express the Jordan identity
as a relation, while complicated, entirely among the matrix elements of P(R|R).

Theorem 7.4.2. Let P = P(R|R), ® = al + (1 — a)J/n, and let
L = P@{wx + (1 =y)(xut + %1 = uxh) /n}, (7.56)
wherey = (1 + 1/a)/2 so that L,y = xOy. Finally let
Ta,b,¢) = 3 {[Lar Lysc] + (Lo, Lesal + Lo Laay] | PO. (.57
Then © satisfies the Jordan identity iff
Vi, j.k : T(P(R|R;), P(R|R;), P(R|Ry)) = 0. (7.58)

7.4.2  Euclidean Jordan algebras

We arrived at the Jordan identity by first minimally modifying the classical product
x o y on reference valuations to the nonclassical product x®y. Inspired by the relationship
between the law of total probability and the fundamental nonclassical coherence rule, we
conceived a hope: that both x o y and x®y would correspond to equivalent valuations on
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some measurements, and that while the former would depend on the choice of reference
measurement, the latter would not. We then hoped that for some class of measurements,

Do w'P(Xilp) = Y xP"P(Rilp), (7.59)
l l

that is, that x®” = " P(X|R)®. In assuming this, we were guided by simplicity: the
reference-independent measurement with an equivalent valuation to x®™ ought to be {X;}
itself, the equivalent valuation being x°™. For this to have any hope of being realized, however,
® would have to be power associative: otherwise x®” would have no unambiguous meaning.
But since the bilinear product ® defines a real finite dimensional formally real commutative
algebra, assuming power associativity is equivalent to assuming that @ satisfies the Jordan
identity. Finally, we were able to express this identity entirely in terms of constraints on
the matrix P(R|R) which characterized the reference measurement itself. Thus © defines a
formally real or Euclidean Jordan algebra on col(P).

As we will see, the supposition that reference valuations form a Euclidean Jordan
algebra places remarkably profound constraints on the state and effect spaces compatible with
the reference measurement. Indeed, it means that our hopes are already realized: not only
will there exist measurements with valuations equivalent to x o y and x®y, the latter being
reference measurement independent, but also there will exist measurements whose moments
satisfy Eq. (7.59). In fact, those measurements will turn out to be implied entirely by the
assignment of the reference valuation x, and their effects will correspond to a set of mutually
orthogonal idempotents of the Jordan algebra. States and effects will turn out to correspond
to squares x92 of reference valuations, and in fact Euclidean Jordan algebras are self-dual,
so that the state cone & will be equal to the effect cone &. Finally, we avail ourselves of
the seminal result of Jordan, von Neumann, and Wigner: the classification of the Euclidean
Jordan algebras [28, 27, 161, 165]. Remarkably, all finite dimensional Euclidean Jordan
algebras are isomorphic to direct sums of the so-called simple Euclidean Jordan algebras.
These fundamental building blocks come in just a few shapes and sizes:

* Hermy,(R), the algebra of dxd self-adjoint real matrices with product axb = % (ab+ba).

* Herm,(C), the algebra of d X d self-adjoint complex matrices with product a x b =
1(ab + ba)
3 .

* Herm,(H), the algebra of d X d self-adjoint quaternionic matrices with product
axb= %(ab+ba).

* Herm3(Q), the algebra of 3 x 3 self-adjoint octonionic matrices with product a x b =
L(ab + ba)
3 .

The spin factors R @ R” with product (¢, x) x (t',x") = (¢tt’ + (x,x"), tx" + t'x).
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We are thus well on our way along the royal road [22] to quantum mechanics. We now turn
to unpacking the consequences of Jordan identity; then we will try to narrow our focus to
Herm,;(C) specifically. But already we have learned something crucial to the QBist project:
Euclidean Jordan algebras may be straightforwardly motivated by considering what is the
most natural nonclassical product one can define on reference valuations. By centering the
interplay between the reference measurement and the measurements for which they form a
reference, we hope to have given new meaning to the formal algebra of observables defined
by Jordan et al.

7.5 Lifting the product

Before we move on, however, it will be useful in the sequel to lift our product ©, which
is defined on valuations, to a product on probability vectors and response functions. Recall
that earlier we defined the inner product (-, -)p so that

> xiP(Xilp) = xP(X|R)OP(RIp) = [eP(xIR)O} PloP(RIp)| = 2Py = (x, ),
l (7.60)

where x* = xP(X|R)® and y = ®P(R|p), and demanded that T (x®y) = (x, y)p. Moreover,
((P(X;)|R)®)",DP(R|p))p = P(X;|p) reproduces the fundamental nonclassical coherence
relation. At the same time, however, we could define an inner product on col(P), (-, )¢ such
that

> %P(Xilp) = [P(XIR)|@{P(Rlp)} = §'®h = (3. h)a. (7.61)

which reproduces P(X;|p) = (P(X:|R)T, P(R|p))a. One way of putting it is that from
P(Xilp) = ((P(Xi|R)®)", ®P(R|p))p, (7.62)
(-, -)p defines an inner product on dual coordinates while from
P(Xilp) = (P(XiR)", P(RIp))o (7.63)

(-, Yo defines an inner product on regular coordinates. Thus implicitly we defined © on dual
coordinates: we would thus like to lift it to a product & on regular coordinates, and thus on
response functions and probability vectors directly.

Now if we have dual coordinates x = ®h, then acting with P gives us regular
coordinates & = Px since h = P®h for h € col(P). Similarly, if y' = ¢"®, then g" = yTP.
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We are thus led to consider
gbh = P(®gO®h) = PII(Pg © ®h) = P(®g © Dh), (7.64)

where since PII = PP® = POP = P itis inessential whether we use the original product ©
or the projected product ®. Just as © is compatible with (-, -)p, ® is compatible with (-, -)o.
On the one hand,

u'(gdh) = u' P(dg © ®h) = u' (dg © ®h) (7.65)
= (Dg, ®h)p = g OPOh = g'®h = (g, h)o, (7.66)

and on the other hand,

(f,gOhYo = [TOP(Dg © Oh) = (D f, Pg © Dh)p (7.67)
= (Df © Og, Ph)p = (DPf © Dg) POh = (fOg, h)e, (7.68)

so that ® is self-adjoint with respect to (-, -)o. Working out the explicit form for &, we find
the following.

Lemma 7.5.1. Lifting ® from a product on dual coordinates to a product ® on regular
coordinates gives

gbh = % {a(a +1)P(goh)—(a-1) (Eg +gh+a(g- h)u) /n} (7.69)

Moreover, let ﬁg be the linear operator such that f,gh = gOh. It may be expressed

A~

1
Ly = PLog® =3 {a(a +1)PD, — (a - 1) (guT nn augT) /n} . (7.70)
Proof. We had L,y = x®y where

L = H{ny + (1 =y) (et + 51 - ux*)/n}. 7.71)

Letx = ®g =ag+ (1 -a)gu/nsothat D, = Doy = D, + (1 —a)g I/n. Moreover, notice
that ®gu’ — ug™® = a(gu’ — ug"). Using y = (1 + 1/@)/2, we arrive at

Log = %H {(a/ +1)Dg + (a—1) (guT —ug' —§I) /n} , (7.72)

so that

A

Ly = PLoy® = {(a + 1)PD® + (@ — 1)P (guT _ugt - gl) cb/n} . (7.73)

N =
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Now PD,® = aPD; + (1 —a)Pgu’/nand Pg = (1/a)g + (1 — 1/a)g u/n which yields
PD,® = aPD, — (a - 1)(1/a)gu’ /n - (a = 1)*(1/a)g J/n*. (7.74)
Meanwhile
P (guT _ugt - §I) ®=Pgu' —ug'® - g Pd (7.75)
= (1/a)gu’ — aug" =g P® + (a* - 1)(1/a)g J/n. (7.76)

We conclude that

A

1
Ly =PLo;® = 5 {a(a +1)PDy — (a—1) (guT +aug’ + §Pd)) /n} . (7.77)
By assumption f,g acts on vectors in col(P) so we can substitute P® — [, from which the
result follows. O

Finally, we may formulate the Jordan identity in terms of & instead of ®. First let
L, = L,P so that L;@h = L,P®h = Lyh = gOh for h € col(P). We have

L, = % {a(a +1)PDP - (o — 1) (guTP +aug'P + §P) /n} (7.78)
- % {a(a +1)PDyP — (@ - 1) (guT +ugt+gP+ (- 1)§J/n) /n} _ (7.79)

Notice that unlike Lg, L, = L; so that the latter is self-adjoint in the usual sense. Moreover,
we note in passing that since P? = éP + (1 -=1/a)J/n, we have

L, = % {a(a + PP —(a-1) (uuT +uu’ +nP + (a - l)J/n) /n} (7.80)
= % {a(a +1) éP +(1-1/a)J/n| - (a—1)(nP + (a+1)J) /n} (7.81)
= % 2P +2(a - 1)J/n-2(a-1)J/n} = P, (7.82)
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so that £, ® = I, which indeed acts as the identity on col(P). Finally, consider in particular
Lp(rr,)- Treated as a three index tensor, this object fully defines . Explicitly,

[Lpliji = %{a(a +1) ; P(Ry|Ri)P(Ry|R;)P(Rm|Ri) (7.83)

~ (@ = D(P(RIRY) + P(R;|R.) + P(RR)) + (a = 1)/n)/n}.

