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[Abstract

Using a diagrammatic reformulation of Bayes’ theorem, we provide a necessary and sufficient condition|
for the existence of Bayesian inference in the setting of finite-dimensional C*-algebras. In other words,
we prove an analogue of Bayes’ theorem in the joint classical and quantum context. Our analogue is
justified by recent advances in categorical probability theory, which have provided an abstract formulation|
of the classical Bayes’ theorem. In the process, we further develop non-commutative almost everywhere
equivalence and illustrate its important role in non-commutative Bayesian inversion. The construction
of such Bayesian inverses, when they exist, involves solving a positive semidefinite matrix completion
problem for the Choi matrix. This gives a solution to the open problem of constructing Bayesian inversion
for completely positive unital maps acting on density matrices that do not have full support. We illustrate
how the procedure works for several examples relevant to quantum information theory.

IKeywords: Bayesian inversion, Choi matrix, completely positive, positive semidefinite matrix completion,
quantum information, quantum probability
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1. Introduction and outline

Bayesian inference is an act of inferring likelihoods based on information that becomes available to
us. It can be used to help understand how we make decisions and as a consequence assist in constructing
forms of artificial intelligence. Bayesian inference has been a key ingredient in data analysis and machine
learning algorithms [6, 54]. Occasionally, one needs to manage and analyze enormous amounts of data for
artificial intelligence. Since certain tasks have algorithms that can be performed on quantum computers
more quickly than currently known algorithms on classical computers [52], these two aspects suggest the
importance of a suitable quantum analogue of Bayesian inference [50]. Although there have been numerous
approaches to formulating quantum Bayesian inference [28, 57, 11, 13, 36, 37, 1, 2, 5, 49], each one has its
pros and cons and there does not yet seem to be a standard method. More importantly, the case of density
imatrices without full support (or more generally non-faithful states) is, in our opinion, a subtle, yet crucial,
aspect to quantum Bayesian inference that has not been addressed adequately in the literature. One of the
goals of the present paper aims to fill that gap.

We propose an inherently process-theoretic and diagrammatic formulation of quantum Bayesian infer-
ence [46]. The approach is based on category theory, which has been providing an interesting perspective
on the foundations of probability theory [35, 22, 44, 26, 4, 14, 12, 10, 19, 27, 8, 17, 29], and more recently
quantum probability [15, 11, 46, 28] and the information-theoretic foundations of quantum mechanics [7].
The categorical perspective provides a formulation of Bayes’ theorem regarding the existence of a certain|
morphism satisfying a condition equivalent to Bayes’ rule in the category of stochastic maps (morphisms
are interpreted as conditional probabilities in this context). This formulation can be used to define Bayesian
inference in quantum or classical Markov categories, where many of the essential features of probabilistic
concepts have been categorified [8, 17, 46]. In the present paper, we analyze the existence and almost every-
where uniqueness properties of Bayesian inference in the category of finite-dimensional C*-algebras and
completely positive unital (CPU) maps. This category contains both classical and quantum-mechanical sys-
tems. It includes a general class of evolutions of open quantum systems, and it includes positive-operator
valued measures and instruments (which can be formulated as certain CPU maps between C*-algebras that
are not necessarily matrix factors but direct sums of matrix algebras). When restricted to the commutative
algebras, the notion reproduces the standard Bayes’ theorem.

We state here the definition of a Bayesian inverse to highlight our main theorem afterwards.

Definition 1.1. Let B -+ A be a CPU map between finite-dimensional C*-algebras, let A ~>~ C be a state,




and set & := w o F. A Bayesian inverse of (F, w) is a CPU map A ~€5 B such that?

G®id- id. F
BRB < A @B~ A A
HB = Ha, (1.2)
B : C . A
i.e.,
£(G(A)B) = w(AF(B)) (1.3)

for all A € Aand B € B.

Key features of classical Bayesian inference are its almost everywhere (a.e.) uniqueness, its compo-
sitionality for iterated processes, and its reversibility. Non-commutative a.e. equivalence was recently in-
troduced and studied in [48], while a categorical notion of a.e. equivalence was introduced in [8]. The
two were shown to coincide for C*-algebras algebras in [46]. In the present paper, we continue this
development of non-commutative a.e. equivalence and indicate its subtle aspects for constructing non-
commutative Bayesian inference.

Our main result is Theorem 5.62, which provides a necessary and sufficient condition for (F, w) to have
a CPU Bayesian inverse when A = M, (C) and B = My (C) are matrix algebras (Theorem 6.22 generalizes
this to arbitrary finite-dimensional C*-algebras). The condition is expressed in terms of a certain Choi ma-
trix and also provides a construction of a Bayesian inverse. Proposition 5.1 provides a formula for any linear
map G satisfying (1.3) on the support of the state & := w o F with no additional assumptions whatsoever.
However, this formula alone does not specify G on the full algebra and one must extend it to guarantee uni-
tality (unitality is analogous to probability preservation). Requiring G to be x-preserving provides several
additional constraints that are strong enough to demand complete positivity on the supported corner (cf.
Definition 5.11) of £ and this (along with several other equivalent conditions) is proved in Proposition 5.12.
Corollary 5.32 provides a Kraus decomposition for Bayesian inverses on the supported corner and pro-
vides a direct relationship between our Bayesian inverses and those of Petz [49, 42], Barnum—Knill [5],
and Leifer [36, 37, 11]. However, this formula only specifies the Bayesian inverse on the supported corner.
[t turns out to be a non-trivial requirement for a CPU extension to the full algebra. This requirement is
explained in terms of a positive semidefinite matrix completion problem whose solution is provided in
Theorem 5.62.

The result is a bit technical to state here in the introduction, but the rough idea is the following. The
Choi matrix of the Bayesian inverse breaks up into four parts based on the support of . Let 2 be the Choi
matrix on the supported corner of &, 9 is its pseudoinverse, and B3 the part of the Choi matrix that is on the
support of & but off the supported corner. These are both completely determined by the Bayes condition
(and require no additional assumption for their existence). Provided that At = A A is self-adjoint), a
completion exists if and only if the partial trace of BB (which is necessarily a positive semidefinite]
matrix) is bounded from above by the orthogonal complement of the support of &. Once this completion|
lproblem condition is satisfied, several CPU Bayesian inverses may exist, all of them being a.e. equivalent
to one another. In many cases, such as the case of disintegrations (when F is a *-homomorphism) or wave
collapse, the extension is unique. However, they do not always exist and one may find that the partial
trace of BB is too large. This provides a subtle aspect to our understanding of Bayesian inference in the|
quantum setting. Further investigation and comparison to physical phenomena is necessary.

The outline of the paper is as follows. Section 2 reviews stochastic maps, disintegrations, diagrammatic
Bayesian inversion, and the standard Bayes’ theorem from a categorical perspective. Section 3 reviews non-
commutative analogues of these notions for finite-dimensional C*-algebras. Section 4 goes over several

2The equals sign in this diagram indicates that the diagram commutes
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physically relevant examples. In particular, we find a surprising connection to Kribs” interaction algebra
and fixed point set theorem [34] in the context of finding Bayesian inverses for positive operator-valued
measures. Section 5 is the main section of this paper and contains our main theorem for finding necessary
and sufficient conditions for Bayesian inversion on matrix algebras, the important results leading to it, and
many consequences. Furthermore, we illustrate in several examples how to construct Bayesian inverses
via a matrix completion problem, which we solve. We use this construction to reprove our disintegration|
theorem [48], which we know must happen due to the fact that disintegrations are special kinds of Bayesian
inverses [46]. Section 6 generalizes our version of Bayes’ theorem to finite-dimensional C*-algebras (direct
sums of matrix algebras). Appendix A contains a lemma for permuting rows and columns of a partially
defined matrix in a way that allows us to apply a theorem for positive semidefinite matrix completion.

2. Classical disintegration and Bayes’ theorem

What could quantum Bayesian inference look like? We will answer this question by first studying the
classical case from the category-theoretic perspective.

We recall the category FinStoch of finite sets and stochastic maps [3, 17, 48]. The objects are finite sets|
and the morphisms are stochastic maps (also known as stochastic matrices or Markov kernels, though the
latter name is usually reserved when working on sets of infinite cardinality). In more detail, if X and Y}

are finite sets, a stochastic map X Ly associating a probability measure fx on Y to each x € X (all finite|
sets will be equipped with the discrete o-algebra). The value of this probability measure ony € Y will be
denoted by fyx. Stochastic maps are drawn with squiggly arrows to distinguish them from deterministic
imaps, which are stochastic maps assigning Dirac delta measures to each point in the domain.?> The latter|
are drawn with straight arrows — and correspond to functions (the relationship is described thoroughly

in [45]). A single element set will be denoted by {e}. A stochastic map {e} -%5 X encodes a probability|

measure on X. Stochastic maps X 25 Y% Z canbe composed via the Chapman-Kolmogorov equation

(goflax = ) gzyfyx- (2.1)
yey

The category FinStoch also has the following monoidal structure. Let X 5 X" and Y % Y/ be two

stochastic maps. Their product is the stochastic map X x Y IX95 X! % Y defined by

(X,Y) 3 (x,y) — ((x/,Y’) S5 (x,y") = (FX 9) () xy) = fxlxgy/y). 2.2)
This product reproduces the usual product of functions as the following example shows.

Example 2.3. Let X L X and Y £ Y’ be functions viewed as stochastic maps (the measure associated to|
each point is a Dirac delta measure). Their product evaluated on elements is given by

(FX 9 (xryey) = FxrxGyry = xrr(x)8yrgy) = d(x/y (Fx),0(y) = dxy ) (Fxg)(xy)  (24)
where the last expression f x g is the usual Cartesian product of functions.

Remark 2.5. The cartesian product of finite sets and the product of stochastic maps turns FinStoch into a
symmetric monoidal category. The functor FinSet — FinStoch preserves this monoidal structure. Here,
FinSet is the category of finite sets and functions with the cartesian product as the monoidal structure.

3The Dirac delta measure &y aty € Y is given by &, (E) = 1if y € E and 0 otherwise for all measurable subsets E C Y. Since|
- ) . .

Y is finite, 84, ({y’}) will be written as 8.,
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Due to this symmetric monoidal structure, a graphical calculus can be used [8, 14]. We will only use
these string diagrams on occasion (mainly in remarks and proofs), and it will not be essential that the reader
is familiar with the notation. Strings parallel to each other represent taking the product as in (2.2). We will
occasionally keep the string-diagram notation next to the usual (functional) diagrammatic notation as to
keep our work more accessible. We will also occasionally label wires if there is a potential for confusion.

There are two important stochastic maps (functions, in fact) associated to every finite set X. These are

XxX  (xx) {o} o
Ax and Ix . (2.6)
I

These maps are called copy and discard, respectively. When multiple sets are in use, these string diagrams
may be labelled. Discard can be used to define projections [8]. Namely,

X X
x = Xx{e} X , (2.7)
Tidxx!y Y
XxY XxY

where the isomorphism is the one given by (x, e) — x. A similar projection X x Y ™Y, Y can be defined
onto Y using !x x idy. Copy and discard also satisfy many important relations including commutativity off

(o} xX ——>X<—— X x{o} X x X idx x Ax—> X x X x X
!X Xidx T[)/jjx )YX X !X al’ld j}( AX Xid)( , (28)
XX X <—Ax— X —Ax— X x X X Ax X x X

which, in the string diagram notation, translate to

) - =\ \Q_\TY 29)

respectively. FinStoch also satisfies

Txxy = Tx Tvs ﬁ: \TJXXY:M’ \ﬁ: Eé:\T/ (2.10)

where I := {o}. These diagrammatic relations have been used to define sufficient categorical structure that
enables one to make sense of disintegration and Bayesian inference in the classical (as opposed to the quan-
tum) setting [8, 17]. Categories with such structure are called (classical) Markov categories [17]. Quantum
Markov categories drop the last condition in (2.10) and replace it with a suitable condition that reflects the
relation (ab)* = b*a* in C*-algebras [46]. As such, many (though not all) of the diagrammatic manipu-
lations from the theory of Markov categories can also be done in this more general setting. We will not
assume the reader is familiar with these recent developments.




Furthermore, notice that every stochastic map X ~55 Y satisfies
{o} — ==

= x|, e, Y fyx=1 VxeX (2.11)
yey

This condition is called causality in the literature [32, 8, 51]. Hence, such morphisms will be called causal.
Causality of a morphism in this case means that it is probability-preserving.

An important notion in probability theory is that of almost everywhere equivalence. This has recently
been defined in the non-commutative setting [48] and in the general categorical setting [8]. The notion will
be especially crucial in specifying the uniqueness of Bayesian inference in the non-commutative setting.

Definition 2.12. Let X and Y be finite sets, let {e} L5 Xbea probability measure on X, and let f, g : X ~~=>Y]
be stochastic maps. Then f is said to be p-a.e. equivalent to g iff

Ax
X—XxX

el

1dx xg

XxY, e, = . (213)

X—XxX
Ax

In this case, the notation f =9 will be used. As an equation, f = g says fyxPx = gyxpx forall x € X and
y € Y. Equivalently, f > g if and only if fy = g4 for all x € X\ Ny, where N, := {x € X : pyx = 0} denotes
the null space of p.

Remark 2.14. Although condition (2.13) looks asymmetric, one can show (2.13) commutes if and only if
Y X

= . (215)

That the notion of a.e. equivalence agrees with the usual definition from probability theory will be de-
scribed in Section 5. In fact, Definition 2.12 agrees with both the classical (commutative) and quantum
(non-commutative) notions of a.e. equivalence, the latter of which was introduced recently and indepen-
dently in [48]. The equivalence between these two definitions in the quantum context is subtle. If one
restricts to positive (or more generally *-preserving) unital maps, then the notions of a.e. equivalence are
all equivalent. However, if one uses linear maps (that are not necessarily *-preserving), then the conditions
(2.13) and (2.15) are not equivalent in general [46, Remark 5.8]. We will see later that Bayesian inverses al-
ways exist as linear unital maps, but nof necessarily as *-preserving linear maps, so choosing an appropriate
definition of a.e. equivalence will be important.