Then [Lglij = Xxi/[LplijxPrigi so that

[80h)i = > [Lpwip]ijk®u®jmgihim, (7.84)
Jkim
and
[P(RIR)OP(RIROLi = D [LP)aje®asP(Ry|Ry), (7.85)
ab

or equivalently, P(R|R;)OP(R|Rx) = X; Cijx P(R|R;). Here Cjx = Y., [ Lp]ajxPai encodes
the structure coeflicients for ®, and we may formulate the Jordan identity in terms of them.

Lemma 7.5.2. Let Cjji = 3., [ Lp]ajkPai be the structure coefficients for O. Then ® satisfies
the Jordan identity iff

Vi,i, j, K, € ) Crij (CoreCars = CoreCiks)
rs
+ Z erk (Csifctrs - Csrt’clis)
rs

+ Z Crii (Csjt’Ctrs - Csrfctjs) =0. (786)

Proof. Analogously to our earlier construction, using the third order polarization, & satisfies
the Jordan identity iff

1
Va,b,c € col(P) : 3{[1:&@, L,5.0] + [Lp®, Lo, @) + [ LD, Laébcb]} =0, (7.87)

where we note that unlike in Eq. (7.53) there is no need to insert a trailing projector II since
LI = (LP)YPPD = L,PO = L, P. Using trilinearity, we can formulate the Jordan
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identity entirely in terms of P(R|R) as

Vi, j, k ([ LpriryorrIR) P> Lr(RIROP]
+ [LP(RlRJ-)éP(R|Rk)CD’ Lp(r|r)P]
+ [Lpriro)oP(RIR)D: LP(RIR)HP] = 0. (7.88)

Since P(R|R;)OP(R|R) = %; Cijk P(RIR:), we have Lpgir)6priry) = Zi CijkLpRIR,)
and so

Vi,j, k: Z {Crij [LpRIR,)Ps LP(R|R)P]
r

+ Crjk[Lrrir) P, Lr(rir)P]
+ Crik [ Lpr|R) P, .EP(R|RJ.)<D]} = 0. (7.89)

To further resolve this expression, we will apply the LHS to some P(R|R;). First,

Le(rirgPP(RIR;) = P(RIROOP(RIR) = ) CoteP(RIR,), (7.90)
S
so that
Lprir)PLpRIR)PP(R|R,) = Z CskeCirsP(R|R,), (7.91)
st
Lprir)PLprIR)PP(RIR;) = Z Csr¢CixsP(R|R;), (7.92)

st

which leads to

(L)@, Le(rirgPIP(RIR) = Y (CotrCirs = CorCuts) P(RIR). (1.93)

st

Rewriting all the commutators in this way, we arrive at

Vi, j, ko 02 )| oty (CoteCirs = CoreCiry)
1 rs

+ Z Crjk (CsicCrrs — CyreCiis)
rs

+ D Crii (CyjeCirs = CoreCrjs) | P(RIR,) = 0. (7.94)
rs
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The expression in the brackets is a vector v indexed by 7. Therefore we can reexpress the
constraint simply as Pv = 0. But from the form of C;;x = 3., [Lp]ajkPai» and in particular
the expression for [ Lp];;x, we see that v € col(P) automatically. If Pv = 0 and v ¢ null(P),
we must have v = 0, from which the result follows. m]

7.6 Self-duality

Now that we know that our nonclassical product defines a Euclidean Jordan algebra,
we may appeal to many powerful results. For instance, the famed Koecher-Vinberg theorem
[64, 27, 166] provides an alternative, geometric characterization of a Euclidean Jordan algebra:
the squares of elements of an EJA form a symmetric cone, essentially a convex cone which
i1s homogeneous and self-dual, and conversely any symmetric cone arises from the squares
of the elements of some Euclidean Jordan algebra. Homogeneity tells us that there is an
invertible transformation which takes any element in the interior of the cone to any other
element while preserving the ordering of elements: in other words, the automorphism group
of the cone acts transitively*. Meanwhile, let C be the cone of squares of elements of an EJA.
Then self-duality means that if one considers C*, the dual cone of C, that is, the space of
linear functionals nonnegative on the cone, then C = C*. For us, this means that we can
interpret squares of elements of our EJA precisely as states or equivalently, effects. Indeed, if

P(E|R) = xOx P(R|p) = yOy, (7.95)
then
P(E|p) = P(E|R)®P(R|p) = (P(E|R), P(R|p))o = (x*2,y*) > 0, (7.96)

where the nonnegativity follows from self-duality. Indeed, the same principle guarantees that
e.g., P(R|p) is indeed a probability vector since by the same token,

P(Rilp) = P(R{IR)®P(R|p) = (P(R;|R), P(RIp))o = (r*, Y0 2 0. (7.97)
Similarly, in terms of ®, if
®P(E|R)" = xOx ®P(R|p) = yOy, (7.98)
then

P(E|p) = {P(E|R)®}P{®P(R|p)} = (PP(E[R)", ®P(R|p))p = (x®* y**)p > 0.
(7.99)

“In quantum theory, this corresponds to the fact that we can map any state p to any state o by a suitable
Kraus operator: K = ol/ 2p‘l/ 2 where p, o are full-rank.
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7.6.1 The uncertainty principle

Letting % be a valuation on a measurement {X;} and x = xP(X|R)® be the equivalent
valuation on the reference measurement, we supposed that

2 5 P(Xilp) = ) (x©x)iP(Rilp) (7.100)
i i
for some class of measurements. More concisely,

(@ = B = y (@ + (1= ) (200 = (D) (7.101)

where e.g., (xz)p = Zixl.zP(Rilp) and Vi : P(R;|x) = 1/n°. We will soon show how
the structure of a Euclidean Jordan algebra itself will pick out exactly for which class of
measurements this relation holds. But at the moment, let us take it for granted, and notice
that because the second moment of a random variable is always nonnegative (xz)p >0, we
immediately have a lower bound on the second moment of x with respect to the reference,

a-—1
a+1

(D) 2 T (P = 20 (), ). (7.102)
Since this should hold for any x € col(P), we therefore have a restriction on probability
assignments P(R|p) on reference outcomes. In fact, this restriction follows entirely from the
fact that the cone of squares of the EJA is self-dual without separately assuming (x*) o = (x®?) o>
and in fact is a necessary and sufficient condition for P(R|p) to be a valid state. Indeed, for
P(R|p) € col(P),

(x ©x)"P(R|p) = (x ©x) POP(R|p) = (x°?, ®P(R|p))p. (7.103)

By self-duality, (x®2, ®P(R|p))p > 0iff ®P(R|p) = y©2 for some y, thatis, P(R|p) is a valid
state. (Notice we’ve used ©, the projected product, since by assumption P(R|p) € col(P)).
Thus without even specifying anything about the nature of the measurement {X;}, we have
the constraint <x®2)p > 0. We can therefore fully characterize the state space via

a—-1
a+1

P(R|p) € A, N col(P) valid & Vx € col(P) : (x2>p > ((xz)ﬂ — 2(x>u(x)p),

(7.104)

Thinking of the lower bound as a bound on the variance of any observable, we see the shape
of the state space is determined entirely by a kind of uncertainty principle: to respect this

>Indeed, a Euclidean Jordan algebra picks out a distinguished state P(R|u) which is proportional to the unit
of the algebra.
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uncertainty principle, probability distributions on reference outcomes cannot be too sharp in
a prescribed way.

But how can we check straightforwardly whether a given distribution p = P(R|p) is
in fact valid? Notice that we can rewrite the lower bound in matrix form as

Vxecol(P): Y (xOx)ipi=x"{yD, + (1 —y)(up’ + pu" = pI)/nlx (7.105)
p
=x"V,x >0, (7.106)

so that the validity of p € A, Ncol(P) amounts to the positive semidefiniteness of V, = V; on
col(P). Thus if we let L, = I1V,II, where II is the projector onto col(P), then the validity
of p corresponds to the positive semidefiniteness of £, in the full sense, so that

p € A, Ncol(P) valid = £, > 0. (7.107)

In this way, the positive semidefiniteness of £, allows one to diagnose whether a given
distribution p is consistent with the reference measurement.

The astute reader may have noticed that we are using the same symbol £ as in the
previous section where we defined £, to act as £, ®y = x®y. This is no accident! Indeed, let

Vi =ny+(1—y)(uxT+qu—)_cI)/n, (7.108)

which coincides with the previous definition when X = 1 as it does for probability vectors.
Now on the one hand, we earlier defined

L, =L.,P=PLgp®P (7.109)
|
- 5P{(a+ DD, + (a - 1) (xz,ﬁ _uxt —21) /n} P, (7.110)

where we have used the expression we already worked out for Lg, in Eq. 7.72. On the other
hand, we now propose that

L, =TIV,II = PCID{ny + (1 =) (uxt + xu' —)—cl)/n}Pcp : (7.111)

indeed, one can easily verify that the two expressions are the same by working out ®V,.
Thus £, has two interpretations. On the one hand, £, ®y = x®y in fact performs the Jordan
product itself. On the other hand, the positive semidefiniteness of Lp(g|,) diagnoses the
validity of a distribution P(R|p) with respect to the reference measurement. This applies not
just to states but also to effects. In fact, from

P(E|R)"y®? = P(E|R)T®Py®? = (®P(E|R), y®*)p > 0iff DP(E|R) = xOx, (7.112)
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we see that exactly the same argument applies. Indeed, by self-duality, the positive semidefi-
niteness of Lp(g|g) diagnoses the validity of P(E|R).