Definition 2.16. Let (X,p) and (Y, q) be probability spaces and let f : X — Y be a function such that
q = fop. Such an f is said to be measure/probability-preserving. A disintegration of (f,p, q) is a stochastic




map Y ~~ X such that

{o}
X?W/\NEY and / q\‘\i , (2.17)

the latter diagram signifying commutativity q-a.e. A disintegration is also called a regular conditional
probability and an optimal hypothesis.

The conditions of a disintegration from (2.17) can be drawn using string diagrams as

Remark 2.19. Our definition of a disintegration is not exactly the same as the one of Cho and Jacobs [8]. Our
definition is based on Appendix A in our work on non-commutative disintegrations [48], which was meant
to be an exact diagrammatic formulation of the standard notion of disintegration from measure theory [16,
Section 452].

Theorem 2.20. Let (X, p) and (Y, q) be finite sets equipped with probability measures p and q. Let f : X — Y be a
measure-preserving function. Then there exists a (q-a.e.) unique disintegration v : Y ~~> X of (f,p, q).

= ) (2.18)

respectively.

A formula for the disintegration is

Py m Pxdyfx)/dy i gy >0 (2.21)
1/|X| if qy =0

In fact, one can use any probability measure for ry when qy = 0 (the uniform probability measure is not
required).

\Proof of Theorem 2.20. This is a standard result. The present formulation is proved in [48, Theorem 5.1]. W

Disintegrations are special kinds of Bayesian inverses, which will be explained later (see also [46],
which goes into detail regarding their relationship to each other). The following theorem is a categorical
reformulation of Bayes’ theorem.

Theorem 2.22 (Bayes’ theorem). Let X and Y be finite sets. Given a probability measure {e} -5 X and a stochastid
map X 55 Y, there exists a stochastic map Y -2 X such that

Y o~ {0} - X
Ay = Ax , (2.23)

YXY -~ X XY =~ X X X
g Xxidy idx x f

where q := f o p is the pushforward of the probability measure p along f. Furthermore, for any other g’ satisfying
this condition, g = g’.
o




Before we provide the short proof of Bayes’ theorem, we first justify why we call this Bayes’ theorem in|
Remark 2.28 after establishing some terminology in Definition 2.24. Furthermore, our formulation of Bayes’
theorem slightly differs from other theorems with a similar name in the literature on categorical probability
theory, which focus on the relationship between joint probability distributions and conditionals. We will
explain more about this distinction in Remark 2.41. However, the true justification for why we use this
version of Bayes’ theorem will only become more apparent when we study the quantum analogue, where
our formulation seems to become more suitable for reasons that will be explained in Remark 5.96.

Definition 2.24. Let f and p be as in Theorem 2.22, a stochastic map g satisfying commutativity of (2.23)
is called a Bayesian inverse of (f,p) or a Bayesian inference for (f,p). The diagram in (2.23) is referred
to as Bayes’ diagram or the Bayes condition. In the language of Bayesian statistics, the measure p is
sometimes called the prior probability, the stochastic map f is called the likelihood, the measure q is called
the marginal likelihood, and the stochastic map g is called the weighted likelihood/posterior probability.
It is helpful to summarize this diagrammatically as

{o}

marginal

prior=p 9 likelihood (2.25)
likelihood
m
X Y
W
posterior
If one obtains new evidence in the form of a probability measure {e} ~L5 Y, then the Bayesian update* is
the probability measure on X obtained from the composite {e} v x
Remark 2.26. In string diagram notation, the Bayes condition is expressed as

X Y

(2.27)

Remark 2.28. Before we prove Bayes’ theorem, we should at least explain how this diagrammatic formu-
lation is equivalent to the usual formulation of Bayes’ theorem, which is commonly written as

P(A/B)P(B) = P(BJA)P(A) (2.29)
with A C Xand B C Y [33, Chapter 1 Section 4]. First, we will show how (2.23) reproduces
P(xly)P(y) = P(ylx)P(x), (2.30)

where P(x) is the probability of x € X (and similarly for P(y)) and P(xly) is the conditional probability,
namely the probability of x occurring given that y has occurred (and similarly for P(ylx)). For us, the

=f
latter is precisely a stochastic map. To reconstruct this equation, let {e} SACES Y be the pushforward
probability measure on Y. This means

qy=) fyxPx VYYEeEY. (2.31)
x€EX

“Technically, this is called Jeffrey conditioning in this context since the evidence is a probability measure in general and not
ecessarily a Dirac measure [29]




Working out the right-hand-side of the diagram in (2.23) gives a probability measure on X x Y. Evaluat-
ing this measure on a ‘rectangular’ subset of the form A x B gives (we are using the associativity of the
composition here freely)

((ldx X f) o (AX Op)) (A X B) = Z ((ldx X f)(x’,x”)(A X B))(AX Op)(X/,XH)

x/x"eX
= Z XA(X/)fo(B) Z 6(x’,x”)AX(x)pX
x/ x"eX xeX (2.32)
= Z XA(X,)fx”(B)éx’xéx”xpx
xx/ x"eX
=Y fx(B)px.
XEA
Thus, commutativity of (2.23) says
D 9y(Alqy = D fx(B)px. (2.33)
yeB XEA
In the case that A := {x} and B := {y} are singletons, this becomes
Ixydy = fyxPx V(x,y) € XxY. (2.34)
[f we make the definitions
P(xly) == gxy, P(y) = qy, P(ylx) :==fyx, and P(x):=px, (2.35)

this indeed reproduces (2.30). To reproduce (2.29), we need to define all the expressions. Normally, P(B|A),
conditioning on an event, is defined as [33, Chapter 1 Section 4]

P(ANB)

P(BIA) := PA)

(2.36)
assuming P(A) # 0, and similarly for P(A|B). However, this does not make sense for our more general
setup where A and B are subsets of difference spaces. We therefore define the symbol

P(AMB) ==Y fx(Blpx= ) fyxPx. (2.37)
XEA yeB

The meaning of P(A M B) is almost the same as P(A N B). The only difference is that now the sets A and B
are subsets of different sets, where the conditional probability f has a codomain different from its domain.
First, one uses p to describe the probability of A occurring and uses it to weight the probability that B
occurs as made possible by f, which is motivated by the following sketch

Y X
. f . p
L3020 2 e e Ve e L Ve Ve O °
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We therefore define P(AMB)
— = pX.
P(BJA) := PA) - EEA (A fi(B) (2.38)

provided P(A) # 0, which shows how the conditional probability P(B|A) is a convex combination of the
fx(B) weighted by the normalized probability distribution #.E/XT) on A. A similar situation holds for q, g,
and B. By these definitions and (2.32), we obtain the standard Bayes’ theorem (2.29) provided p(A) and
q(B) are non-zero. One upshot of our diagrammatic perspective is that it avoids the issue of measure zero|
in the statement of the theorem and relegates it to the uniqueness of the associated Bayesian inverse. A

much simpler derivation of (2.29) will be given from the C*-algebraic perspective later in Example 3.29.

IProof of Bayes’ theorem. The existence of a Bayesian inverse is guaranteed by the formula

Gyx = 4 LuxPx/Ay ifdy >0 (2.39)
1/X] if gy =0

IAlmost everywhere uniqueness of a Bayesian inverse is immediate from this formula, but it can also be
seen from the string diagram perspective.” To see this, let g’ : Y ~ X be another Bayesian inverse of f.

Then
X Y

= . (2.40)

The first equality holds because g’ is a Bayesian inverse of f and the second holds because g is a Bayesian|
inverse of f. n

Remark 2.41. Bayes’ theorem has many categorical formulations. We will comment on several such for-
mulations, ones that we are aware of that seem closely related to ours. To the best of our knowledge,
Golubtsov was the first to use category theory to model Bayesian statistical inference (see [23] and refer-
ences therin). Independently, Culbertson and Sturtz proved a version of Bayes’ theorem that constructs
conditionals from joint probability measures [12, Theorem 3.2]. Note that their equation (19) is precisely

what we call the Bayes condition. Indeed, given the pair ({e} -Ls X, X -5 Y), one can define the joint]
id

measure via the composite {e} 2o x 2 X x X X x Y. To go from a joint measure {} ~> X x Y to
a conditional Y —2 X, one first obtains a disintegration Y 2o X x Y of the pair (X x Y o, Y, {o} > X xY)

and takes the composite Y B xxy I X, which is the Bayesian inverse of (f,p). A.e. uniqueness of
Bayesian inverses was also addressed [12, Theorem 4.1], though this part was formulated in a more stan-
dard measure-theoretic manner. An elegant string-diagrammatic interpretation of Bayesian inverses (the
first we are aware of) was proposed by Fong at the end of his masters thesis [14]. However, Fong did not
provide a full statement of Bayes’ theorem, which required a fully string-diagrammatic formulation of a.e.
uniqueness that was not available at the time. Clerc, Danos, Dahlqvist, and Ilias recast Bayes’ theorem in a
category of a.e. equivalence classes of measure-preserving Markov kernels [10, Theorem 2]. Furthermore,
by working with Banach cones and Markov operators, they were able to avoid the assumption that their|
measure spaces were standard Borel in the infinite-dimensional setting [10, Theorem 7].

5The reader should appreciate how simple this proof is with Cho-Jacobs’ carefully chosen definition of a.e. equivalence. It is as if
the notion of a.e. equivalence was built for Bayesian inference! The same proof will work in the infinite-dimensional setting as well as|
the quantum setting. Compare, for instance, a typically standard proof from measure theory as in [56, Proposition 3.2]. Also compare|
the proof of uniqueness here with the proof of uniqueness for non-commutative disintegrations [48, Theorem 4.3 and Theorem 5.76],
which is closely related to the notion of Bayesian inverses [46]
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A completely string diagrammatic formulation of a type of Bayes’ theorem (one relating joint distribu-
tions to conditionals), including its uniqueness properties, was proposed recently by Cho and Jacobs [8].
They are the first to have provided a completely diagrammatic formulations of a.e. equivalence (cf. [8, Sec-
tion 3]). Independently, we developed an algebraic definition of a.e. equivalence motivated by the GNS
construction, which was suitable for our purposes of a non-commutative disintegration theory [48], a pre-
cursor to Bayesian inversion. The first author was able to show the equivalence of Cho—Jacobs’ definition
to the operator algebraic one, substantiating both definitions for a strong candidate of a.e. equivalence in
the non-commutative setting [46].

The diagrammatic formulation of Cho and Jacobs’ perspective on Bayes’ theorem was on the rela-
tionship between joint marginals and conditionals (though the relationship between conditionals already
appeared in Jacobs’ earlier work on conjugate priors and Bayesian updating [30]). This is indeed impor-
tant in practice, particularly when one wants to analyze causal inference based on statistical correlation,
as was done in more recent work of Jacobs, Kissinger, and Zanasi [31]. Our perspective is to avoid de-
scribing Bayesian inversion as a way of going between joint distributions and conditionals and completely
bypass the joint distributions, but merely work with the Bayes diagram as a condition that must be satisfied
for a morphism to be called a Bayesian inference. Classically, the two approaches are equivalent: given a
conditional, one can immediately construct the joint distribution and then construct the other conditional.
Quantum mechanically, however, the distinction is pivotal [47, 25, 18]. This will be discussed more in Re-
mark 5.96. Briefly, one will be able to construct Bayesian inference much more easily than constructing the
joint distribution, which is very likely to have negative probabilities. The reason for this is due to the copy
map, which is not a positive map in the non-commutative setting. Nevertheless, the key idea in formulating|
the Bayes’ condition is the copy map. We took this copy map seriously and learned that this lead to some
surprising results in the theory of positivity, operator algebras, quantum theory, and their connection to
category theory [46]. We will also see much of this in the present work.

In the remaining part of this section, we review some properties of Bayesian inverses and disintegra-
tions. First, if a Bayesian inverse exists, it is necessarily probability-preserving. This means that if one has
new evidence that agrees with the marginal likelihood obtained from the prior and likelihood, then the
Bayesian update agrees with the prior.

Proposition 2.42. Given finite sets X and Y, a probability measure {e} -25 X, and a stochastic map X ~5o Y with

Bayesian inverse Y BCAY X, then

0] ]
P fo : —
/\\\p , ie., = . (2.43)
Koy % v

\Proof of Proposition 2.42. By using Bayes’ diagram together with the properties of the copy and discard
maps, we obtain commutativity of the diagram

Y X Y~ X X Y o X x X ) (2.44)
gxidy 1dxy
X J19%
g x/ ldx




which proves the proposition. It may be helpful to compare this with a string diagrammatic proof

LY

where q := fop.
i. If f is an isomorphism, then g := £~ is a Bayesian inverse of (f,p).

Theorem 2.46. Let p, f, and q be as in Theorem 2.22.

ii. If f is deterministic, then g is a Bayesian inverse of (f,p) if and only if g is a disintegration of (f,p).
iii. A Bayesian inverse of a composite is the composite of Bayesian inverses.
iv. A Bayesian inverse of a Bayesian inverse is a.e. equivalent to the original map.

Proof. All of these claims are proved in [46]. |

3. Quantum a.e. equivalence, measure zero, and Bayesian inference

Before we state our quantum version of Bayes’ theorem, we describe how our operator-algebraic no-
tion of a.e. equivalence for finite-dimensional C*-algebras introduced in [48] agrees with the diagrammatic
definition of a.e. equivalence introduced by Cho and Jacobs [8] in Proposition 3.12. The work of Cho and
Jacobs focused exclusively on commutative probability, so it is quite surprising that their notion of a.e.
equivalence agrees with ours, which was motivated by the theory of operator algebras and the Gelfand-{
Naimark-Segal construction. This notion is crucial for formulating Bayesian statistics and quantum prob-
ability in general.