7.6.2  The self-duality constant

Indeed, by self-duality, states can be rescaled into effects and vice versa. Defining the
self-duality constant allows us to introduce a rescaled product ©, which will prove particularly
useful when we discuss idempotents of the Jordan algebra. To begin, let P(R|p) be a state.
Self-duality implies there must be a corresponding effect P(p|R). By Bayes’s theorem,

P(Rilp)P(p)

P(p|R;) = P(R)

= kP(R;|p). (7.113)
In particular, let us apply this to the reference states and effects. For clarity, we will write
P(R|R;) = P(R;|o;) where o; denotes a reference state. Considering when i = j, we have

P(O'llR,) = KP(Ri|O'i), (7114)

where we will call « the self-duality constant. Now we supposed that P(R;|o7) is a constant,
and in Corollary 7.2.2.1, we fixed its value to P(R;|o;) = (1 + (r — 1)/a)/n. Let us further
suppose that in fact P(o;|R;) = 1: conditional on obtaining outcome {R;} on the reference
measurement, if we then perform a measurement among whose outcomes is o;, we will be
certain of getting that outcome. In fact, requiring that each reference state be certain for its
corresponding effect fixes the value of «,

n

K= Tr0-D/a (7.115)
where r = rank(P). By linearity then we have in general, that
P(p|R) = kP(R|p)". (7.116)
In fact, this places a constraint on all states P(R|p) such that P(p|p) = 1.
P(plp) = P(p|R)PP(R|p) (7.117)
- K{aP(R|p)TP(R|p) +(1 —a)/n} -1, (7.118)
from which it follows that
ZP(R,-lp)z - % (7.119)
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At the same time,

P(plp) = (P(pIR)", P(R|p))o (7.120)
=u'(P(p|R)TOP(R|p)) (7.121)
=u"(kP(R|p)OP(R|p)). (7.122)

We are thus motivated to introduce a rescaled product © = k® and a rescaled inner product
(-, Y« such that

u'(P(R|p)OP(R|p)) (7.123)
(P(R|p), P(RIp))xa = IP(RIP)|> (7.124)

P(plp)

which will turn out to be the right tool to use when discussing idempotents of the Jordan
product.

7.7 Idempotents

In a Euclidean Jordan algebra, idempotents x = xOx of the Jordan product play a
crucial role. Many key results from standard linear algebra may be ported to the Euclidean
Jordan algebraic setting—in particular, the spectral theorem. We say two idempotents are
orthogonal iff xOy = 0. A primitive idempotent [27, 161, 165] is a nonzero element e of
the algebra such that e®e = e and which cannot be expressed as a sum of two (or more)
nonzero orthogonal idempotents. That is, an idempotent is primitive iff there does not exist
any x, y such that e = x + y and xOy = 0. Euclidean Jordan algebras enjoy a spectral theorem:
any element x of the algebra may be decomposed as a real linear combination of mutually
orthogonal primitive idempotents,

X = Z/ll-ei e,-éej = 6ijei Z eé; =u (7125)
i

i

where we may call the A;’s eigenvalues, and u is the unit of the algebra, such that Vx : u®Gx = x.
Not only that, but every element can be expressed as a linear combination of no more
than d mutually orthogonal primitive idempotents, where d is called the rank of the EJA.
We may define the frace of an element tr(x), and indeed, tr(x) = }}; A; is the sum of the
eigenvalues®. In particular, the only allowed eigenvalues for idempotents are 0 and 1, and
so tr(e) = 1 for any primitive idempotent. It follows also that any square xOx must have
all nonnegative eigenvalues, and conversely any element with nonnegative eigenvalues can
be expressed as a square. The squares form the nonnegative cone, C = {x ©x : x € V}
and this cone is self-dual with respect to the trace inner product, so that we have as well

For us tr(x) = u'x, and so e.g., P(p|p) = tr(P(R|p)OP(R|p)).
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that C = {y € V : Vx € C : tr(x®y) > 0}. Clearly all idempotents are in the nonnegative
cone: in particular, the primitive idempotents generate its extremal rays. Finally, we have
observed a consequence of these considerations is that in a Euclidean Jordan algebraic
theory, probabilities are given by the trace inner product of two nonnegative elements, one
representing a state and the other an effect.

We briefly sketch how an element x of a Euclidean Jordan algebra can be spectrally
decomposed [27, 165, 161]. Defining x®° = u, first form the powers of x: u, x, x®%,x®3, .. ..
Since the algebra is finite dimensional, these powers will eventually become linearly dependent.
Concretely, one may arrange the powers as the columns of a matrix, adding column after
column, until the matrix becomes singular. When this happens, we can write the final
column as a linear combination of the earlier columns: let M be the matrix with the linearly
independent powers of x and let y be the first linearly dependent power. Then y = Mz for some
z, and we can invert the equation by taking for example the Moore-Penrose pseudoinverse of
M: z = M*y. This first relation of linear dependence

X 4 @ x4 pax + aou =0 (7.126)

gives the minimal polynomial of x,

pe(®) = 19" + a1 1D 4 ait +ag = ]—[(z — ), (7.127)
i

where {4;} are the distinct eigenvalues of x.
Lemma 7.7.1. In a Euclidean Jordan algebra, the roots {A;} will be real [27, 161, 165].

Proof. Suppose p,(t) had a complex root z = a + ib. Since p,(¢) has all real coefficients,
then z* = a — ib must also be a root. Let f(7) = (t — z)(t — z*) = (t — a)*> + b%. Since both
f(¢) and p,(¢) vanish at z and z*, f(¢) divides p,(¢) and we may write p,(t) = f(¢)r(t) for
some polynomial (7). Now

r(x)Opy(x) = r(x)0f (x)or(x) (7.128)
= r(x)@((x —au)® + bzu) O r(x) (7.129)
= ((x = aw)r(x))®* + b2r(0)®* = 0, (7.130)

since p,(x) = 0 and we are working in the associative subalgebra of powers of x. But this
is a vanishing sum of squares and so by formal reality, (x — au)®r(x) = 0 and br(x) = 0.
Suppose r(x) = 0. Since p,(t) = f(¢)r(t) where f(¢) has degree 2, the degree of r(¢) must
be less than that of p,(¢). But if r(x) = 0, then this is a polynomial that vanishes on x
and which has smaller degree that the minimal polynomial—in other words, it must be the
minimal polynomial itself! So r(x) # 0. Thus in fact, » = 0: the root was real to begin
with. O
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Now for each eigenvalue, using Lagrange interpolation, we may calculate the idempo-
tents in the spectral decomposition in accordance with the following theorem [27, 161, 165].

Theorem 7.7.2. Let x be an element of the Jordan algebra, and let {A;} be its distinct
eigenvalues. If we let

~ X—Adju
S ON = (7.131)

then x = }; Aje; for e;Oe; = 6;5e; and },; e; = u.

Proof. Supposethatx = 317 _| Axey forexOe; = dxje and 3y e = u, for distinct eigenvalues
Ax. Let q;(t) = ]_[j# % Clearly, q;(Ax) = 6;x. By power associativity, we can consider

x—=Aju
ai) = (), 7= 3]- . (7.132)

Since x = Y} Akex and u = 3 ; e, wehave x — Aju = 2 Adgex — A Ypex = 2 (A —A;)ex
so that

gi(x) = @i;tj > i" :jj’ k=) (]—[ ik :jj) ex = opex=ern  (1.133)
kot ! k

Kk \j#i

where we have used the fact that if a = Y, arer and b = Y}; bje;, then a®b = Y arbyey.
Conversely, suppose

~ Xx—-Adju
= . 7.134
€i Qi;ej A=A ( )

Now 2, qi(Ax) = X; 0ir = 1 sothat }; g;(¢) — 1 = 0 at the s eigenvalues A, . . ., A;. Butsince
each g; has degree s — 1, the degree of this polynomial must be < s — 1: at the same time, it
vanishes at s points. Therefore it must be identically zero, and we conclude that }; ¢;(¢) = 1,
and therefore }; g;(x) = u. Similarly, consider }; 1;q;(Ax) = 2,; 4;i0ix = Ax. We conclude
that }}; A;q;(t) — t vanishes at the s eigenvalues, but since its degree cannot be more than
s — 1, it must vanish identically. We conclude }; A;q;(t) = t, or }; ;q;(x) = X; die; = x.

Finally, suppose thati # j, and consider that g;(Ax)q; (k) = (q:q;)(Ax) = 66k = 0.
Thus (g;q,;)(t) vanishes at the s eigenvalues. The minimal polynomial of x is p,(7) =
[1x (¢ = Ax) which also vanishes at the s distinct eigenvalues. Thus p,(¢) divides (g;q,)(?),
that is, we can write (q;q,)(t) = px(t)h(t) for some polynomial i(r). We conclude

eiOe; = qi(x)0q;(x) = (giq;)(x) = px(x) © h(x) =0, (7.135)
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since p,(x) = 0. Now suppose i = j. Observe that g;(1x)> — g: () = (ql.2 -qi) () =
51.2,c — 0;x = 0 so that the polynomial vanishes at the s eigenvalues. Thus the minimal
polynomial p, () divides it, and so g;(£)*> — ¢i(t) = p,(t)g(t) for some polynomial g(z). We
conclude

e; @ e —e; = qi(x) © qi(x) — qi(x) = (g7 — g:)(x) = p(x) © g(x) =0, (7.136)
which completes the proof. O

Finally, we note that the idempotents in the spectral decomposition will not be
primitive if the eigenvalues are degenerate. To resolve this, let e be an idempotent, and
let Vi(e) = {y : e®y = y}: this is the eigenspace with eigenvalue 1 of the idempotent. If
e is primitive, then dim V;(e) = 1. Letting L,y = e®y, it then suffices to check whether
the +1 eigenspace of L, is one dimensional. If not, then notice that V| (e) defines its
own Euclidean Jordan algebra with unit e. Pick a random vector y € Vi(e), and consider
its powers e, y, y®2,...: by the same procedure as above, one may construct its spectral
decomposition. One recursively repeats this recipe until one has (not uniquely) d mutually
orthogonal primitive idempotents, where d is the rank of the EJA.