Definition 3.1. Given a C*-algebra A, a positive element of A is an element a € A for which there exists
an x € A such that a = x*x. The set of positive elements in A is denoted by A™. An element a € A i
self-adjoint iff a* = a. Positivity defines a partial order on self-adjoint elements and one writes a > a’ iff
a—a’ € AT. Given another C*-algebra B, a positive map ¢ : B~~~ A is a linear map such that ¢(B") C
AT, A positive unital map w : A ~—=>C is called a state (on A). A state w is faithful iff w(a*a) = 0, with
a € A, implies a = 0. A linear map ¢ : B ~~> A is x-preserving iff ¢(b*) = ¢(b)* for all b € B. For|
the C*-algebra of m x m matrices M, (C), which will be referred to as a matrix algebra, the involution is
complex conjugation and will be denoted by T instead of *. Given n € IN, a linear map ¢ : B ~~> A is
m-positive iff idy; (c) ® @ : Mn(C) ® B ~~> My, (C) ® A is positive. The map ¢ is completely positive iff
@ is n-positive for all n € IN. A completely positive (unital) map will be abbreviated as a CP (CPU) map.

Let Eg“) € M (C) be the standard ij-th matrix unit (with 1 in the ij-th entry and 0 otherwise). If it is clear

from context, the shorthand E;; may be used instead of EE}“). If P : My (C) ~~> M (C) is a linear map,
then the matrix

Choi(p) = Y EJ @ (ES) € Mn(C) @ M (C) (3.2)
%)
is called the Choi matrix of \p. The Hilbert-Schmidt inner product on M, (C) is given by
Mm(C) 3 A, B— (A,B) =tr(ATB). (3.3)

If M, (C) BUN M (C) is a linear map, its Hilbert-Schmidt adjoint will be denoted by F* and is uniquely
characterized by the condition

tr(F*(A)'B) = tr(ATF(B)) YA€ Ma(C), BeM(C) (3.4)
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which simplifies to tr(F*(A)B) = tr(AF(B)) for all A € M (C) and B € My (C) when F is *-preserving. If
S C Ais a subset of a C*-algebra A, the commutant of S inside A is the unital algebra

S'={a€A:as=saVscSh. (3.5)
Since the commutant depends on the embedding algebra, S’ will often be written as S’ C A.

We will expect the reader is vaguely familiar with some facts about CP maps such as “a map is CP if and
only if its Choi matrix is positive (semidefinite)” and “all positive maps are *-preserving” [53, Section 1.1].
The seminal paper of Choi is an excellent and concise reference [9]. Also note that we use the term positive
for what some may call positive semidefinite. Now that we spent enough time discussing positivity, let us
consider some useful examples of maps that are not positive.

Notation 3.6. Given any finite-dimensional C*-algebra A, let py : A ® A ~~> A be the multiplication map

uniquely determined by
AA  a®ad
Ha é l \\T/ 3.7)
A aa’

This map is linear and unital, but it is not a *-homomorphism unless A is commutative. In fact, pa is not
even positive in general. This is because the product of two positive matrices need not be positive.

Definition 3.8. Let A and B be finite-dimensional C*-algebras, let A L Cbeastateon A, and let F, G :
B ~~> A be linear maps. Then F is said to be w-a.e. equivalent to G iff

S5V
%A A@A%g
C o | A9B, ie, _ (3.9)
w idy®G
Ao~ AQA

In this case, the notation F = G will be used. As an equation, F = G is equivalent to w(AF(B)) = w(AG(B))
for all A € A and B € B. Equivalently, F = G if and only if F(B) — G(B) € N for all B € B, where
N :={A € A : w(A*A) =0} is the null space of w.

Notation 3.10. In what follows, let P, denote the support of a state w : A ~~C with A a finite-
dimensional C*-algebra (or von Neumann algebra). The support is the smallest projection in A such that

w(A) =w(PyA) = w(APy) = w(Pu,APW) VAeA (3.11)

In particular, if we write PL :=14 — Py for the orthogonal complement, then w(PLA) =0and w(APL) =
0 for all A € A.

Proposition 3.12. Let A and B be finite-dimensional C*-algebras (or von Neumann algebras), let A ~> C be a
state on A, and let F, G : B ~~> A be linear maps. Then the following conditions are equivalent.

i. F = G.
ii. F(B)Pw = G(B)Py forall B € B.
ifi. w((F(B) —G(B))"(F(B) — G(B))) =0forall B € B, ie., F(B) — G(B) is in the null space of w for all B € B.

Proof. See [46, Theorem 5.12] for a proof. [ |
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Remark 3.13. The equivalence between i. and iii. in Proposition 3.12 holds more generally for all C*-
algebras [46]. However, ii. is no longer equivalent to i. nor iii. because general C*-algebras do not have
enough projections.

Remark 3.14. We had two reasons for avoiding the diagrammatic definition (3.9) in [48]. The first is that
the multiplication map w4 : A ® A ~~> A is not a positive map and therefore not a quantum channel. In
fact, the no-broadcasting theorem states that a CPU map A4 : A ® A ~> A satisfying A4 (14 ® A) = A =
Aq(A®1y4) forall A € A exists if and only if A is commutative (cf. [39, Theorem 6] and [46, Theorem 4.17]).
The second reason we avoided the Cho-Jacobs definition of a.e. equivalence is that it was not clear to us
at the time whether the notion was equivalent to our definition in terms of null spaces. In the present
work, we find that working with 4 is much more crucial due to its explicit appearance in our statement of]
Bayes’ theorem. Using 14 means we must leave the Kleisli category consisting of CPU maps in the non-
commutative setting [59]. However, our morphisms of interest will generally remain in the subcategory off
CPU maps and we will use the structure of the larger quantum Markov categories in which they live [46].

Remark 3.15. As discussed in Remark 2.14, Cho and Jacobs prove that

X Y

= (3.16)

in any classical Markov category. However, their proof involves an identity that does not hold in the quan-
tum setting of arbitrary linear maps f, g, and p. Nevertheless, the analogous ‘if and only if” statement holds
in the quantum setting assuming f, g, and p are *-preserving due to the interplay between the multipli-
cation map py : A® A ~> A, the involution * on A, and the swap map from the symmetric monoidal
structure on finite-dimensional C*-algebras. This is proved in [46]. In fact, there is another condition when
these are equivalent, which will be useful for us later.

Lemma 3.17. Let F, G : A ~> B be two linear maps of C*-algebras and let & : B ~~> C be a faithful state. Then

— F=G. (3.18)

IProof. It is clear that the condition F = G implies both diagrammatic conditions. The first condition implies
the last by Proposition 3.12, Remark 3.13, and the definition of a faithful state. The second condition, which
reads

&(F(A)B) = E(G(A)B) VAcA, BeB, (3.19)

implies the last for the following reason. Fixing A and setting B := F(A)* — G(A)* and using this equality
- vegd
gives

0= &((FIA) = G(A)) (FIA)" = G(A)) ) = &( (FA)* = G(A)) " (FIA) — G(A)")). (3.20)
By faithfulness of &, F(A)* — G(A)* =0, i.e.,, F(A) = G(A). Since A was arbitrary, F = G. This proves all
conditions are equivalent. [ |

5Note that we did not assume F or G are x-preserving in this calculation
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Definition 3.21. Let (A, w) and (B, &) be finite-dimensional C*-algebras equipped with states. Let F :
B ~~~> A be a CPU state-preserving map, i.e., woF = & A disintegration of (F,w, &) is a CPU map

G : A ~—= B such that
R/}‘% and \}\/6% : (3.22)

Definition 3.23. Let B - A be a CPU map between finite-dimensional C*-algebras, let A ~~~ C be a

state, and set & := w o F. A Bayesian inverse of (F, w) is a CPU map A ~E5 B such that

G®id id 4 ®F
BB < AD B~ A0 A

é —
B

£(G(A)B) = w(AF(B)) (3.25)

for all A € A and B € B. The diagram in (3.24) is referred to as Bayes’ diagram or the (quantum) Bayes
condition. More generally, a linear map G satisfying the Bayes condition will be called a Bayes map. In
the language of (quantum) Bayesian statistics, the state w is called the prior state, the CPU map F is called
the likelihood, the state & is called the marginal likelihood, and the CPU map G is called the weighted
likelihood /posterior. It is helpful to summarize this diagrammatically as

a (3.24)

A

i.e.,

likelihood
B T T A
W
posterior
marginal _ £ w = prior (326)
likelihood —
C

!/
[f one obtains new evidence in the form of a state B~ C, then the (quantum) Bayesian update is the state

on A obtained from the composite A Lestse

Remark 3.27. We do not claim that our definition of a quantum Bayesian inverse is the quantum analogue
of a classical Bayesian inverse, which implicitly implies there is no other possibility. We stress that it is a
quantum generalization. More generally, one should be cautious in making statements of the form “X is the
quantum generalization of Y.” Nevertheless, we will occasionally say a linear map G satisfies the quantum
Bayes condition, which will specifically mean that (3.25) is satisfied. For a comparison of other inference
rules in quantum mechanics, see [47].

Proposition 3.28. Let F, w, and & be as in Definition 3.23.

i. If Gis a Bayes map for (F, w), then w = &0 G.

ii. Any two s-preserving unital Bayes maps for (F, w) are necessarily &-a.e. equal
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iii. If ¥ is a *-isomorphism, then G = F~1 is a Bayesian inverse of (F, w).

iv. If Fis a *-homomorphism and has a disintegration G, then G is a Bayesian inverse of (F, w).

v. If Fis a *-homomorphism and has a Bayesian inverse G of (F, w), then G is a disintegration of (F, w).
vi. The composite of x-preserving Bayes maps is a x-preserving Bayes maps of the composite.

vii. A x-preserving Bayes map of a x-preserving Bayes map is a.e. equivalent to the original map.

IProof. The first item can be proven immediately using unitality of F from (3.25) or string diagrammatically|
from causality as in Proposition 2.42. The second item follows immediately from the diagrammatic defini-
tion of a.e. equivalence. The rest of the claims (along with others not listed here) are proved in [46]. [

The uniqueness property will be important when we try to find Bayes maps that are positive, and nof|
just linear.

Example 3.29. Consider the case where A = CX and B = C" with X and Y finite sets. Then CPU maps
B Lo Aand A -S> B correspond to stochastic maps X Lo Yand Y -5 X, respectively [45]. Furthermore,

states A~ C and B —>» C correspond to probability measures p on X and q on Y, respectively. For each|
x € X, let e, € CX denote the function

X3 x" = ex(x)) = 8yy/ (3.30)

and similarly for ey € C. If we now represent subsets (events) A C X and B C Y by their corresponding]
indicator functions x5 € CX and xg € CY, respectively, we see that the Bayes condition gives

£(G(xa)xs) = w(xaF(xs))- (3.31)

[t is helpful to evaluate these expressions more explicitly. We obtain

> Glex)= D ) guyey, (3.32)

XEACX xEACX yeY
while
Fixg)= > Fley)= > > fyxex. (3.33)
yeBCY yeBCY xeX
Hence,
E-v(G XA) XB Z Z Z gxya eye y Z Z gxya ey Z gy qy/ (3.34)
XxEACXyYeYy’eBCY xEACXyeBCY yeBCY
while
(XAF XB Z Z nyxw ex/ex) = Z Z fyxw(ex): Z fx(B)px. (3.35)
x'€ACXYEBCY xeX XEACXYEBCY XEACX

The equality of these two expressions is precisely Bayes” Theorem mentioned earlier in Remark 2.28.

We will provide more examples of when Bayesian inverses exist, but first we provide some lemmas
that will be useful later.

Lemma 3.36. If F: B ~~ A is a CPU map between C*-algebras, and if (F, w) admits a Bayesian inverse G, then
eiven any unitaries U € A and V € B, the CPU map Ady,; o G o Ady+ is a Bayesian inverse of (Ady o Fo
IAdy, w o Ady;t). Conversely, if Ady,i o G o Ady,; is a Bayesian inverse of (Ady o Fo Ady, w o Ad i), then G is
Bayesian inverse of (F, w)
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Remark 3.37. In the notation of Lemma 3.36, if we set & := w o F, we can depict these data diagrammatically

as
Ady G Adyy

e T~ T e
EoAdy C woAduT
to help the reader visualize all the maps involved. In particular, when B = My (C) and A = M, (C), since
the states w =: tr(p - ) and & =: tr(o - ) can be described by density matrices, this means that we can
find unitary matrices U and V that diagonalize these density matrices and find the Bayesian inverse of the

associated maps after diagonalization. When A and B are direct sums of matrix algebras, the unitaries act
componentwise on the factors.

Lemma 3.39. Set A := M (C). Then
m
wa(Bix) = Z Ei; ® Eji, (3.40)
j=1

where the i are the matrix units and (W’ denotes the adjoint of the multiplication map pp : A ® A ~> A with
respect to the Hilbert—Schmidt inner product.

Proof. We set aghnopq to be the coefficients appearing in
Uj{(Egh) = Z O‘ghnopqEno ® qu- (3.41)
n,0,p,q

We also let ( -, - ) denote the Hilbert-Schmidt inner product (both on the tensor product and on the
original algebra). Then we have

=
(ha (BEij ® Bxa), Egn) (B @ Ext, Wy (Egn))
6jk<EiL/ F—gh> n,oz,p,q<Eij ® Exl, XghnopqEno ® Epq)
// \\T i (3.42)
5jktr(E11Egh) n,oz,p,q o‘ghnopqtr(Ei]’Eno)tr(Eklqu)
\ J
5]-](5195”1 n,c;p,q o‘ghnopq‘sinéjoékpélq

Xghijkl /

Therefore,
Wy (Egn) = Z xghijklEij @ Ex1 = Z 8jkdigdinkiy ® By = Z Egj ® Bjn (3.43)
ikl ik j
as needed. [
Remark 3.44. The map w7 is the co-multiplication map of the Frobenius structure on A as described in|
Section 3.5 of Coecke and Spekkens [11]. Since w4 is in general not completely positive, neither is p’

(recall, a map on finite-dimensional C*-algebras is CP if and only if its adjoint with respect to the Hilbert
chmidt inner product is CP)
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Lemma 3.45. Let F: B ~> A be a linear map, let w : A ~~>C be a state, and set & = w o F. If F is positive unital,
then
F(PEBPE) C P AP (3.46)

If F is 2-positive, then
F(Ng) € N, (3.47)

IProof. Lemma 3.15 in [48] is the first statement and the argument in the proof of Proposition 3.2 from [48]
almost proves the second statement. Technically, Proposition 3.2 from [48] assumed F was 2-positive unital,
but 2-positivity is enough because in this case, the Kadison-Cauchy-Schwarz inequality reads F(B)*F(B) <
IF(15)||F(B*B) for all B € B so that the resulting inequality in (3.6) in [48] still holds. [

Remark 3.48. Condition (3.47) is not generally true if F is only positive unital. For example, take T to be the
transpose map on 2 x 2 matrices and p = [} §] withw =tr(p-) = &.

4. Examples of quantum Bayesian inference

Before proving general existence and uniqueness theorems for quantum Bayesian inference, we exam-
ine several special cases and their physical relevance. These examples will also supply additional intuition
for the more general results that will co me later.

4.1. The bit flip channel

0 p2
0
0 < A1,A2 <1,and pj + p2 = A1 + A2 = 1 (the reason for choosing A1, A; € (0,1) is because if one of them is
0 then F is Ady with U unitary, which is invertible, and hence has a Bayesian inverse, namely Ady;+). The
map F here is called the bit flip channel [41, Section 8.3.3]. Then

() _ | NP1 A2p2 0 a1 0
o= (p)_[ 0 Mp2+Ap1] [0 gz’ 1)

Set A := M(C),B = Mp(C),p = [pl 0 } ,and F := Ajidy, (c) +A2Ad[g 17, where 0 < py,p2 < 1,
1

Hence, F pulls back the state w := tr(p - ) to & := tr(o - ). In what follows, we will discover when a Bayesian
inverse of (F, w) exists. First note that F* = F and

}\1Eij + }\ZEji ifi#]j
F(Ei)‘) =< AME 0B ifi= j=1. (4.2)
MEx + MEy  ifi=j=2

The unital linear functional { := wo py4 o (id4 ® F), the right side of the rectangle in (3.24), is uniquely|
determined by the matrix

T:=C"(1) = (idg ® FF) (ufq(w*(l) )) = (ida @ F*) (1 (p1E11 + p2E))
o

Lem 3.39 (4.3)

(idg ® F*)(p1E11 ® Eq1 +p1E12 @ Eo1 +p2Eo ® Egp + 2By ® Enp)

A 0 0 A 0 A A 0
=piEn® {01 7\2} +p1E® {7\1 02} +p2En ® [7\2 01} +p2En ® [02 7\1} ,
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which simplifies to’
piMr O 0 pid

0 piA2 piAr O

0 p2A&1 p2A2 O | (44)
p2A2 0 0 paM

IA Bayesian inverse G of F must satisfy
1= (G ®ids) (1 (0)), (45)

because this reproduces the left part of the rectangle in (3.24) upon taking the Hilbert-Schmidt adjoint. The
general form of a CP map G is

G=Y Adg, h G; = |91 91712} 4.6
)Z @ e ! {91;21 gj2 (46

Therefore,
(G* ®idg)(ui(0)) = (G* ®ids)(q1E11 ® E11 + q1E12 ® Eo1 + qoEo1 ® Eqp + qoE ® Epp)
qilgiilP? QG295 9195119512 9295219512
Q105119521 d2lgiml* 9105119522 9295219522 (4.7)
5 |d195129511 9205229511 qilgj2® 9295229512
195129521 9295;2295;21  9194;1295;22 Q2|9j;22|2

Equating this with T in (4.4) gives several relations between the p’s and A’s. In particular, the non-vanishing
off-diagonal terms give

P1A2 = q2 Z gj219j;12,  P1M = a1 Z 9j;119j;22,
j j

(4.8)
P2A1 = Q2 Z 0j2295;11, P22 =1 Z 0j;129j;21-
j j
Multiplying the left equations by q; and the right equations by g, gives
P1A2q1 = Q24 Z gj219j12 = 4291 Z 0j;129j21 = q2p2A2. 4.9)

) )

since the equations (4.8) are invariant under complex conjugation. Since Ay # 0, this implies p1q; = p2q>.
Expanding this out using the definition of the q’s gives Ayp? + A2p1p2 = A1p3 + A2p1p2, which entails

P1 = P2 = % Therefore, a necessary condition for a Bayesian inverse to exist (when F is fixed) is that]

pP1=p2= %, which entails q; = qp = % In this case, G = F is such a Bayesian inverse, as can be checked.

Remark 4.10. It is a curious fact that Bayesian inference does not exist in the simple situation covered in
this example of the bit flip map. This is particularly surprising since a classical analogue® of this situation|
may be considered to be the following. If My(C) is replaced with C?, the states w and & are replaced
by the (dual) probability vectors [p1  p2] and [q1 2], and F is the (doubly) stochastic matrix given by

"Note that T is not a density matrix unless p; = p;. Nevertheless, we do not in general expect T to be a density matrix (see|
[Remark 5.96 for further discussion). Hence, we do not impose that T need to be a density matrix in what follows.

8This is not an analogue in the rigorous sense of category theory but only in the sense of what some may consider a classical
analogue based on the fact that we have used diagonal density matrices. Such analogies have been shown to be misleading in other]

cases as well and have led to the discovery of concepts such as the quantum discord [43]
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F = R; ;iJ, then the relationships q; = A1p1 +A2p2 and q2 = Aypp + Aqp2 still hold. Furthermore, a
Bayesian inference exists regardless of the values of p; and p;. Namely,

G [Pﬂ\l/ql P27\2/q1]

(4.11)
P1A2/q2  P2A1/q2

INote that q1, q2 € (0,1) because A1, A € (0,1).

4.2, Positive operator-valued measures

Definition 4.12. A positive operator-valued measure (POVM) on the Hilbert space C™ is a collection off

positive operators {Fy }ycy in M, (C), where Y is a finite set and } F, = 1y,. Equivalently, these data
yey

are described by a (necessarily completely) positive unital map F : CY ~~ M, (C), since one can identify]
Fy with F(ey), where ey is the function on Y whose value at y is 1 and is zero everywhere else. If A is a
finite-dimensional C*-algebra, an operator system in A is a (complex) vector subspace O C A that contains

1,4 and is closed under the involution of A. If A ~& A is a linear map, the fixed point set of ¢ is the vector|
subspace of A given by
Fix(¢) :={A €A : ¢(A)=A}. (4.13)

If A = M;(C) is a matrix algebra and ¢ = } _ Ady, is a Kraus decomposition of ¢, the interaction
algebra associated with the Kraus operators {V} is given by Alg({V«}), the algebra generated by the Kraus|
operators, i.e., all polynomials in the {V}.

We recall some important facts due to Kribs [34] (see also [24, Remark 2.1 and Theorem 3.4]).

Theorem 4.14. Let My, (C) ~> M (C) be a completely positive unital and trace-preserving map with a Kraus
decomposition @ = ), Ady, . Then

i. Alg({V«}) is a (unital) C*-subalgebra of M (C) and depends only on the map ¢ and not the specific choice off
Kraus operators (as such, it will henceforth be denoted by Alg(@)).

ii. The fixed point set of ¢ is a (unital) C*-subalgebra of M (C) and equals the commutant of the interaction
algebra, i.e.,
Fix(¢) = Alg(e)" € M (C). (4.15)

The equivalent formulation of a POVM as a CPU map allows us to ask when a POVM has a Bayesian|
inverse. For this, we have a thorough and detailed result given by Proposition 4.18 below.

Lemma 4.16. Let Ajyj denote the ij-th entry of A € My (C). Then Ay; = tr(AE;q). Furthermore, if F :
M (C) ~~> M (C) is a linear map, then F is x-preserving if and only if F*, the Hilbert—Schmidt adjoint of F,
is *x-preserving.

IProof. Using Dirac bra-ket notation gives
tr(AEss) = ) (KAE;ilk) = Y (KIAR)(K) = D (ilk) (KAL) = ({IAlj) = Ay, (4.17)
Kk k k

where the completeness relation ) - ; [k) (k| = 1., has been used in the fourth step. The second claim i
lan immediate consequence. u

Proposition 4.18. Let M, (C) m C be a state on M, (C), let Y be a finite set, let cY U C be a state

on CY, and let CY SUS My (C) be a state-preserving POVM. Set Fyy == F(ey) and qy := tr(pFy) for eachy € Y.
Then the following are equivalent
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i. A Bayesian inverse of (F, w) exists.

1. The commutation rule
[p,Fyl =0 VyeY\Nq (4.19)

holds.

iii. The density matrix p is in the commutant of the algebra generated by the operator system
Y /
span{Fy : y€Y), ie, peF (C ) C M (C). (4.20)

iv. The density matrix p satisfies

> VR =p, (421)

yey

ie., p is in the fixed point set for the CP map 3 cy Ad\/ﬁ.

When one (and hence all) of these conditions is satisfied, a Bayesian inverse is &-a.e. uniquely determined and g
representative is given by the formula

M (C) <S5 CY

A GA):= ) wey—k > %tr(A)ey.

YEY\Ng dy YyEN,

(4.22)

Proof. Set A := My (C) and B := CY. Note that &ley) = qy forally € Y. Hence, fory € Ng, which|
means ey € Pé—%Pé—, Lemma 3.45 implies Fy € PSAPS. Hence, Fyp = 0 for y € Ng and therefore
tr(pAFy) = 0 = qyG(A)y so that the Bayes condition holds automatically for all y € N4 for any linear map

4 S B, Here, G(A)y := (evy o G)(A) denotes the y-th component of G(A).

(i=ii) Suppose a Bayesian inverse G exists. The Bayes condition entails tr(pAFy ) = E(G ( A)ey) =qyG(A)y
for ally € Y and for all A € A. Thus,

tr(pAF
G(A)y_r(pqy) YVyeY\Ng, VAc€A (4.23)
Yy

Since G is CP, its y component evy o G is also CP. In particular, evy o G is *-preserving, which means

G(Af)y = G(A)y forall A € A. This implies
tr(pAFy) = tr(FyAp) VyeY\Ng, VAcA (4.24)

because the trace is *-preserving and because Fy and p are positive (and hence self-adjoint). By cyclicity off
the trace, this is equivalent to

tr([Fy,plA) =0 VyeY\Ng, VAecA (4.25)

By plugging in A = Ej; for all the values of 1,j € {1, ..., m}, this shows all components of the matrix [Fy, p]
imust vanish, i.e.,
[Fy,pl =0 VyeY\Ng. (4.26)

(i«=ii) Suppose that condition (4.19) holds. In what follows, we will prove that G as defined in (4.22) is a
Bayesian inverse of (F, w). The Bayes condition is satisfied by (4.22) because qyG(A)y = tr(pAFy) for all
y € Y\ Ng, and the Bayes condition holds automatically on y € N by the first paragraph in the proof.
Furthermore, G is easily seen to be unital. What is left to prove is that G is in fact CP. Since the trace is CD, it
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suffices to focus on the formula when y € Y\ N4. Note that since both p and F,; are positive and commute
by assumption ii, their product pFy = Fy p is positive. Hence,

tr(pyAFy) = tr (Ad 5=(A))  VyeY\Ng, YAEA (4.27)

This shows G is CP.

(ii<>iii) This follows immediately from the functional calculus, the fact that the F are positive operators,
and since [Fy, p] = 0 holds automatically for ally € Ng.

(ili=>iv) Let ¢ := 3 | cy Ad Niw Then ¢ is completely positive unital and trace-preserving. Indeed, unital-

ity follows from the fact that F is a POVM. Furthermore, trace-preservation of ¢ follows from the fact that
@* = ¢ and ¢ is unital if and only if ¢* is trace-preserving. By Kribs” theorem (Theorem 4.14), Fix(¢) =
Alg(@)’ C A. Now, assume p satisfies condition iii. Then, by the functional calculus, p € Alg(p)’ C A.
Hence, by Kribs’ theorem, p € Fix(¢). In fact, combining earlier observations, we have shown

> VRevRy=0= 3 VRV (4.28)

yey YyeY\Ngq

(iv=-iii) Assume p € Fix(¢) so that p satisfies iv. Then by Kribs’ theorem again, p € Alg(¢)’ C A. Since

the commutant Alg(p)’ C A equals the commutant F(CY) ‘ca (by the functional calculus and properties
of commutants), p satisfies iii. [ |

Remark 4.29. Proposition 4.18 generalizes our result for projection-valued measures (PVMs) [48, Theo-
rem 6.14]. Indeed, if F defines a PVM (i.e., a unital *-homomorphism, where each F is an orthogonal
projection), then [Fy, p] = 0 for all y € Y holds if and only if p = Zer FypFy, ie., p equals its Liiders
projection with respect to the PVM.

Remark 4.30. Unitality, self-adjointness, and the Bayes condition were sufficient to imply that G (when
evaluated on Y\ Ng) is CP in the proof of Proposition 4.18. This remark will be relevant later when we
discuss our more general quantum Bayes’ theorem.

4.3. Ensemble of states

The following setup is in some sense dual to the previous example. A collection/ensemble of states

(sometimes called an ensemble preparation) on a quantum system is a CPU map Mp (C) L5 CX. Given|

a state CX ~» C and a state M, (C) m C such that w o F = &, one could ask when a Bayesian

inverse of (F, w) exists. This question could not be analyzed in the disintegration setting because there
are no *-homomorphisms from M, (C) into CX when n > 1. The reason F is called a collection of states
is because for each x € X, the functional evy o F defines a state on M, (C). Let ox be the density matrix
associated to this state. Since F is state-preserving, this means that o = erx PxOx, Where py := w(ex).
This follows from

tr(oB) = w(F(B)) = w (Z FX(B)eX> = Y pxtr(oxB) VB e M,(C). (4.31)

xEX xeX

Thus, we have a convex combination of states forming &. A Bayesian inverse in this situation is a CPU map

cxX Sy Mn (C), which itself is determined by the images of the basis vectors {ey} in CcX.

Lemma 4.32. Let 0 € Mn(C) be a density matrix with associated support denoted by P. There exists a unique

positive (semidefinite) matrix & whose support equals P and such that 66 = P = &0. When P = 1, then & = o~ .
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IProof sketch. This is a simple linear algebra exercise: diagonalize o, invert the non-zero entries, and then|
undiagonalize. [

Notation 4.33. The matrix & in Lemma 4.32 is called the pseudoinverse of o.