7.7.1 From valuations to measurements

From the beginning, we had tentatively supposed that if we have two measurements
{X;} and {Y;} with valuations ¥ and 1, and we assign equivalent valuations to the reference
measurement x = xP(X[R)® and y = nP(Y|R)D, then there ought to be a third measurement
{Ml.(xey )} and a valuation m*®” such that m*® P(M*®)|R)® = x&y. We promised that this
is guaranteed by the fact that reference valuations form a Euclidean Jordan algebra. We will
now see that the spectral decomposition implies something even stronger is true.

Take any valuation x with respect to the reference measurement, and decompose
it into orthogonal idempotents x = ) ; ¥;e; with respect to ©. Since the ¢;’s are their own
squares, they correspond to effects: we take the state and effect spaces to be subsets of the
self-dual cone of squares of the EJA. We are working with ®, that is, in dual coordinates,
where P(E|p) = (P(E|R)®,®P(R|p))p. Thus we must have ¢; = P(X;|R)® for some
P(X;|R). Switching to regular coordinates, where P(E|p) = (P(E|R), P(R|p))®, we have
P(X;|R) = e;P. Indeed, Y, P(X;|R) = 3;e;P = u'P = u'" = P(1|R), so that these effects
indeed form a measurement {X;} and the eigenvalues ¥; represent a valuation on its outcomes.
Indeed, {X;} is not just any measurement. Because its effects are a set of mutually orthogonal
idempotents,

P(Xi|X;) = P(Xi|R)®P(R|X;) = uT(P(RlXi)éP(R|X]~)) = 0ij, (7.137)
so that if one assigns the state P(R|X;), then one will expect outcome X; with certainty upon

a measurement of {X;}: the states and effects perfectly distinguish each other.
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Moreover, because in the decomposition x = }; x;P(X;|R)®, the valuations x; are
eigenvalues, we have x®” = 3, ¥ P(X;|R)®, and so our moment matching condition is
assured,

2 5 P(Xilp) = ) [x*"1iP(Rilp). (7.138)

i i

Thus the class of measurements for which (x™), = (x©my o are precisely those whose effects
are mutually orthogonal idempotents, that is, those measurements which perfectly distinguish
their corresponding states.

Finally, let us compare x o y and x®y. In either case, we may spectrally decompose
the valuation to find an equivalent idempotent measurement. What is the difference between
them? If one chose a different reference measurement, one could always express the product
x o y according to the original reference measurement with respect to the new one. But this
would entirely depend on the relationship between the original reference and the new one.
In contrast, for any reference measurement, the product @ is picked out as the one which
defines the state space itself. Indeed, if one chose a different reference measurement, the
expression for xOy would change, but the product’s relationship to the very consistency rules
which ought to govern the gambler’s probability assignments would not. In this sense, the
valuation and measurement equivalent to x o y depends on the choice of reference, while xOy
is independent of that choice. Indeed, more generally, since any reference valuation x implies,
through ©, an equivalent “spectral measurement,” valuations have an autonomous existence,
as it were, regardless of the choice of reference.

7.7.2  Characterizing idempotents

Let us now turn to an explicit characterization of the idempotents with respect to our
product O.

Lemma 7.7.3. I[f xOx = x, then

1 ala+1) _
X=5 {(K_l (oo l)y_c/n)P(x ox)—(a- 1)xu/n} . (7.139)
Proof. From
gOh = g [a(a +D)P(goh)—(a-1) (Eg +3h+al(g- h)u) /n] , (7.140)

we have for x = xOx,

X = g [a(a+ 1)P(xox)—(a—1)(2xx + a(x - x)u) /n], (7.141)
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Taking the sum of both sides of the equation gives

X = g [a/(a +DH(x-x)—(a-1) (2)_62/n +a(x x))] (7.142)
=K [oz(x cx)—(a— 1))_62/71] , (7.143)
so that
1 _ ( 1)_2
x-x=—x+|1-—|x"/n. (7.144)
Ka a

Substituting this in, we find

X = g a(a+1)P(xox)—(a-1) (2)_Cx + {L)_c+ (l - é) )_cz/n} u) /n] ,  (7.145)

K@

so that collecting terms, we have

(I1+x(a—-1Dx/n)x = 2_1/< [a/(a +1D)P(xox)—«k a=Dx(1+«k(a-1%/n) u/n] ,

(7.146)
or
1 ala+1) B
T2 {<K—1 F(a— g oM mles 1>xu/n} (7.147)
O

Remark. Another way of interpreting this formula is that just as for x € col(P), the action of
P on x is very simple, simply mixing x and u, the action of P on x o x is also just as simple for
idempotents x = xOx: x is simply mixed with u.

Corollary 7.7.3.1. For xOx = x,
N 1 -
Yoxt=—x+(1-—|F/n. (7.148)
; K@ a

Corollary 7.7.3.2. For xOx = x,

T X (' + (@ = Dx/n) 267" + (@ = DX/n) (7.149)

a(a+1)
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Proof. Substituting our expression for an idempotent x into x - x, we obtain

_1{ a(a+1)
T2 e+ (@ - D/

X - x"P(xox) - (a- 1))72/11} . (7.150)

First,

A Pxox) = éleﬂ (l—é))_c(xvc)/n. (7.151)

1

Then, solving for Zix? yields

[2(x - %) + (@ = DF*/n] - (@ = DF(x - x)/n. (7.152)

Z 3_ k' + (a=Dx/n

a+1
Using
1 _ 1\ _, X[ _
X-x=—Xx+[1-— x/n:—(K +(a—1)x/n), (7.153)
Ka a a
and simplifying leads to the result. O

In particular, a primitive idempotent satisfies tr(x) = u'x = X = 1, and since every
state is represented by a probability distribution, primitive idempotents may be identified with
distributions P(R|p).

Corollary 7.7.3.3. P(R|p) is a primitive idempotent of ® iff

ala+1)

(kY + (a—1)/n)

P(Rilp) = % { > P(RiR))P(R;lp)* - (a - 1>P<Rl~|u)} . (7.154)
J

where k = W

Moreover, the proof of Lemma 6.4.1 from the previous chapter is still valid in the
broader Euclidean Jordan algebraic setting due to the existence of the spectral decomposition.
Thus an element of an EJA is a primitive idempotent iff tr(x®?) = tr(x®?) = 1. But this means

e P(RIp)®2) = ul (P(RIp)OP(RIp)) = P(pIR)OP(RIp) = P(plp) =1, (1.155)

and we already saw that this implies

1 1
ZP(R,-|p)2 =—+ (1 —5) /n. (7.156)
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Remark. In fact, because we took P(oi|oi) = tr(P(R|0‘,-)éz) = 1 for reference states, and
the distributions P(R|o;) are by construction valid states, we have that the reference states
must be primitive idempotents already. tr(P(Rla,-)éz) =2 /ll.z = 1 is only possible given the
constraint that tr(P(R|o7)) = 2, 4; = L and A; > 0, if just a single A; is 1 and the rest 0.

Similarly,
t(P(RIp)®) = u | P(RI0)S(P(RID)SP(RIp))} (7.157)
= P(plR)®(P(RIp)OP(RIp)) = Pplp) = 1. (7.158)

so that substituting Eq. (7.154) for P(R|p)®P(R|p), we find as in Corollary 7.7.3.2,

-1 _ -1 _
ZP(RI'LO)S _ (« '+ (@=-1D/n) 2" + (@ 1)/n) (7.159)

ala+1)

Corollary 7.7.3.4. P(R|p) is a primitive idempotent of & iff P(R|p) € A, N col(P) and

-1 _
S P(Rp)? = e =D/ (7.160)

a

a(a+ D) . (7.161)

ZP(R'|P)3 _ (K_1 + (a — 1)/n) (2/<_1 + (a — 1)/n)

Along with the normalization }; P(R;|p) = 1 condition, we see that the primitive idempotents,
or pure states, live in the intersection of three kinds of spheres: a 1-norm, 2-norm, and a
3-norm sphere of specified radii, intersected with col(P) and lying in the nonnegative orthant.
Any valid state can be written as a convex combination of such pure states.

7.7.3  Orthogonality

In order to check whether primitive idempotents are mutually orthogonal, the following
lemma will help.