Proposition 4.34. Using the notation of the previous paragraphs, a Bayesian inverse G for the pair (My (C) SUN

CX,CX ~~ C) exists if and only if
pxlo,0x] =0 vVxeX (4.35)

When this commuting condition holds,
Glex) = px (mx n Pg) VxeX (4.36)
determines a Bayesian inverse of (F, w).

IProof. In what follows, we set Gy := G(ex).

(=) Assume a Bayesian inverse G exists. Since G is positive and unital, this means Gx > 0 for all x € X
and > .x Gx = Ln, respectively. Plugging in B := Ej; € Mn(C) and A := ex € CX into the Bayes
condition (3.25) gives

(0Gx)ij = tr(0GxE;i) 62 w(exF(Ej1)) = pxevx (F(Eji)) = pxtr(oxEji) = px(0x)ij, (4.37)

i.e.,
0Gx = px0x VxeX (4.38)

Since the right-hand-side of this is self-adjoint, the left-hand-side must be as well. This entails the condition

Gy, 0l =0 VxeX (4.39)

Thus,

Px00x @3 000Gy @39 0Gyx0o @3 PxOx0, (4.40)

which proves (4.35).

(<) Conversely, suppose this commuting condition holds. Then px[Pz, ox] = 0 by the functional calculus
for 0. Hence,
Px0x0 =PpxPr0ox0 = &(px00x)6 = 6(px0x0)6 = pxGoxPz = pxG0x. (4.41)

Thus, the matrix Gy is positive because the product of two commuting positive operators is positive and
since projections are positive. The map G is unital because

G(lx) =) Gx=0) PpxOx+ ) PxPf =00+Pf =P +Pf =1,. (4.42)
xeX xeX xeX

To see that G satisfies the Bayes condition, first note that Pey or < Pg because [px0x, 0] = 0 and pxox < of
imply [Pey, oF, Pe] = 0. Hence,

tr(0G(ex)B) = pxtr(PgoxB) = pxtr(oxB) = w(exF(B)). (4.43)

Since x € X and B € M, (C) were arbitrary, this proves the claim. |
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4.4. After wave collapse

Set A := M (C), let H € A be self-adjoint with spectrum o(H), and let {Px}\cq(H) be the orthogonal
projections onto the corresponding eigenspaces of H. Set F := 3 ;1) Adp,. Let p be a density matrix
on A with corresponding state w := tr(p - ). Let 0 = } 5., (1) PAPPA be the density matrix associated
to woF. Set & := tr(o - ). In this section, we will analyze the conditions for (F, w) to have a Bayesian
inverse. This setup describes what happens to a system A after the observable H has been measured and
the result of the measurement has been forgotten or is hidden (cf. Lecture 11 of [58]). One can also think
of o as describing the statistical ensemble of density matrices that the original density matrix p “collapses”
into upon measurement of the observable H. The corresponding non-negative numbers tr(pP;) are the
probabilities that the eigenvalue A is obtained after the measurement. In a single run of such an experiment,
the density matrix p reduces to Py pPj.

Proposition 4.44. Using the notation in the previous paragraph, (F, w) has a Bayesian inverse G if and only iff
p = 0. When a Bayesian inverse exists, it is unique and is given by G = F* =F =} , Adp,.

The proof of this proposition will be postponed until after our main theorem (Theorem 5.62), more
precisely after Lemma 5.101 and Definition 5.108.

5. Bayes’ theorem for matrix algebras

In this section, we will find conditions for the existence and uniqueness of Bayesian inference on matrix|
algebras.
5.1. Bayes maps and the supported corner
w=tr(p - )

Proposition 5.1. Let B := M, (C) SUS Mm(C) = A bea CPU map, let A ~~~~~~~~ C be a state represented
by a density matrix p, and set & := w o F = tr(o - ), where o is a density matrix representing &. Let Py denote the

support of &. Then a Bayes map A ~E5 B must necessarily satisfy
P:G(A) = 6F"(pA) VAeA, (5.2)

or equivalently
G*(P¢B) = pF(6B) VB e B. (5.3)

Conversely, any linear map G satisfying (5.2) is a Bayes map. In particular, if o is invertible, then
G(A) =0 'F*(pA) VAcA (5.4)

is the unique linear (necessarily unital) Bayes map.

Proof. Suppose G is a Bayes map for (F, w). Plugging in B := E;; into (3.25) gives

(3.25) (3.4)

tr(pAF(Eji)) == tr(F*(pA)E;;) = (F*(pA))i]. (5.5)

(GG(A))i]’ = tl‘(O’G (A)Eji)

for all A € A. Since this equation is true for all i and j, it holds as matrix equations, i.e., 6G(A) = F*(pA)
for all A € M, (C). Multiplying both sides by & on the left gives (5.2).
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Let us now prove that (5.3) is equivalent to (5.2). This argument is similar to earlier ones involving the
trace (see the proof of Lemma 3.39 for example). Assuming (5.2), we have’

(5 2)
(PeG(A))y —  (8F(pA))y
Lem 4. 16/ Nm 416
(PaG tr(é‘F*(pA)EJl)
((cyclicity of trace cyclicity of trace)) (3.4) (5.6)
tr(G(A)(PeEy)T) tr(pAF(E;16))
. 4;\ cyclicity of tr%
tr(AG*(P¢Ey)T) tr(AF(E;16)p)

Since this is true for all A € A, we obtain G*(P¢Ey;) = (F(E] 1 6) ) = pF(6Ey;). Since this is true for all 1, j
this proves (5.3). Reading the calculation upwards proves the converse.

Now suppose that G is a linear map satisfying (5.2). Then

tr(0G(A)B) tr(pAF(B))

4 N\

tr(oP:G(A)B) tr(pAF(B)Pw)
(5_2)// \\HR=PE+Pé
tr(c6F*(pA)B) tr(pAF(BPg + BPE)Pw) / 67
Lemma 4.32\ /(3.47)
tr(F*(pA)BPy) tr(pAF(BPg)Py)
AN 7
tr(pAF(BPg))

which is the Bayes condition.

Finally, the formula (5.4) and uniqueness of G when o is invertible follows from (5.2) and Lemma 3.17.
[ |

Proposition 5.1 tells us that when o is invertible, a unique unital Bayes map exists, but we have made
no such claim that this map is positive. Without requiring positivity, we already have a solution to the

existence of unital Bayes maps.

Corollary 5.8. Let A, B,F, w, p, &, 0, and Pg be as in Proposition 5.1. Then the unital linear map A SoB uniquely|
determined by the projections

1
P¢G(A) = 8F*(pA), PFG(A)Pg:=PiF*(Ap)6, and PEG(A)PE = Htr(A)Pé (5.9)

for all A € A is a unital Bayes map for (F, w).

% After (5.6), we will stop explicitly writing when (3.4) and cyclicity of trace are used
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Proof. First note that the projections specify G everywhere since G(A) = P:G(A) + PéG(A)Pg +

Pé—G(A)Pé—. The map G satisfies condition (5.2) and therefore satisfies the Bayes condition by Propo-
sition 5.1. The calculation

1
G(lm) = 6F*(p) + P F (p)6 + —tr(Im)Pg = 60+ P oG+ Py =Pg + Py =1n (5.10)
proves that G is unital. |

Therefore, causal quantum Bayes maps exist, but they might not be implementable as quantum oper-
ations. In what follows, we will find conditions on F and p that guarantee when a (CPU) Bayesian inverse
exists.

Definition 5.11. Let B ~ C be a state with associated support Pz. The subalgebra Py BP will be called
the supported corner of B with respect to the state &.

When the density matrix o is invertible, a necessary condition for a Bayes map to be completely posi-
tive is that it preserve the involution (this is the implication i=vi in Proposition 5.12 below). This result is
closely related to a theorem of Nakamura, Takesaki, and Umegaki, which states that a positive conditional
expectation is automatically completely positive [40]. In our case, we are working with morphisms that
are a bit weaker than conditional expectations (the latter of which can be viewed as assuming F to be an
injective *-homomorphism) and we will only assume that (the supported corner of) our Bayes maps are
«-preserving rather than positive. Further details elaborating these and other points appear in [21].

Proposition 5.12. Let F, G, w, p, &, and o be as in Proposition 5.1 with G a Bayes map for (F, w). Then the following]
conditions are equivalent.

i. Adp, oG is *-preserving.
ii. PeF*(pA)o = oF*(Ap)Pg forall A € My (C).
iii. F(oB)p = pF(Bo) forall B € Py My (C)Ps.
iv. Let U € M (C) be a unitary matrix diagonalizing p, i.e., UpUT = p, with p diagonal. Let yF := Ady oF.
Then, the Choi matrix of F{|; := F* o Ady, satisfies
(p® 8)Choi (F; ;) (Im @ Pg) = (Im ® P¢)Choi(F; ;) (p ® 6) (5.13)

(hence, Choi(F*{H) commutes with p® & = p ® o~ ! when Py = 1y).

v. Let U € My (C) be a unitary matrix diagonalizing p as in item iv and let V € My (C) be a unitary matrix
simultaneously diagonalizing o, 6, and Pg, i.e., VioV = o, VI6V = &, and VTP5V = Py, with bold symbols|
representing diagonal matrices and states. !0 Let Fy := Ady o Fo Ady and viGui == Adyi o Go Ady;.
Then, the Choi matrix of uFy o Adp, satisfies

[Choi(uFyv o Adp, ), 6 @ p] =0. (5.14)
vi. Adp, o G is completely positive.

IProof.
(i=ii) Suppose that Adp, o G is *-preserving. Then

s 52 i 52) .y . R
o7 (pAT)Pe L2 P, G(AT)Pe == (PG(A)P:)T B2 (677 (pA)P: )| = PeF*(ATp)s, (5.15)

10This can be done because o, &, and P; are self-adjoint and commute with each other and are therefore simultaneously diagonal-
izable via the same unitary.
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where we have also used that F* is x-preserving because F* is CP. Multiplying the left and right by o and
using the properties of o, P¢, and & gives the claim.

(ii=iii) Since P;F*(pA)o = oF*(Ap)P; is a matrix equation, the corresponding ij components are also|
equal. By using the properties of the trace,

(PeF*(pA)o) i L (oF* (AP)PE)i]‘

Lem 4.1% \em 4.16

tr(PgF*(pA)oE;q) tr(oF*(Ap)PeEji)
o=cPg o=Pzo (516)
tr(oP¢EjiPLF* (pA)) tr(F*(Ap)PgE;iPg0)
tr(F(GPanin)pA) tr(pF(PgEjipad)A)

The bottom of this gives
tr( (F(oP<EjiPe)o — pF(PLEjiPe0))A) =0 VA € M (C). (5.17)
For this to be true, the term to the left of A must vanish. In other words,
F(oPgE;iPg)p = pF(PgE;iPg0) (5.18)

for all i,j. Hence, iii holds.

(iii=-1) Since Adp, o G is *-preserving if and only if G* o Adp, is *-preserving by Lemma 4.16, it suffices to
prove the latter. In this case,

G*(P:BPe) 22 oF(6B1Pe) = (F(PcBo)p) " 22 (F(oGBa)o)' (5.19)
A (oF(6B60)) " L G*(P:Boo)f = G*(PeBP:)".
(iiv) Recall that G is a Bayesian inverse of (F, w) if and only if Gy := G o Ady; is a Bayesian inverse

of (uF, w = wo Ady+) (cf. Lemma 3.36). Let {pi} denote the eigenvalues of p. Recall that a linear map ¢
between matrix algebras is *-preserving if and only if its Choi matrix is self-adjoint, Choi(¢ )T = Choi(ep). In|
this case, Adp, o G is *-preserving if and only if Adp, o Gy;; is *x-preserving if and only if Choi(Adp, o G,+)
is self-adjoint, and the latter is given by

Choi(Adp, 0 Gyi) = Y EU™ @ PGy (BT )Pe £2 5 E™ & 67 (pEL™ ) Pe

L ij
=Y piEM @oFr (ETY)Pe = Y pEY @ o (EIY)Pe (5.20)
i) i
= (p ® 6)Choi(F{ ;) (1m ® Pg).
Taking the adjoint of this and equating it to itself proves the claim.
(iev) Set
~1
: hen q; >0
4 = {qJ whend; > = (5.21)
0 when q; =0
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where {q;} consists of the eigenvalues of 0. The Choi matrix of G}, o Adp it equal to

Choi(yGY 0 Adp,) = Y EIM @ UGH (VPLE( P ViU
0]

=Y eMeg uG*(P,EVEQ]T”v“'Pa)uT £3) Z EM @ upF(cAyVEg‘)v"'Pa)u"‘

ij
, 5.22
=) Eﬁ}”@oupuTUF(v Mopvihiul = § giE xqu(vng Mpevhul (5-22)
i y\,_/

PiqiEip

— Z(’B‘EE] @quv(Adpa( ij ))) = (6‘®p)ChOi(quoAdpa).
o

This is self-adjoint if and only if G* o Adp, is *-preserving, which holds if and only if Adp, o G is *-
preserving.

(i=vi) In this part of the proof, we will assume that p and o have been diagonalized with all non-vanishing
eigenvalues appearing on the top-left block. The reason we can do this is the following. As in Lemma 3.36,
let U be a unitary such that UTpU = p with p diagonal, and let V be a unitary such that VicV = o, VIP: V =
P:,and VI6V = &, where the bold matrices are diagonal. By Lemma 3.36, G is a Bayesian inverse of (F, w)
if and only if ,+ Gy;; is a Bayesian inverse of (Fyv, w = w o Ady;). Since U and V are unitary, Adp :0G
is CP (or x-preserving) if and only if Ady+ o Adp, o G o Ady; is CP (or x-preserving). Since the latter map|
equals

Adyi o Adp, © Go Ady 1 = Adp, 0 Ady 0 Go Ady+ = Adp, oGy, (5.23)

the map Adp, o G is CP (or x-preserving) if and only if Adp, o+ Gy is. This has established that we can|
assume p and o are diagonal. As such, let r be the rank of 0. Write F = } | Ady_, where Vy isan m xn
matrix whose ij-th entry will be written as V{3 for the purposes of this proof (and later proofs). Then the
Choi matrix of Adp, o G is given by

. 5.2
Choi(Adp, 0G) = Y EU™ @ PeG(ES™)P 2 )ZE” Fr(pEL™)Pe
]
(m) A (m)
= L or (e p = e e (p A vapg)
ij «
pi/d1 -+ 0 0 \Toiv.olc LRy
1
_ g(m) P : L. 0 (5.24)
— Y 0 o Pi/ar 0 0 On_r
[0
) 0 -~ 0 Ony Vf;V]ol‘ fomv;orcm
'%VT’{VJ."{ %VT%V]P; 0
:ZZEE?)(@ Piy/x\yx Pi;‘x o !
% 1 qTV”V]l EViTVjT 0
L0 0 Onr
while taking the adjoint of the Choi matrix gives
Pi v Pj
qfivgv;’; qivgvoc 0
Choi(Adp, o G)’ ZZEl : (5.25)
) Pj P
ngv;ﬁ q;v;';v;); 0
L n" d
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due to the summation over all 1,j. Self-adjointness of the Choi matrix equates (5.24) with (5.25) and gives

%Z* JO{ZPJ Z X Vkle{l...t), Lje{l,...,mh (5.26)
(04

This condition is so strong that it actually implies positivity of this matrix. Indeed, if we set

%;:[ Plyg . BIVE 0 . 0 eee (JfEuye . fEmve o . o}, (5.27)
then
PiPjy/ax PiPj
VAt o Vaa Vi o
Y wlw.=Y Y EVe : : © | =Choi(Adp, ©G).  (5.28)
- PiPj PiPj
x o PEVEVE o (JEEVEVE o0
0 0 On_r
To see the last equality in (5.28), first notice that condition (5.26) can be rewritten as
PidiBijkt = PjqrBijkr, where Biji = ZVT’& - (5.29)
x

[f Bijkr = 0, then \/PiqiBijkt = /PjqkBijkt- If Bijkt # 0, then piqr = pjqx so again /PiqiPijk1 =
\/Pj quijkl' Thus, we have

Pigii =/ DB Vile(l,.. v ijell,... m) (5.30)
qx q
Hence,
PiPj (630) Pi
3 . 531
qkqlﬁukl qkﬁ’ukl (5.31)

which proves (5.28). This shows that Adp, o G is completely positive by Choi’s theorem.

(vi=1) This direction is immediate since all positive matrices are self-adjoint. |

Corollary 5.32. Let F, G, w, p, &, and o be as in Proposition 5.1 with G a Bayes map for (F, w). Let F =}, Ady,
be a Kraus decomposition of F. Suppose further that any of the equivalent conditions in Proposition 5.12 hold. Then
Adp, o G has a Kraus decomposition given by

Adp, 0G=Ad 5oF 0Ad 5=) Ad 5 o (5.33)
2%

Proof. A Choi matrix for Adp, o G was constructed in (5.24) in the proof of Proposition 5.12. It was shown|

that Choi(Adp, 0 G) = 2w %J&%(X. Hence, if we demand Adp, o G has a Kraus decomposition of the form|
IAdp £ © G=)> B AdWrs , then it must be the case that

(Adp, o G)(E ZW[;,EUWB = Zwﬂel TwB =) (Wge)(Wge))' (5.34)
B
But this is precisely the ij-th block of the Choi matrix. Hence, we can set
mTﬁ .. Mrﬁﬂ
We = |V BEVRE - /5 qr = V&Vl /p. (5.35)
L 0 c. . 0 4
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Note that the expression on the right still holds even if we did not choose a basis in which o and p have
been diagonalized. To see this, we temporarily use the notation from the proof of (i=vi) in Proposition 5.12.
In doing so, we have

Adp, oG = Ady o Adp, oGyt o Ady :Ad\/oAd\/govatllr oAdﬁoAdu

) 5.36
= Ad /50 Ady o yiFj o AducAd 5= Y Ad i o (5.36)
X

by the way in which the bold versions of these mathematical objects have been defined. u

Remark 5.37. Let p € M, (C) be a density matrix and M, (C) SUS M (C) a CP map with Kraus operator
decomposition F = ) | Ady,. Set o0 := F*(p). Themap L := } ,Ad NGYN is what Leifer calls the

Bayesian inverse of F [36, 37], which was obtained by a variant of the Choi-Jamiolkowski isomorphism.
This map was later described diagrammatically by Coecke and Spekkens [11] and Jacobs [28] and was
further developed in the work of Leifer and Spekkens [38]. Historically, it first appeared in the work off
Petz [49] who expounded upon a closely related construction by Accardi and Cecchini [2], though the
connection to Bayesian inversion was not explicitly made at that time. It was independently discovered in
the work of Barnum and Knill [5]. It is often called the (adjoint of the) Petz recovery map in the literature.

There are several important comments to be made with regards to Petz recovery map versus our|
Bayesian inverse. First, the notion of a.e. equivalence was not discussed in any of these works and there-
fore the uniqueness of the Petz recovery map was not addressed. In particular, how should it be defined
off the support (what we call the supported corner)? Second, the map L is not in general unital unless
o is invertible. Furthermore, even if o is invertible, the Petz recovery map of the Petz recovery map is|
not in general a.e. equivalent to the original map F unless p is also invertible. This restricts the analysis
of the Petz recovery map to states that have full support and therefore ignores, in particular, pure states.
Third, while the Petz recovery map requires no constraints between the density matrices and the map F for|
its construction, we have enforced additional (in general, non-trivial) constraints as in Proposition 5.12 to
obtain Corollary 5.32. This is due to our categorical expression of the classical Bayes’ theorem presented
in Theorem 2.22, which was used to define Bayesian inversion in the non-commutative setting in Defini-
tion 3.23. We make no claims as to which perspective is correct or wrong, and we suspect both have their
appropriate domains of applicability [47].

One interesting curiosity is our arrival at the form of the Bayesian inverse in Corollary 5.32 through
a more structural perspective. Another benefit of our categorical approach is that it offers an explicit con-
struction of the Bayesian inverse off of the support. Therefore, our definition is capable of handling density
matrices regardless of their support. This will be explained in Theorem 5.62 after we go through a few
more examples and preparation.

Proposition 5.38. A Bayesian inverse always exists for any pair of CPU maps of the form

F=Ady w=tr(p )
PN N NN

Mn (C) Mo (C) 2250 (5.39)

where VI : C™ — C™ is an isometry. A representative for such Bayesian inverse is given by

Mm(C) 3 A S VIAV + %tr(A)(vTV)L. (5.40)

Before proving this, some explanation is needed. Note that since V1 is an isometry, the n x n matrix
VTV is a projection. An interesting point about this result is that a Bayesian inverse of a Kraus rank one|
CPU map need not be Kraus rank one. We first prove a little lemma that will be used elsewhere as well.

—t .
Lemma 5.41. Let V : C™ — C™ be a coisometry (i.e., vV = 1,,) and let M (C) W C be a state. Set,
o := VoV and write the corresponding state on M, (C) as &, so that & = w o F. Then VTV is g projection satisfying]
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Pe <VIV and  (VIV): < PE. (5.42)

In particular,
Pe =P VIV=VIVP, and (VIV): =P (VIV)E = (VIV)LpE, (5.43)

Proof of Lemma 5.41. The fact that VIV is a projection follows from VT being an isometry. Since
Vive = Vivvipy = vipv — 6 = of = (Vive)" = 6T (VIV)T = oVTV, (5.44)

VTV is a projection satisfying oVIV = ¢ = VIVo. Because P; is the smallest projection satisfying this|
condition, Pz < VTV. The other claims follow from the properties of projections and orthogonal comple-
ments. n

IProof of Proposition 5.38. The proof involves several small steps which will be done one at a time. These
include showing that G is unital, completely positive, and finally that it satisfies the Bayes condition. The
first two are simple to prove. Indeed,

G(Im) = VIV+ %tr(]lm)(vTV)L =Vvivyviv)t =1, (5.45)

proves unitality. Complete positivity can be proved in several ways. The first term is clearly completely|
positive while the latter term is the composite

Lr() (viv)L
BNV NN UNS -

Mm(C) C Mm(C) (5.46)

of CP maps, which is CP. The last map in (5.46) sends A € C to A(VTV)L which is a (not necessarily unital)
*-homomorphism and hence CP.

Finally, the Bayes condition holds because

tr(cG(A)B) = tr <o <VTAV+ n%tr(A) (VTV)L) B)

—tr (ViovViAVE) + %tr Atr (o(VIV)*B) (5.47)

1
Lem 341 4 (pAVBVT) + —tr(A)tr <0P (Vi) lB)
m
= tr(pAF(B))
for all A € M,,,(C) and B € M, (C). [ |

Remark 5.48. It may seem that Proposition 5.38 seems to contradict Proposition 5.12 since we were able
to find a Bayesian inverse for (Ady, w) without any additional commutativity requirements. However, it
turns out that these commutativity requirements are satisfied. Indeed,

F(oB)p = VoBVip = VoP: VIVBVTpVVT = VoVIVBoVT = pF(Bo) (5.49)

by Lemma 5.41. Also, the formula for Pz G(A) in (5.2) seems quite different from the formula (5.40). Nev-
ertheless, they agree because

P:G(A) =P VIAV + %tr(A)Pg(VT V)t = 60VIAV = 6VIpVVIAV = 6VipAYV, (5.50)

where L emma 5.41 was used again to eliminate the second term in the second expression.
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5.2. Matrix completion and Bayesian inversion

We will now begin to provide further characterizations for when Bayesian inverses exist and how to
construct Bayesian inverses when the density matrices have non-vanishing null spaces. For this, we recall
a useful fact from linear algebra.

Lemma 5.51. Let

(5.52)

5

Bf ¢
be a self-adjoint matrix, where A is an m x m matrix, € is an 1 x n matrix, and B is therefore m x n. Then M > 0
if and only if the following three conditions hold:

i A>0,
ii. ker(2) C ker(B8%), and
iii. € —BTAB > 0, where U is the pseudoinverse of A.

IFurthermore, when 9 > 0, then

A B 9(1/2 0 o(1/2 0 f
[%T @l:[%*ﬁl/z (@_%@%)1/2} {%fﬁtl/z (¢ —BidpB)l/2 (5:58)

IProof. See Theorem 4.3 in [20] for an exceptionally clear review of the concepts and for the proof (see also
Theorem 5.2 in [60]).!' The last equality follows from matrix multiplication and the fact that Py«B = B,
where Py is the support of 2. This is because

image(B) = ker(B1)L C ker(2)+ = image(QlT) = image(2A) (5.54)

by the second condition and the relationship between kernels and images of operators and their adjoints.
u

Remark 5.55. Lemma 5.51 will occasionally be used slightly differently than as stated. We will be presented
with a matrix 9t and a projection P and will decompose 9t via

M = PP + PINPL + PLONP + PPt . (5.56)
A B D [

This decomposition can be viewed as expressing 9t via a decomposition as in Lemma 5.51 by the adjoint]
action with some unitary and removing the appropriate zero entries. More precisely, let {v;,...,vs} and
{Vs+1,.--,Vm+n) be orthonormal bases of image(P) and image(PJ-), respectively. Let U be the unitary|
uniquely determined by Uvy = ey (the standard basis) for all k. Then there exist matrices 2, B, ®, and ¢
such that

A 0

umufz{ } u%ufz[o B 00

.
0 0]' u@u_{g 0

(5.57)

+_ 100
0 0 ], and UCU—{ ]

0 ¢

(Appendix A provides a special case that will be used in the proof of Theorem 5.62). Then, 9t is self-adjoint
if and only if AT = A, © = BT, and ¢ = €. Furthermore, M > 0 if and only if

11Technically, Gallier assumes the matrices are real and the second assumption reads (1, — APV = 0. Since our matrices are)
complex-valued, all transposes are replaced with conjugate transposes. The condition (1, — A21)B = 0 is equivalent to ker(2l) C
ker(B1) by the following argument. Assume (1, — AJ)B = 0 holds. Taking the adjoint gives BT = BIHAA. Thus, if v €
ker(21), then Btv = BIdAv = 0. Conversely, suppose ker(2) C ker(B'). Note that by the properties of the pseudoinverse,
A (1, — AA) = A — AUA = A — A = 0, which shows that image (1, — AA) C ker(A) C ker(BT). Hence, BT (1, — AA) =0,
which gives the desired result by taking adjoints. For us, it will be more computationally convenient to check a kernel condition than|
to compute the pseudoinverse of a matrix
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i A>0,
ii. ker(2) C ker(B'), and
iii. € —BTAB > 0, where U is the pseudoinverse of 2.

Notation 5.58. Let try () : M (C) @ My (C) ~> My (C) denote the partial trace, which traces out the|
first factor and is uniquely determined by the formula

trag, () (A®B)=tr(A)B VA € Myu(C), Be My(C). (5.59)
Equivalently, try¢, (c) is the Hilbert-Schmidt adjoint of the *-homomorphism C — 1, ® C.

Lemma 5.60. Let A € My, (C) @ My (C) with A > 0and tryg, (c)(A) < Ln. Then there existsa B € My (C) ®
Mn(C) with B 2 A and trMm(C)(B) = ]ln.