Lemma 7.7.4. Let P(p|R)®P(R|7) = tr(P(R|p)OP(R|7)) = 0. Then

-1
P(R|p) - P(R|7) = O‘Q—n (7.162)
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Moreover if P(R|p)OP(R|7) = 0,

a-1
ZP(Ri|Rj)P(Rj|P)P(Rj|T) = W(P(Riho) + P(Ri|7) + (a — 1)P(Ri|/l))/n-
J
(7.163)
Proof. Let p, g be the probability distributions. Our product is
y K
poq =3 la(a+DP(pog)—(a-1D(p+q+alp-qu)/n]. (7.164)
The condition that p©g = 0 is just that
P(pogq) = ;(p+q+a(p~q)u)/n- (7.165)
ala+1)
Summing over both sides gives
a-1 a—-1
p-q:—(Z/n+oz(p-q))=>p-q: . (7.166)
ala+1) an
Thus
P(pogq) = L(p+q+(a—1)u/n)/n. (7.167)
ala+1)
O

Remark. In fact, for a Jordan algebra, if P(R|p) and P(R|7) are assumed to be idempotents,
and tr(P(R|p)®P(R|7)) = 0, then P(R|p)OP(R|7t) = 0 [161]. Thus the condition that
P(R|p) and P(R|7) are mutually orthogonal primitive idempotents reduces down entirely to
scalar constraints, along with the subspace restriction, and the nonnegativity of the entries of
the probability vectors.

Remark. Just as P(p o p) acts simply on an idempotent p, so too it acts simply on P(p o q)
for pOg = 0.

Corollary 7.7.4.1. For any two reference distributions, since the state space is the convex
hull of the primitive idempotents,

a—1 < P(R|p) - P(RI7) < kT+(a=1)/n

(7.168)

Remark. In a more general setting, these are the pairwise constraints defining a gplex [5].
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7.7.4  Testing the rank of an EJA

The rank of an EJA is the maximum number of mutually orthogonal primitive idem-
potents. One could determine this, for example, by searching directly for sets of distributions
satisfying P(p;|p;) = P(pi|R)®P(R|p;) = ¢;; subject to the primitive idempotent constraints
we just derived. More simply, one may rely upon the spectral decomposition. As we have
noted, every element of an EJA has a spectral decomposition x = }}; A;e; where e; are mutually
orthogonal idempotents and A; are the distinct eigenvalues of x [27]. For a generic element of
the EJA, the eigenvalues will all be distinct, and so there will be d of them, where d is the
rank of the EJA [167]. We can thus determine the rank of the EJA with a simple recipe: pick
many elements of the algebra at random, take their spectral decompositions, and determine
the maximum number of distinct eigenvalues. This will almost certainly be the rank of the
Euclidean Jordan algebra.

7.8 A simple EJA

As we have said, Jordan—von Neumann—Wigner theorem of 1934 [28, 161] classifies
the Euclidean Jordan algebras, showing they must be direct sums of the simple Euclidean
Jordan algebras, which we now define. A simple EJA is one whose only ideals are {0} and
the entire vector space V on which the algebra is defined, in our case col(P). In this case,
an ideal is a subspace 7 C V such that y € 7 implies Vx € V : xOy € 7. In other words,
if y is in the ideal, then under the Jordan product, it traps any other vector in that subspace
with it. For us, then, an ideal satisfies e.g., Vx € col(P) : LI C I. A subspace I is left
invariant by a matrix M = M iff the orthogonal projector onto that subspace commutes
[108]: [M,I17] = 0. Thus we require

AI1; such that Vx € col(P) : [L,,TI7] = O unless [17 = 0 or [T = II. (7.169)

where II is the projector onto col(P) and where £, = L; . We presume as well that
[1;7IT = III1; = Il so that I1; projects inside col(P). Moreover, since £, was constructed
by sandwiching V, with the projector II, the commutator is already restricted to col(P)
(otherwise, we might need to project again). By linearity, it suffices to check the above
condition for each reference state P(R|R;). Practically speaking, what one ought to do is
introduce a basis for col(P). Let B be the matrix whose columns form an orthonormal basis
{b;} for col(P). We may then parameterize the space of symmetric matrices Z = Z', and
solve for

Vi:[B'Ly,B,Z] = 0. (7.170)

If such a Z exists, then its eigenspaces will be preserved by BT £, B: thus one can construct
the projector onto those eigenspaces to get the projector onto the ideal. Simplicity of the EJA
is equivalent to the only solution being Z = A1, a multiple of the identity.
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Another way of thinking about simplicity is in terms of the center of the EJA. Let
V = col(P) and let L, be the linear operator which performs the Jordan product with x. The
center of a Euclidean Jordan algebra may be definedas Z = {z €V : [L,,Ly] =0Vx € V}
[161]. In other words, it is just those elements whose Jordan product operator commutes
with all other Jordan product operators. If the EJA is composite V =V, &V, & --- & Vi, the
center is spanned by the units of each summand u, uy, . ..,u;. Thus dim Z = k. The EJA
is simple iff Z is spanned by just a single unit u [27]. To test this, let {b;}}_, be a basis for
col(P) and B be the matrix with the basis elements as its columns. Let L; = BTLbl.B be the
Jordan product operator for the b;th element represented as an r X r matrix. We can write an
arbitrary element z = }}; 7;b; so that I:Z =2 z;L;. Then z will be central iff

Vi:[L, L] = Z ulL, Li] = 0. (7.171)

Alternatively, let Z;;; = [L,, I:,-]jk so that we require Vi, j, k : 3}; Z;jxiz1 = 0. Reshaping
this into an 73 X r matrix, this becomes Zz = 0. The EJA is simple, then, if dim null(Z) = I:
there is just one element Z = u whose Jordan product operator commutes with all others.

While the above considerations yield a conceptually straightforward way of calculating
whether the EJA is simple, when the rank of P is large, the tensor Z;;y;, which has r* entries,
will become intractable to work with. We therefore provide an algorithm which will certify
simplicity with overwhelming probability. We begin from the observation that if an EJA is
composite, a primitive idempotent must lie entirely in one of the factors [27].

Lemma 7.8.1. Let V be the vector space on which a composite EJA is defined, and let ©
denote the Jordan product. V may therefore be decomposed asV =V, ® V, @ . ... Primitive
idempotents must live entirely in one of the summands.

Proof. Without loss of generality, suppose V = V| @ V,. Suppose e were a primitive
idempotent supported in both factors. Thus e = e; ® e, satisfies e © e = e. Since
(X1 9x) 0 (y1®y2) =(x10y1) ® (x2 ®yy), we have ey ©® e} = e and ep © ey = e;. In
other words, e and e, must themselves be idempotent. Thus e = (e¢; ®0) + (0 e3) is a sum
of idempotents. Since the summands are supported on different sectors, they are mutually
orthogonal. Thus e can be expressed as a sum of mutually orthogonal idempotents, which
contradicts primitivity. O

Suppose we pick a primitive idempotent e at random. By the above lemma, it must lie
entirely in one sector of the EJA. Now select random elements {x;} of the algebra and take
the Jordan product of each with e, obtaining new elements {x;}. Then repeat the process,
selecting random elements of the algebra, and taking the Jordan product with each of the
elements {x]} to obtain {x/'}, hitting those with random elements of the algebra, for some
number of repetitions. Finally, consider the linear span of the elements so obtained: this is an
approximation of the ideal of which e is a part. Indeed, if e were supported on a single sector
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of the EJA, then the linear span of the elements obtained throughout this process should
remain in that same sector. If the dimension of the linear span is in fact the dimension of V,
the whole vector space, then the EJA must be simple.

To obtain a primitive idempotent e, one may find some element which satisfies the
constraints we derived above: or one may obtain e by spectrally decompositing a random
element of the Jordan algebra. Generically, such an element will have d distinct eigenvalues:
thus its spectral decomposition will yield d mutually orthogonal primitive idempotents {e;}.
Once one has selected a starting primitive idempotent e, instead of hitting it with random
elements of the algebra, one may more systematically hit e with elements of a basis {b;}
for V. Then introduce a basis {b} for the linear span of {e ® b;}. Once this is done, hit
each element of {5’} with elements of the original basis {b;}, and consider the linear span of
{b; ® b;.}. Again, introduce a basis {b"} for this linear span, and then consider {b; © b} }, and
so on. Eventually the dimension of these subspaces will stabilize, and if it in fact is dim V,
then the EJA is simple.

Thus given P(R|R) it is a matter of computation to determine whether the Jordan
algebra it encodes is simple. And for simplicity’s sake, we now suppose that it is. After
all, if it were not, we could build it up from simpler components, considering a reference
measurement for each part: the union of the reference measurement for each will be a
reference measurement for the whole. (Later we will consider another type of motivation.)

7.9 Full circle

The 1934 paper of Jordan, Wigner, and von Neumann [28] not only shows that
Euclidean Jordan algebras must be composites of simple EJAs, but also gives a direct way of
characterizing these fundamental building blocks. Up to some special isomorphisms between
the different classes of EJAs’, a simple EJA is uniquely defined by two numbers. The first is
its rank, that is, the maximum number of mutually orthogonal primitive idempotents, and the
second is its dimension, the smallest vector space on which the algebra may be defined.

Euclidean Jordan algebra | rank | dimension
Hermg(R) d |d(d+1)/2
Herm,(C) d d?
Herm, (H) d d2d -1)
Hermj3(Q0) 3 27
spin factor 2 n+1

We thus make one final assumption about the conditional probability matrix P(R|R) which
characterizes the reference measurement, that » = rank(P) = d? where d is the maximum
number of mutually orthogonal idempotents. With this final piece in place, we conclude that
reference valuations have a representation as d X d Hermitian matrices over C, and that states

"For example, the n = 3 spin factor is isomorphic to Herm;(C).
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P(R|p) and effects P(E|R) have a representation as d X d positive semidefinite Hermitian
matrices over C. In other words, we have arrived at quantum mechanics.