Proof. Take
1
Bi= A+ —(Ln® (Ln—trag,, () (A))- (5.61)
Since 1 —try, () (A)) = 0 by assumption, B > A. Secondly, tro, (c)(B) = 1n. [ ]

Theorem 5.62. [A Bayes’ theorem for matrix algebras] Let F, p, w, 0, &, and P be as in Proposition 5.1. Set

m m
A=Y EVwoF (pEI)Pe and Bi= ) ETY @ (pEY)PE, (5.63)
ij=1 ij=1

which are matrices in My (C) ® My (C). Then (F, w) has a (CPU) Bayesian inverse if and only if
A =2 and g0 (BTEB) <L (5.64)
If, in addition, tryg  (c) (BAB) = Pé—, then the Bayesian inverse is unique (a-priori, it is only &-a.e. unique).
Proof.
(=) Suppose that (F, w) has a Bayesian inverse G. Then by Proposition 5.1
(Lm ®Pg)(Choi(G)) (Lm ®Pg) =2 and  (Lm ® Pg)(Choi(G))(1m ® PY) = B. (5.65)
Since G is CP, 2 > 0, and therefore 2 = 2. Now, set
¢ = (L ® PF)(Choi(G)) (Lm ® PT). (5.66)

Since G is CP,
Choi(G) =A+B+ BT +¢ > 0. (5.67)

By Lemma 5.51, ¢ > BT9(%B. This combined with unitality of G gives

Pt = try,, (0)(€) > trag, () (BTAB). (5.68)

(<) Conversely, suppose that (5.64) holds. In what follows, we will construct a Bayesian inverse G. Since
a linear map G is determined by its Choi matrix, we will define G by constructing its Choi matrix and we
will use Lemma 5.51 to prove this Choi matrix is positive. Set

(Lm ® Pg)(Choi(G)) (Im @ Pg) :==2A, (Lm @ P¢)(Choi(G))(1m ® PF) :== B, (5.69)

(L @ PE)(Choi(G)) (1 & Pe) := BT (5.70)
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and
A 1 N
€= (L © PE)(Choi(G)) (Lm © PE) i= BB+ — (L ® (PE — trng,, () (B1819)) ). (5.71)

Since the Choi matrix has now been specified, this defines a linear map G. By (5.69) and Proposition 5.1, G
is a Bayes map. Since 2T = 2, Proposition 5.12 implies 2 > 0 because

Adp, 0 G = (1 @ Pg)(Choi(G)) (I @ Pg) = 2A. (5.72)

This proves the first condition in Lemma 5.51 (cf. Remark 5.55). To prove the second condition, namely
ker(2) C ker(BT), choose a basis in which p and ¢ have been diagonalized as in the proof of (i=vi)
in Proposition 5.12. In addition, write F = ) | Ady, and use the notation from the proof of (i=vi) in
Proposition 5.12. Now, by applying a suitable permutation matrix U (cf. Remark 5.55 and Appendix A), 2
and B can be written as

|20 t_ |0 B
uAu’ = [0 0} and usu' = {0 NE (5.73)
where (recall that 2 was computed earlier in (5.24), but we use its form in (5.25))
BVEVE - RVEVE  BVEVE - RRVEVA.
BVEVE o BVEVE  BRVEVE o BRVEV
A=) : : (5.74)
_%V‘?ﬁrvﬁ %v‘%rvﬁ %V%rvwﬁl %V%TV%T‘ ]

and (8 is obtained by a calculation similar to (5.24), but with 1, and 0, replaced by 0, and 1,,_,
respectively, and then all 0’s are dropped)

P1yayx ... Piyxya P1yoyx S Py
q1 vll 1r+1 q1 vllvln q1 11Vm,'r+1 q1 11an
Piyxy« . Pyaye Piyoxy« oo Pryoayx
qr Vlrvl,r+l qr vlrvln qr vlrvm,r+1 qr Vlrvmn
B=) : : (5.75)
& | Pmy/x /& .. Pmya o Pmy/ax Pmyx &
q1 vmlvl,r+l q1 vmlvln q1 levm,r+1 q1 levmn
: . LN ] :
Pmy/oa o8 Pmy/o x Pmy/o x Pmy/x x
L qr ervl,r+l qr ervln qr ervm,r+1 qr vmrvmn
INow, suppose that the vector
T
w= [Wll o Wiy o Wy o er] (5.76)

is in the kernel of 2. Setting Q to be the number of Kraus operators used in F = Y, Ady,, let it € C be|
the vector whose o-th component is

T

m
Uy = Z Z %V&Wlk (577)

1 £l

i1
t—T K—1T
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Using this,

Y Yk SV Viowik Vit
Aw = : => : (5.78)
* Zlnzl Zrkzl %V%Tvioliwik * Viirta
shows that w € ker(2) is equivalent to
(Vpi)y=0 Vje{l,...m}, Le{l,...,7}, (5.79)

where \7j 1 has a-th component given by V;7 and we assume the inner product is conjugate-linear in the left

entry. However, 1l is itself a linear combination of the Vj; since

m T

u= Z Z %Wikvik. (5.80)

i=1k=1

Hence, i = 0 since it is orthogonal to, and in the span of, a collection of vectors. Now, computing Biw
gives

[PRISD I %Vﬁrﬂvﬁwik ] [((Viry1, 1) ]
25 X km1 g Vi Viovik (Vin, 1)
Blw=73" : = : = 0. (5.81)
* Zgl ZL:l %V%,r+1vﬁ<wik <\7m,r+lrﬁ>
L 28 Dk VE Viowic | L (Vi @)

This proves that the first two conditions of Lemma 5.51 hold (cf. Remark 5.55). By Lemma 5.60, € > 57213,
which implies Choi(G) > 0, and therefore corresponds to a CP map G.

The constructed G is also unital for the following reasons. First, recall that G(1,) = 1, if and only if]
try,, (c) (Choi(G)) = 1, because

m
G(Lm) =Y G(EL™) = trag,. () (Choi(G)). (5.82)
i=1
Second,
m m
Y Pe6F (pEY) =PeoF (p) =Peoo =Py = Y P:oF (pE V)P =0 (5.83)
i=1 i=1

Hence, B provides zero contribution to try, (c)(Choi(G)), ie., tryg, () (A + B +BT) = P¢. Thus,
G(1ln) = tra,, () (ChOI(G)) =ty (0) () + trae,. () (€) = P: + Pé =1n. (5.84)

The equality try;, (c)(€) = Pé holds by the definition of ¢ in (5.71) and Lemma 5.60. Notice that if
trae,, () (%Tﬁl%) = Pé—, then € necessarily equals BT9B and the Bayesian inverse is unique. [ ]

The second condition in Theorem 5.62 is not automatically satisfied even if the first one holds. The
following example illustrates a situation where a CP Bayesian inverse exists on the supported corner but
ot the full algebra
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Example 5.85. Fix q € (0,1),

g 0 0 10 JG 0 0 0 vI—q 0
[ = ][ Dovie [0 ] we ) YT 01 s

and let M3(C) U M (C) be given by F := Ady, +Ady,. If w :=tr(p-)and & :=tr(o - ) then £ = woF.
Furthermore, F is CPU. The Choi matrix of the Bayesian inverse, where we know how it is defined, is given

by

i -

1 0 0 00 /&

0 1 0 00 /i%

i 0 0 EF) 0 0 o(ED

Choi(G) = e(E7) e(E3) (5.87)

0 0 0 00 0

0 0 0 00 0
Vi s @) 0 0 e(Ey)

where the ¢ terms correspond to ) _; ; Eg) ® Pé‘G (Eg) ) Pé‘ and are as of yet unknown. The first condition|
of Theorem 5.62 is clearly satisfied. However, upon permuting this Choi matrix (as in Appendix A) and
setting (these matrices were underlined in the proof of Theorem 5.62)

1000 0 /gt
o= (0100 d w= |0 /1], (5.88)
0000 o Vo
0000 0 0
we see that
s 0 0

Taking the partial trace of this over M, (C) gives the bottom-right entry. Since ﬁ + 1% > 2 > 1 for all
q € (0,1), the Choi matrix Choi(G) above can never be completed to a positive matrix whose partial trace|

is ]12.
5.3. Special cases of Bayesian inversion

Here, we analyze Kraus decompositions for Bayesian inverses in certain special cases. We also describe
the relationship between joint distributions and conditionals (for further developments on this matter,
see [47, 18]). Finally, we analyze Bayesian inversion for wave collapse and reconstruct the disintegration
formula for Bayesian inverses of deterministic maps. The issue presented in Example 5.85 never occurs if
at least one of p or o is invertible, as the following corollary explains.

Corollary 5.90. Let A, B,F, w, p, &, 0, and Pg be as in Proposition 5.1. If either p or o is invertible, then a Bayesian|
inverse for (F, w) exists if and only if

P:F*(pA)o = oF"(Ap)Ps VA €eMn(C). (5.91)

When o is invertible and (5.91) holds, the Bayesian inverse equals

G=) Ad N = (5.92)
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When p is invertible and (5.91) holds, a Bayesian inverse is necessarily of the form
1 il
G:ZAd\/gV;ﬁ—i—atr( )PE, (5.93)
X
where Pg— =1, —P;.
IProof. When o is invertible, this is a special case of Corollary 5.32. If p is invertible, then the matrix 98 in
Theorem 5.62 vanishes due to the condition o = F*(p). In more detail, suppose that p and o have been|

diagonalized (the vanishing of 8 will not depend on such a diagonalization). Using the notation of the
proof of (i=-vi) in Proposition 5.12 by writing F = } | Ady, the condition o = F*(p) can be expressed as

[q1 0 0 - 0] [OIVER e VIV VRV VAV ]
0 qr 0 0 | VEVE e IVEP VEVieg e VEVE
_ s EALE / (5.94)
0 0 0 0 %; VS AVE e VEaVE VP VirVin
1o --- 0 0 --- 0] I @Vﬁ |Vfﬁ|2 @V&H |V1°§1|2
Because p; > 0 for all i by assumption, this implies
% =0 Vke{r+1,...,n} ie{l,...,m}) «xe{l,...,Qk (5.95)

Since B is defined only in terms of these components of V%, the matrix B vanishes. Hence, both conditions
in Theorem 5.62 hold. The fact that B vanishes means that PgG(A)Pé‘ =0and Pé—G(A)Pa =0forall A €

M (C). Therefore, € = %]lm ® Pf by (5.71), which, upon going from the Choi matrix to the corresponding]
linear map, reproduces (5.93). |

Remark 5.96. Remark 2.41 sets the background for the following discussion. The formulation of Theo-
rem 5.62 describes how to go from conditional to conditional bypassing the intermediate stage of construct-
ing a joint distribution. Unlike in the classical setting, the joint state on A ® B from the Bayes condition will
rarely be a state in quantum theory. Even for the simplest case where A = B = M, (C) (withn > 1), F:=1id,
and an arbitrary state w : A ~~> C, one cannot construct a joint state via w o p 4 o (id 4 ® F), even though a
Bayesian inverse clearly exists (it is G = id). The reason is due to the non-commutativity of multiplication.,
In order for

A®B>A®B+— w(AF(B)) (5.97)

to be a state, one needs additional restrictions which are not generally equivalent to a Bayesian inverse
existing. For example, if w is tracial, then the functional (5.97) is indeed a state (this is true even for
arbitrary positive unital F). The proof of this is relatively straightforward because

w(a*aF(b*b)) = w(aF(b*b)a*) = (wo Adq o F)(b*b) > 0. (5.98)

IAnother sulfficient condition for (5.97) to be a state is that the image of F lands in the commutant A’ C A.
This is also a drastic condition because if A = My (C), then the commutant consists only of scalar multiples
of the identity. This condition is only sufficient but not necessary. There are intermediate cases where w
is neither tracial and F does not land in the commutant A’ C A. When A and B are matrix factors and
w = tr(p - ), then Proposition 5.99 below covers these cases simultaneously.

Proposition 5.99. Set A := My (C) and B := My (C). Fix a state A m Canda PUmap F: B ~>A.
If p € F(B)’ C A, then the linear functional uniquely determined by the assignment A®@ B 5 A ® B — w(AF(B))
is a state
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Proof. Let A = a*a € A and B € B be positive. Since F is positive, F(B) is positive. Since A is finite
dimensional, the algebra generated by F(B) is equal to F(B)” C A by the double commutant theorem
(cf. [55, Section 2]). Hence, by the functional calculus, the positive square root ¢ := /F(B) is in Alg (F(B)),
and therefore ¢ € F(B)”. Therefore,

tr(pAF(B)) = tr(pa*ac*c) = tr(cpa*ac*) = tr(pca*ac®) = w((ac*)*(ac*)) = 0. (5.100)

Unitality of w follows from unitality of F. |

We are now in a position to prove Proposition 4.44 for wave collapse, which we will accomplish by;
illustrating more explicitly how one can obtain Bayesian inverses via matrix completions. However, to do
s0, and to also help us prove several other results of interest, we state a lemma that will allow us to compute
pseudoinverses of Choi matrices.

Lemma 5.101. Let M, (C) U Mm(C) be a CP map. Then there exist Q-many Kraus operators {V} for F and|
strictly positive numbers {\ )} such that

tr(ViVe) = Aabop Yo, B ef{l,..., QL (5.102)

Furthermore, in terms of such a set of Kraus operators for F = ) Advy,_,

support(Choi(F)) = Choi (Z Adlwva) and C/hoi(\F) = Choi (Z Ad/\lv‘x> ) (5.103)
o & o «

IProof. The fact that Kraus operators satisfying (5.102) can be found for any CP map is a simple consequence
of the existence of an orthogonal basis of eigenvectors of a positive matrix. Although this is a standard
result, its proof provides useful techniques that also prove the remaining part of the lemma. Indeed, since

the Choi matrix is positive, it can be expressed as Choi(F) = Y VoVl where the set of v € C™* @ C™ =
C™™ is orthogonal (and each v can be assumed to be non-zero). One then sets Ay = vlrxv(x and V4 to be
the unique matrix satisfying
V“el
Vo = N (5.104)
Vaen
where {eq, ..., en} is the standard basis for C™. Orthogonality of these vectors is then precisely the state-

ment
n n

Aadap = (Va,vp) =D (Vaej)Vae; =D (e, ViVae)) = tr(VLVp). (5.105)
j=1 j=1

—1/2

Therefore, one can set wy := Ay ' “vy. With this definition, the set {uy} is an orthonormal set of vectors in

C™™. Hence, } Ugl is an orthogonal projection. Thus,

Choi (ZAdJﬁVJ _y el Z (Vo) Vet ) = 3 Zvarh = Y wall (5100
o i,j o«

04

is indeed a projection, and in fact the support of Choi(F). Finally,

Choi(F)Choi (Z AdA1V“> = (Z /\aucxufx) (Z uﬁuﬁ) Zucxua, (5.107)

B A

which coincides with the support of Choi(F) |
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Definition 5.108. A Kraus decomposition satisfying the conditions of Lemma 5.101 will be called an or-
thogonal Kraus decomposition.