We may now fix our constants. By self-duality, we had P(p|R) = kP(R|p)" where
K= 1+(r+l)/a' Thus in fact

@z X (7.172)

n—«kK

where we now know that » = d?. We also now know that there is a representation of the
reference measurement in terms of d X d positive semidefinite matrices satisfying ) ; R; = I.
Denoting the corresponding reference states as oy, we have Vp : P(p|R;) = tr(po;) =
kP(R;|p) = ktr(R;p), from which we conclude that R; = k~'o;. Thus

S

i

tr

= Z tr(R;) = nk ! = tr(l) = d, (7.173)

so that k = n/d. Substituting k = n/d and r = d? into our expression for «, we find

(n/d)(d*>-1) d*>-1
o= _

ey =d+1. (7.174)

We may now express our formulas with all the constants determined. We have

v

gOh = % {(d +1)(d+2) (g) P(goh) - (Zg +Th+(d+1)(g- h)u)} (7.175)

so that the Jordan product tensor (rescaled to implement ©) is
1 n
KLLrlijk = 5{@1 +1)(d+2) (5) Y P(RAIR)P(RuR)P(RuIR) — (7.176)
~ (P(RIR)) + P(RiIRe) + P(R;|Ry) + d/n)}.
The pure state vector condition reads

d
P(Rilp) = 5 {%(d 1) +2) (5) Y PRAR)P(R 1) - ;}, (.177)
J

198



and finally, the pure state scalar constraints become

2
E P(Ri|p)? = d+1 (7.178)
§ P(Rilp)® = & 6 7.179
Pl ds)d+2) (7.179)

all of which may be compared to the results of the last chapter. In particular, the cubic
equation implies that

6
3 _
;P(Rile) = Z ZP(R IR;)? (d+ DETT (7.180)
Since P(R;|R;) = tr(R;07}) = %tr(mo-j) = %l(;ﬁile)lz, we have
6
6 _
F3({ui)) = — Z Wil = Z T (7.181)

In other words, the pure states {o;} attain the minimum of the 3rd order frame potential [62],
which we introduced in Chapter 6. We conclude at last that our reference measurement must
correspond to an unweighted complex projective 3-design.

7.10 Self-testing

While each of the conditions we placed on P(R|R) were motivated by foundational
considerations, in hopes of giving a reconstruction of quantum mechanics which puts the
structure of the reference measurement itself in pride of place, we now observe that our
considerations may be reinterpreted as providing a means of self-festing complex projective
3-designs in a theory-agnostic way [163]. A set of quantum states forms a complex projective
t-design iff it minimizes the order-7 frame potential: here the emphasis is on a set of quantum
states. One can calculate this quantity from P(R;|R;); alternatively, if one is not able to
implement the corresponding measurement, one can calculate it from P(o5|o;) obtained e.g.,
by performing a swap test on the states [168, 169]. But how can one be sure that the states in
fact have a Hilbert space representation? The same problem arises even if one can measure
the frame potential directly [170, 171]. Such certifications of 7-designhood are conditional
on the assumption that a Hilbert space representation is in fact possible. A theory-agnostic
certification would guarantee that not only the frame potential is minimized, but also a Hilbert
space representation can be constructed. In the course of this chapter, we have provided
exactly such a means of doing this not just for 3-designs, but for t-designs for r > 3.

Theorem 7.10.1. Let P = P(R|R) be a column stochastic matrix satisfying:
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r = rank(P) = d? for some d.

P =P,

Vi : P(RilRi) = d/l’l

POP =P for® =al + (1 —a)J/nwherea =d + 1.

LetL, = PCID{ny+(l—y)(qu+)_cI—uxT)/n} wherey = (1+1/a)/2sothat L,y = xQOy.
Let {b;} be an orthonormal basis for col(P). Then Vi, j,k : T(b;,b;, by) = 0 where

Tab,¢) = 3 {[Lo> Lose) + (Lo, Lesal + [Les Loy | PO

» The resulting EJA is simple, computed according to Section 7.8.

» The rank of the resulting EJA is d, that is, the maximum number of distributions
{P(R|p;)} in col(P) satisfying

d 2 d? 6
V’:EPR )= ——— d §PR 3
/L Rilpp) = a1 Rilei) = r @+ D=2’

and for j # k,

1
d+1

> PRl P(Rilpw) =

is d, computed according to Section 7.7.4.

Then P(R|R;) = %IF(O','O'J') where {07} is a set of rank-1 projectors on a complex Hilbert
space of dimension d which forms an unbiased complex projective 3-design.

Corollary 7.10.1.1. Suppose the conditions in Theorem 7.10.1 are satisfied, and additionally
that fort > 3

ZP(R IR)) =

Then P(R|R) corresponds to a unbiased complex projective t-design.

1
(d”_ 1) . (7.182)

Proof. The conditions in Theorem 7.10.1 guarantee that P(R|R) has a Hilbert space represen-
tation as a complex projective 3-design. Recalling that a 7-design is also a (¢ — 1)—design, if
P(R|R) additionally minimizes the frame potential for # > 3, it must be a complex projective
t-design. O
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7.11 Assume a SIC?

We now show that if we make just one more assumption, we can rule out composite
Jordan algebras, and moreover restrict the possible simple EJA’s compatible with P(R|R).
This assumption is that the state space implied by P(R|R) can host a symmetric informationally
complete set of states [24]. If rank(P) = r, then this means a set of r states, which are
primitive idempotents, and which form a regular simplex.

Theorem 7.11.1. Let {P(R|p;)}._, be a set of primitive idempotents such that P(p;|p;) = ¢
fori # j and whose sum is proportional to u. Then ¢ = (¢ = 1)/(r + @ — 1).

Proof. We have
¢ = P(pilp;) = P(pi|R)®P(R|p;) = kP(R|R;) [al +(1-a)J/n|P(RIR;)  (7.183)
=«{ap; - p;j + (1 —a)/n}, (7.184)

sothat p; - p; = é{C/K — (1 —a)/n}. Now on the one hand, using the formula for };; pl.2 for a
primitive idempotent,

2
‘Zpi =Zpi'P]'=Z||Pi||2+ZPi'Pj (7.185)
7 77 i

i%]
_, (K_l +(@-1)/n

(0

1
a

) (=1 [c/K— (1-a)/n|. (7.186)

On the other hand, since }; p; = Bu, we have ) ; tr(p;) = Btr(u) which implies r = 8n or
B =r/n. Thus

2
= |(r/n)ul?* = (2 /nP)n = r/n. (7.187)

I'Z pi

Equating these two expressions and using « = n/(1 + (r — 1) /) yields the result. O

Corollary 7.11.1.1. Such a set is informationally complete.

Proof. Since P(p;|p;) = Kpl.TCDpj = k(api-pj+(1-a)/n), the rxr Gram matrix G;; = p;-p;
may be expressed

G =(A-B)I+BJ A:l(l—(l—a)/n) B:l(f—l_—“). (7.188)
a \K a \K n
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The eigenvalues of G are therefore A— B with multiplicity r—1 and A+ (r—1) B with multiplicity
1. A=B = (1-c)/(ax). Since c # 1, A—B # 0. Meanwhile, r(A+(r—1)B) = ||3; p:||*> > 0.
Thus G is full rank, and so the {p;} are linearly independent. O

Lemma 7.11.2. If such a SIC set exists, the EJA must be simple or else classical.

Proof. In Lemma 7.8.1, we showed that primitive idempotents must be supported entirely
in a single factor of a composite EJA. Thus if {P(R|p;)} are primitive idempotents, they
must be supported on one or the other sector. But if P(R|p;) and P(R|p;) are supported
on different sectors, P(p;|p;) = 0, which contradicts the assumed equiangularity of the set
unless ¢ = 0. If ¢ = 0, the primitive idempotents must be mutually orthogonal, @ = 1, ® =1,
and © = o: the EJA is classical. Otherwise, the SIC must be supported entirely in one or the
other summand: but this contradicts informational completeness. O

In light of this, just as we determined d, the cardinality of the set of mutually
orthogonal primitive idempotents, by trying to find d distributions satisfying the scalar
primitive idempotent constraints as well as the orthogonality constraint, we can try to find r
distributions which satisfy the scalar primitive idempotent constraints as well as fori # j,

P(pilp) = P(pi R)OP(RIp;) = —— 1 (7.189)
r+a-1

If this can be done, then a SIC set exists, and the EJA must be simple. Moreover, the existence
of a SIC set narrows down the possible choices of simple EJA’s as explained in [24]. Indeed,
SICs are only known to exist for certain special ranks (d = 2, 3, 7, 23—although there may
be more yet to be discovered) in the setting of quantum mechanics over R [117, 62], and
they do not appear to exist for quantum mechanics over H for d > 3 [115]. The same paper,
however, shows that a SIC does exist in the exceptional 3 X 3 octonionic case. Moreover,
a SIC always exists in a spin-factor EJA: since the state spaces are spheres, it is trivial to
inscribe a regular (r — 1)— simplex within them. But the rank of a spin-factor EJA—the
maximum number of mutually orthogonal primitive idempotents—is always just 2. Thus if
d # 2,3,7 or 23, unless one stumbles upon an exceptional SIC over R or H, the EJA must
correspond to quantum mechanics over C—or it would, if SICs existed over C for all d. There
is very strong numerical evidence that this is the case [114, 172], as well as a by now highly
developed theory behind their exact construction. For the state of the art on the SIC existence
question, see [173] which proves the existence of SICs over C in all dimensions conditional on
the resolution of certain conjectures in algebraic number theory (related to Hilbert’s twelfth
problem) as well as the proof of a special function identity.

At the risk of specializing too much, we can go further and assume that among
the reference states and effects themselves are not only a SIC set, but also s < d mutually
orthogonal primitive idempotents. Then we can rule out composite EJAs as well as
incompatible simple EJAs from a simple inspection of P(R|R). It remains to show that a
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3-design with this structure can in fact always be constructed in quantum mechanics over C,
assuming SICs exist.

Theorem 7.11.3. An unbiased 3-design can be constructed in quantum mechanics over C
which contains a SIC as well as at least s < d orthogonal states.

Proof. Analogous to quantum state 3-designs, a unitary 3-design is an ensemble of unitaries
which mimic the behavior of Haar distributed unitaries up to the third moment [174, 175, 176].
For sufficiently large cardinality, such sets always exist. Let U be an unweighted unitary
3-design. By definition,

1

-1
i Z (unuhH® = / du(unuH® = (d N 2) Mgy, (7.190)

UelU 3

so that {UTIUT}, the orbit of a state IT under the unweighted unitary 3-design, forms an
unweighted state 3-design. Let {II;} be a set of SIC states. Then

1 & s [(d+2)7!
— Z — Z (UTLUT)®? = Mgy (7.191)
d i=1 |(1/{| UelU 3

so that we have constructed an unbiased 3-design which contains a SIC subset as the union
of the orbit of each SIC state under the unitary 3-design (counting repeated unitaries with
multiplicity). Now without loss of generality, we can take I € U: if not, we may take any
element U and consider the set {U ITU } which forms a 3-design which does contain /. Now

take one of the SIC states I1; and s — 1 unitaries V; such that IT;, V1H1V1T, VoI VI, ... ares
mutually orthogonal states: this can always be done. Then take the union (again preserving
repeated unitaries) U’ = U U ViU U Vo,U .... Such an equal weight union of unitary
3-designs is again an unweighted 3-design. If we then consider the union (with multiplicity)
of the orbits of the d? SIC states under U’, we have an unbiased 3-design which contains not
only a SIC but also s orthogonal states. O

7.12 Conclusion

And so we have come full circle. Let us retrace our steps. We began with the gambler
trying to make better decisions, and supposed they have identified a reference measurement
for a domain they are invested in. As we saw in Chapter 2, on very general grounds, one
may derive a nonclassical coherence condition P(E|p) = P(E|R)®P(R|p) where ® is any
{1}-inverse of the conditional probability matrix P(R|R) which characterizes the reference
measurement, taken to be a preparatory measurement, itself. We then proceeded to make
increasingly severe restrictions on the structure of this matrix P = P(R|R). We assumed
that it is symmetric, and so both states P(R|p) and response functions P(E|R), as well as

203



valuations upon the reference outcomes, ought to be confined to col(P). We also assumed
the P is constant along its diagonal. We presumed that the Born matrix ® has the form of a
Protourgleichung, ® = al + J, and assumed it to be quasistochastic, fixing the value of .
This in fact implies that P depolarizes vectors in its column space, and that P has a simple
eigenstructure, which fixes the value along the diagonal of P in terms of r = rank(P) and «.

We then discussed how the gambler can transfer valuations on arbitrary measurements
to equivalent valuations on the reference measurement. Reference valuations have a natural
product, the elementwise or Hadamard product o, which in fact is the Jordan product on
R"@ --- @& R". Just as ® represents a minimal deformation of the classical law of total
probability, we attempted to deform the classical product in as minimal a way as possible, in
order to define a product on valuations which we hoped would be, in some sense, independent
of the choice of reference measurement. We show that any product © which is commutative,
permutation equivariant, unital for (1, ..., 1) and is a one parameter mixture with the classical
product with as few terms as possible leads uniquely to a product of the form

xOy=yxoy)+(1-y)(x+Xxy—(x-yu)/n. (7.192)

But since valuations ought to be confined to col(P), we ultimately adopted xOy = I1(x ®@ y),
where I1 is the projector onto col(P), to be the proper definition of our minimal extension of
the classical product on valuations. Demanding compatibility with the Protourgleichung in
fact fixes the value of y in terms of «, and shows that the product is self-adjoint with respect
to an inner product defined in terms of P, and the algebra it defines is formally real.

We then supposed that there exists a special class of measurements which satisfy a
moment-matching condition. If ¥ is a valuation on {X;}, then 3, ¥ P(X;|p) = X, x?" P(Ri|p),
that is, that the mth moment of the reference valuation with respect to © in fact reproduces
the mth moment of the valuation on the original measurement. For this moment-matching
condition to make sense, we further demanded that ® be power associative so that ® powers
have a univocal meaning. We thus confronted a finite dimensional real and formally real
commutative power associative algebra of observables defined through the bilinear product ®:
we then appealed to Jordan, von Neumann, and Wigner’s classic result that the algebra we
have defined is in fact a Euclidean Jordan algebra, and indeed, © satisfies the Jordan identity.
Conversely, if the product satisfies the Jordan identity, it must be power associative, and so
the Jordan identity (in its third order polarized form) gives us a new constraint on P(R|R).

Next, we observed that © is defined on valuations, which may be interpreted as dual
coordinates: we therefore lifted ® to ® a product on regular coordinates e.g., probability
vectors and response functions, working out the form of the matrix £, which satisfies
L, ®y = xOy, and for good measure, reexpressed the Jordan identity in terms of &®. We then
appealed to the self-duality of the cone of squares of an EJA to derive the shape of state
space via an uncertainty principle. We showed that in fact the positive semidefiniteness of the
matrix Lp(g|,) equivalently diagnoses the validity of the state. Self-duality also implies that
states P(R|p) can be rescaled into effects P(p|R), and we derived a self-duality constant
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which does just this. The assumption that if we turn a reference state into an effect in this way,
we should expect the corresponding outcome with certainty fixes « in terms of r, n, and «,
and shows that if P(p|p) = 1, the corresponding reference distribution P(R|p) must live on
the surface of a 2-sphere with a particular radius. Finally, we rescaled ® into © using the
self-duality constant, readying us for the discussion of the idempotents of the Jordan algebra.

Indeed, we then noted that any element of the algebra has a spectral decomposition into
a linear combination of primitive idempotents, and sketched a recipe for doing so. This in fact
realizes our original ambition: the spectral decomposition into primitive idempotents implies
that any reference valuation corresponds to a valuation on a measurement whose effects are
precisely a set of mutually orthogonal idempotents—these are the types of measurements
whose higher moments may be derived simply from the nonclassical product on the reference.
We then derived explicit equations which characterize idempotents, and in particular a vector
constraint which is a necessary and sufficient condition for a distribution P(R|p) to be a
primitive idempotent as well as a set of equivalent scalar constraints: the former 2-norm
sphere constraint, as well as a 3-norm sphere constraint. Moreover, we observed that our
assumptions have already implied that the reference states are primitive idempotents. Finally,
we derived explicit conditions for two states to be orthogonal with respect to ©, noting that the
rank of a Euclidean Jordan algebra is the maximum number of mutually orthogonal primitive
idempotents. Given the matrix P(R|R), one may check computationally what is the rank of
the algebra it gives birth to. (And by the same token, the same algorithm could be used to
search for a P(R|R) which has a particular rank, subject to the other constraints.)

The Jordan-von Neumann-Wigner theorem characterizes the simple Euclidean Jordan
algebras, the atomic building blocks of all EJA’s, and we give a recipe for checking
computationally whether our EJA is simple in terms of P(R|R)—or equivalently, for searching
for such a P(R|R). Assuming simplicity, we may then appeal to the classification given in
the aforementioned theorem. Supposing that the r = rank(P) = d? where d is the maximum
number of mutually orthogonal idempotents, our product © must in fact correspond to the
Jordan product on Herm,(C), that is, d X d Hermitian matrices over the complex numbers.
The state and effect spaces may be understood in terms of the positive semidefinite cone: the
states must have representations as d X d positive semidefinite matrices over C satisfying
tr(p) = 1 and the effects must be d X d positive semidefinite matrices satisfying 0 < E < [I.
In other words, we have arrived at quantum mechanics. This fixes the value of the self-duality
constant «, which in turn fixes the value of @. Coming full circle, we show that with these
values, the reference states must minimize the 3rd order frame potential, and so the reference
measurement corresponds to an unweighted complex projective 3-design. We then showed
that beyond its value as a reconstruction of quantum mechanics, our considerations amount to
a theory agnostic scheme for certifying complex projective ¢-designs for r > 3. We closed by
showing that the existence of a symmetric informationally complete set excludes composite
EJA’s and moreover, narrows down the possible simple EJA’s dramatically.

In the previous chapter, we proceeded within quantum mechanics, assumed our
reference measurement was built from an unbiased complex projective 3-design, and then
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showed how the shape of quantum state space ccould be unpacked from this single matrix
P(R|R). In this chapter we reverted back to the origin: after wiping the slate clean, by
placing increasingly poweful constraints on P(R|R), we were ultimately able to narrow our
focus back to quantum mechanics, showing that our assumptions take us full circle, back to a
3-design. The key step was the introduction of the nonclassical product ®, guided by the idea
that the classical product on valuations should be deformed as minimally as possible. Indeed,
this is what is remarkable about 3-designs: just as 2-designs make the Born rule look as close
as possible to the law of total probability, 3-designs make the classical Jordan product o on
valuations look as close as possible to the quantum Jordan product. Since the entire theory
can be defined in terms of the Jordan product, this in fact buys us everything. Moreover, our
entire construction may be viewed as a means of self-testing unbiased ¢-design measurements
for t > 3. One may of course calculate a value which amounts to the frame potential from
P(R|R), but there is no guarantee that P(R|R) has a Hilbert space representation. Checking
the rank, the Jordan identity, and so forth (Theorem 7.10.1), ensures that P(R|R) does indeed
have a Hilbert space representation, and so is certifiably quantum z-design.

Until the final step fixing simplicity and the rank of the algebra, our construction
is compatible with any Euclidean Jordan algebra, giving a new perspective on both their
geometry and their relation to classical probability theory. That said, our reconstruction is
by intention modest: its main goal, one might say, is to help one understand precisely in
what sense quantum theory can be understood as a probability theory supplemented with
nonclassical coherence conditions which are gentle modifications of classical rules. Indeed,
this is the general strategy of QBist thinking—that and putting the limelight on a wisely
chosen reference measurement so that consistency with the reference measurement properly
understood implies consistency across all measurements. Of course, simply stipulating
the rank of the algebra and the rank of P may appear ad hoc, or ulteriorly motivated: the
real point, however, is to dramatize the fact that these are precisely stipulations about the
reference measurement itself. Giving fuller motivation to those choices we leave to future
work. Besides assuming a SIC, many plausible routes have been already taken to narrow
down the simple EJA’s to quantum mechanics over C: for example, supposing observables are
generators of time evolution [45] or assuming local tomography [166, 177]. We take here a
pragmatic point of view, if you will. Confronted with some phenomenon, the gambler makes
many experiments, identifying a reference measurement which they characterize by P(R|R).
If this matrix satisfies the constraints we have developed in this chapter, then the gambler can
conclude: they may use the quantum mechanical formalism to facilitate their calculations.

A different kind of motivation, however, may become more apparent through further
study: much is still not understood about the nature of our construction. For example, we
showed how the pure states or primitive idempotents correspond to distributions P(R|p) on n
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outcomes satisfying

Vi: P(Rilp) = 0 (7.193)
ZP(R,-|p) =1 (7.194)
294 2
ZP(Rllp) = - (7.195)
d? 6
13- &
ZP(R’“O) T R2d+1)d+2) (7.196)
P(R|p) € col(P), (7.197)

where dim col(P) = d?. Somehow these constraints pick out precisely the 2d — 2 dimensional
manifold of pure quantum states®: Somehow the hyperplane defined by P intersects the
spheres in a very peculiar nontrivial way. Better understanding this in purely geometrical
terms might lead to a novel characterization of Euclidean Jordan algebras themselves.

Indeed, it may be in our interest to relax our assumptions in order to study this question.
For example, let us assume merely that the state space is fully characterized by the uncertainty
principle,

a-—1

P(R|p) valid & Vx € col(P) : (x*), > 1
a

(<x2>ﬂ - 2<x>ﬂ<x>p). (7.198)

As we have seen, assuming that our nonclassical product is power associative gives us the
Jordan identity, which justifies this characterization of the state space. But let us instead take
the uncertainty principle as given. One can then explore the possible state spaces which
emerge from different choices of P(R|R). Compatibility with the uncertainty principle is still
diagnosed by the positive semidefiniteness of Lp(g|,): nothing in that argument depended on
the Jordan structure. Thus the state space in fact forms a so-called spectrahedron.

A spectrahedron is the intersection of an affine-linear space with the convex cone
of positive semidefinite matrices [178]. An n-dimensional affine-linear subspace of real
symmetric matrices may be parameterized by a vector x € R” and a collection of n + 1
matrices {A;}" as

A = Ao + inAi. (7.199)

8A state vector |i) is defined by 2d complex numbers, and after fixing phase and overall normalization, we
end up with 2d — 2 parameters.
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The spectrahedron itself A € R" consists of those x such that A, > 0. Now let
1
Tijr = E{a(a +1) Z P(Ry|R:)P(Riu|R;)Omi (7.200)

- (a— 1)(P(R,|R]) + 0ix +5jk + (0/— 1)/”)/”},

so that £, = ), T;jxxi. Letting Ag = 0 and otherwise Ay = T;jy, it is clear then that our state
space is indeed a spectrahedron (in fact the intersection of a linear space with the positive
semidefinite cone. We ought also to intersect the spectrahedron with the probability simplex
as well as col(P) so that the state space is & = A N A, N col(P).

One may then study this broader class of “variance-bounded” state spaces, which are
fully defined by their compatibility with the uncertainty principle. In particular, when are
such state spaces self-dual? When does there in fact exist a class of measurements such that if
x is the valuation on such a measurement {X;} and x = ¥ P(X|R)® is the equivalent reference
valuation, (x?), = (x®2),, giving some justification for the uncertainty principle itself?
When does x © y in fact have an equivalent valuation on a measurement which is reference
independent? When can the extremal states of the theory be given a simple characterization?
Given a choice of P(R|R), what properties does the product £, ®y = xOy have, and how do
they reflect the geometry of the state space? Conversely, if one chooses a P(R|R) so that &
has some interesting property, what geometry does this imply? Assuming power associativity
delivered us an embarrassment of riches, the highly constrained geometry implied by the
Jordan product. But there remain deep questions about how exactly the constraints we put
on P(R|R) allow a particular state space to emerge, through the interplay between the bare
nonclassical product ® and its projection into col(P). By studying these variants, one may
be better placed to understand the relationship between the algebra of observables and the
geometry of the allowed reference distributions, in particular the restriction to col(P).

Indeed, one final, parting theorem can help dramatize the importance of the subspace
restriction. Suppose we defined the product on R” in its entirety. It turns out that the parameter
v interpolates between two Jordan algebras: when y = 1, we have the Jordan algebra provided
by the Hadamard product; when y = 0, we have in fact a spin-factor Jordan algebra, although
with a negative definite inner product. When n = 2, any choice of y leads to a Jordan algebra.
But forn > 2, only y = 0 or y = 1 give rise to Jordan algebras. But if we project the product
into a subspace, as we have seen, then the Jordan identity may be satisfied for intermediate
values of y.

Theorem 7.12.1. Let

xOyy=vyxoy)+(1-y)(x+xy—(x-yu)/n (7.201)
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onR", where u = (1,...,1) and X = }; x;. Then ©, satisfies the Jordan identity for every y
when n =2, and for n > 2 if and only if y = 0 ory = 1.

Proof. First, one may confirm that u is the identity element. If y = 1, then ©, is the
elementwise or Hadamard product and hence is associative, so satisfies the Jordan identity:
indeed, it is the Jordan product on R& - - - @R ~ R". If y = 0,leta = x/n and b = y/n so that

X = au + xo, y = bu + yo, X0 =yo =0. (7.202)

Then
X @y =ayo+bxo+ (ab— (xo-yo)/n)u, (7.203)

or, separating out the traceful and traceless components,

(ax0) @0 (b, y0) = (ab + B(xo, yo), ayo + bxo), (7.204)

for B(xo, y0) = —(x0 - yo)/n. In fact, this is the spin-factor Jordan product with a negative
definite inner product. Hence ©q satisfies the Jordan identity.
Forn = 2,let h = e; — e3. Then every vector is of the form au + bh, and since

uUOyx =x, ho, h=2y-1u, (7.205)

the algebra is generated entirely by 4. Thus it suffices to check
Uﬂﬁeyh:(%h-n@chh:(mw-nh:heyﬁzy—nu):heyuﬂ%.(1%%)

Thus Jordan identity holds for all ¥ when n = 2. Now assume n > 2. Let x = e; — e and
y = e so that

x =0, y=1, X-x=2, x-y=1, Xox =ej+es, xoy=-ej. (7.207)
We then have
x®% = y(e; +e2) —2(1 —y)u/n, xO,y=ver+ (1 -y)(x—u)/n. (7.208)

Checking the Jordan identity gives

n

X0, (x0,y) —x 0, x** 0y y) = 2y(1 -y)* ((n - 2)es - Z ek) /n. (7.209)
k=3

For n > 2, the parenthesized vector is nonzero. Hence the Jordan identity forces

y(1-y)*=0, (7.210)
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soy = 0ory = 1. These two values were already shown to satisfy the Jordan identity, and
this completes the proof. O

We leave it to future work to more fully explore the interplay between the “simplest
modification of the classical product on valuations” and restriction to col(P). As we saw, the
latter can be derived from the fundamental nonclassical coherence relation itself. At the same
time, it is only a meaningful restriction because the representation of quantum mechanics
afforded by a 3-design must be overcomplete. We hope that further study of the role played
by this “gauge freedom” in representation will ultimately allow for an ever more transparent
reconstruction of quantum mechanics, which centers the dual freedom of agent and world,
mediated by a well-chosen reference measurement.
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