IProof of Proposition 4.44. We briefly recall some notation and set up some basic facts. Let F = }_, Adp, with
(P} a family of orthogonal projections such that ), Px = 1, (here, the projections are associated with the
eigenspaces of a self-adjoint matrix H whose spectrum is denoted by o(H)). Let 0 := } , PApP) with p a
density matrix and let P¢ denote the support of o, S; the support of PypP,, and set

Ay = tr(Sy) = rank (P pPa) . (5.109)

Note that S3S,. = 85,5y and Pz = } , S) because PyP,, = 6,,,P» and S) < P). We will frequently make|
use of identities such as
P)\GZS)\GZS)\GS)\ :P)\O'P)\ :O'S)\ :O'PA (5.110)

and so on (and similarly for functions of o by the functional calculus). As a result of the orthogonality of
the P)\ ’

6=3 »PapPr = Z Py Py and therefore SAG = PAG = PApPr = 6Py = 6S,. (5.111)
A

We now move on to the proof and first suppose that p = o. Then it is straightforward to check]
G = ) _, Adp, is a Bayesian inverse of (F, w).

Conversely, suppose that (F, w) has a Bayesian inverse G. We will break the proof into three parts. In|
the first part, we derive some relationships that will be useful in the latter two parts. In the second part,
we compute the pseudoinverse of the Choi matrix of Adp, o G. In the third part, we prove the conditions
of Theorem 5.62 are satisfied and explicitly find the Bayesian inverse to conclude the proof.

i. First,
) PGAIP s
2_ A PeOPAPAPAP Cor 5.32 2 A PePAApPPAGP,
/ 2aAd gp p(A) \ , (5.112)
Z?\,}L,V Sué‘P)\pAP)\SV Z?\,u,v SMPAAQP)\fTSV
\ (5.111) /
2_A PAGPAP, 2aAdp 5 p(A) 2 A PAApPGP,
which implies
PAGPAP) = AdP)\\/g\/a(A) = PAAp6&P, VA €eMn(C), Aeo(H). (5.113)

Taking the trace of the two ends of this for a fixed A and using cyclicity of trace gives
tr(PA6pA) = tr(p6P)A) VAEMR(C) = Px6p=pbP,. (5.114)
Multiplying on the left by P,, with p # A and multiplying on the right by o gives
0 =Pup&Pro = PupSi V (i A) € (o(H) x a(H)) \ A(a(H)). (5.115)

ii. The pseudoinverse of 2 := Choi(Adp, o G) is given by

9 = Choi ( D _Adgp s ﬁ) (5.116)
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ii.

by Lemma 5.101, which holds since the Kraus decomposition along the middle list of equalities in|
(5.112) is orthogonal, and since

Yy HP;\\/gﬁekHZ —tr (ﬁ\/gPAP;\\/gﬁ) — tr(PAGPAPPA) = tr(Sp) = Ax. (5.117)
k

Set

B = (I @ Pg) ZZEU@)GPWEUP;\ (Im ®PF). (5.118)

The following calculation of B9 will be done in two steps. First, (dummy indices are frequently]
relabelled)

A (5.113) & (5.116) €L
EDI 5 DA pEaPs | (1n P )

——
11 kLA &; kEll 5?\p.P)\O—P7\

Z Z By o P)\(YPA t(PAGPAR) GPEi;Py (11m ® Pg) (5.119)
7\

Z Z By ® P)\GpEl)P;\ (1m@Pt).

Multiplying BT on the left gives

BT9%B — (]1m ® Pg) > Y EyEae— P;\El)pP;\GPHGpEklPH (]1m ® Pg)
i,j,k 1A pn

= (1o PE) ZZEU MPAEUPA (1m o PE).

(5.120)

Now, notice that

tr(pPA8PAGD) = ) tr(PupPA8PAGPP,) = ) tr(PLpSA8SAESAQP,)
L r (5.121)

(G115,
tr(PAPPAGPAGPPA) = tr(S3) = tr(SA) = Ax,
where the first equation holds by cyclicity of trace and because }_ |, P,, = 1. Hence,

DADID (1m ® Pg) Y Ej®) PAE;Pa (nm ® Pg) ~ Choi(Adp, oF). (5.122)
i,j A

Taking the partial trace of B9 gives

trav, () (%Tﬁl%) = Pg Z Z tr(Eij) PAE;; P)\Pé = Pé Z Pa Z EﬁP)\Pé = Pé- (5.123)
oA 8T A i
i

Hence, the last condition of Theorem 5.62 is satisfied, and so the Bayesian inverse of the wave collapse
is uniquely specified. In fact, the Bayesian inverse can be computed explicitly since Choi(G) is nowl
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completely known. But first, it helps to simplify the expression by using Lemma 5.51 to factor the Choi
matrix of G. For this, note that

51/2 _ .
(/2 = Choi <; Ad AL E ﬁ) . (5.124)
Then, one can show
. . 1
/24 BMA2 =) By ) —75PaEijpoPs (5.125)
i,j A /\)\
and ’
Choi(G) = (ﬁtl/ 24 %Tﬁtl/z) (ﬁtl/ 2 ot/ 2) — Choi(F) (5.126)

using similar calculations to the ones that have already been done. This proves that the Bayesian|
inverseis G =F.

Hence, p = G*(0) = ) _, PApPA = 0. [ |

In the following example, we will work out Bayesian inverses for *-homomorphisms B i> A where
A and B are matrix algebras. Although we know from [46] that Bayesian inverses of *-homomorphisms
are automatically disintegrations, and we already know the solution to the disintegration problem [48], it
is helpful to explicitly work out the solution from our matrix completion perspective.

Example 5.127. Every *-homomorphism of matrix algebras is of the form

B = Mn(C) 5 M, (C) @ Mu(C) = A

(5.128)
B—1,®B

up to a unitary conjugation on the codomain of F (cf. Lecture 10 in [58]). Let B NSl SM C be a state on|

B and write £ = tr(p - ) := w o F. Note that F* = try, (o) in this case. An arbitrary density matrix p can be
expressed as a linear combination

p=) Ta®0p, (5.129)
B

where 13 € M, (C), og € Mn(C), and such that {tg} is a linearly independent set of matrices (coeffi-
cients can been absorbed into the og matrices).!? The fact that p is a density matrix means p > 0 and
ZB tr(tg)tr(og) = 1. The fact that F*(p) = o entails

0 = try, () Z Teop | = Z tr(tg)og. (5.130)
B B

By Proposition 5.1, a Bayesian inverse G of (F, w) must satisfy

PeG(C®B) = 6try, () [ D_(tp ®0p)(C®B) | =) tr(tC)60pB (5.131)
B B

20One can take {Tg} tobe {E E?] 1, which we will later, In this case, oy; is precisely the ij-th block of p
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for all C € M, (C) and B € My, (C). Hence, the Choi matrix of Adp, o G, with G a Bayesian inverse of F,
must be of the form

Choi(Adp, 0G) = Y EP ol @ (Z tr(TBEE}’))aaBE{j{)Pa)
Lkl B (5.132)
=Y Y wpeBd woopE P
B Kkl
Self-adjointness of Adp, o G entails
> > whee @ (60pEL} P~ Py 0p6) =0. (5.133)
B Kkl
Since TE ® E]((Tll) are linearly independent for all 3, k, and 1, we obtain
60gBPs =PzBogéd VB € Myn(C) and V. (5.134)
Taking the trace of this expression and taking the trace after multiplying both sides by o gives
(6,081 =0 and [0,08] =0 v B, (5.135)
respectively. Now, from Equation (5.131) and Proposition 5.12, we obtain
Y tr(tgC)60pBP = ) tr(tgC)PeBogd ¥ C e Mp(C), B € Mn(C). (5.136)
B &
Since &, o, and P¢ all commute by (5.135), this implies
[Z tr(TBC)Gﬁﬁ,PaBPEI =0 VBeM,(C), (5.137)
B

which says ZB tr(tg C)og & is in the commutant of Pz My, (C)Pg inside My (C). Since ZB tr(tgC)og 6 is
also in Pz M, (C)Pg, this gives

> tr(tgClogdoc Py ¥V CeMp(Q), (5.138)
B

”

where o« means “proportional to.” At this point, it is convenient to specialize to a particular choice of]

linearly independent set {Tg} by choosing the elementary matrices {E 5}3)}. The proportionality constraint]

entails 0y;6 o Pg for all i,j (choose C = Eg’)). Multiplying on the right by o gives 0i;P¢ o< 0. Taking the|
adjoint and using the fact that this holds for all i,j also shows P05 oc 0. This proportionality forbids oy;
to have nonzero P¢ 0y; Pé— and Pé—ai]- P: contributions. Hence,

0ij = ¢4j0 + Pg oy;PE (5.139)
for some constants ci; € C with ¢;j; = Tyj. Thus,

p=) cyEP @0+ EP @ployPt. (5.140)

1) Li

Lett:=);;cy Eg) ). Then s positive because

T=trv (o) (Adﬂrr%P (D)) > 0. (5.141)
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Furthermore, T is a density matrix because

o=F(p) =t ( ZCH(H'ZPE (IHPa _ZcucH—P (IPL tr(T)o, (5.142)
70

which entails tr(t) = 1. Since
p=t00+) EF @PloyPt (5.143)
%)
is the sum of a density matrix (T ® o) and another positive matrix, the latter must therefore vanish in order
for p to also be a density matrix.

Now that p = T ® o has been established, the Choi matrix of Adp, o G becomes

2 := Choi(Adp, 0 G) = 1" @ Choi(Adp,) (5.144)
and the other known part of the Choi matrix due to the expression (5.2) is
B := (Lp ® LIn ®Pg) (Choi(G)) (1, @ In @ PE) =17 © Y EL} @ PeELY PE. (5.145)
K1
Since
Pael
Choi(Adp,) = | : | [(Pee)T -+ (Peen)] (5.146)
Pgen

is a rank one matrix, it can be normalized to a rank 1 projection and thus its pseudoinverse can be easily
calculated. It is given by (cf. Lemma 5.101)

—2
Choi(Adp,) = (ZHPgeLHZ) Choi(Adpa):%Choi(Adpé), (5.147)

where T = Y I, ||Pse;i||? = tr(P¢) is the rank of P¢. Hence,

N 1 —~
BB =5 ) (v" @ Ey @ PEEGP: ) (tT @ B @ PeEiaPe ) (t7 @ Emo @ PeEmoPE )
ij,k,
1,m,o

= > T @En @ PLEGPE PP
o (5.148)

- Z T @1 @ (PEey)(Pee;)T(Peej)(Peek) (Peex)(PLey)
ikl

= ZTT & Ei)' & (Péei)(Péej)T = ZTT & Eij ® PéEijPé =" ®Ch0i<AdP§-)
i,j i,j

INow taking the partial trace gives

e, (©)@Ma (C) (%T‘ﬁ%) Ztr Jtr(Eqj)PEEijPE = ) PrEyPy =Py (5.149)
i

Thus, applying Theorem 5.62 gives a unique Bayesian inverse. In fact, these calculations show

GEP wE})) = e — G = trag, () © Ad zga,, (5.150)

which agrees with the disintegration formula from [48]
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6. Bayes’ theorem for finite-dimensional C*-algebras

Theorem 5.62 can be relatively easily generalized to the finite-dimensional C*-algebra setting. Most|
of the work was already done, and the main challenge is to set up all the notation. We refer the reader to
Section 5 in [48] for more background. The following notation will be used throughout this section.

Notation 6.1. The general form of a finite-dimensional C*-algebra is a direct sum of matrix algebras. Hence,
we set
A= P Mpn (C) and B:=P Mn,(C), (6.2)
xeX yey

where X and Y are finite sets. Since every element A € A can be expressed as P, cx Ax, a state A ~ C
on A can be expressed as
A3 A w(A) =) pytr(pxA), (6.3)
xeX

where {px} defines a probability measure on X and py is a density matrix on M, (C) for every x € X|

Similarly, we let B ~5 C be written (somewhat abusively) as & = cy qytr(oy - ) with the understand-
ing that given B = ¢y By, one plugs in By into the term tr( 0‘y L)’ Let Ny, = {x € X : px =0}and
Ng ={y €Y : qy = 0. Let Px and Qy be the supports of px and oy, respectively. Let ‘Bx and Q be
the supports of pxpx and qy 0y, respectively. In many of the arguments that follow, we will often use the
identities pxPx = pxPx and qyQy = qyQy. Note that P, and P, the supports of w and &, are equal to

Pow = @xex PBx and Pg = P, cy Qy- Hence,

No = AP% = @B (M, (©F5) = P (M, (©P) (6.4)
xeX x€X\Np
and similarly
Ne = BPE = P (Mny (C)Dj) = P (MHU(C)Qj). (6.5)
yey YyeY\Nyq

Every linear map B -5s A has a “matrix decomposition” with xy-th entry given by a linear map
Fx
M, (C) ~~~>> M, (C), which is CP for all x € X and y € Y if and only if F is CP,

If a lemma is written without proof, it is because the proof is straightforward or similar to proofs we
have already been exposed to in earlier sections.

Lemma 6.6. Let My, (C) ~& M (C) be a positive map and let P € M (C) be an orthogonal projection. If
Po(A)P =0forall A >0, then @ (Mn(C)) € PLM;y (C)PL.

Proof. This is proved in Lecture 7 of [58]. Briefly, Po(A)P = (1/¢( P) (v/@(A)P) = 0implies \/@(A)P =
0 and P+/¢ = 0 for all A > O (the latter follows from the first by taking the adjoint). Hence @(A) €
PLJ\/[m(C)PL for all A > 0. The rest follows from the fact that every element of M, (C) is a linear combi-
nation of four positive matrices. |

Lemma 6.7. In terms of Notation 6.1, the condition w o F = & is equivalent to'3

Quoy = ) PxFrylox)  Vyey. (6.8)
xeX

BEx " denotes the Hilbert-Schmidt adjoint of F.,
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If F is positive, then
PxFiylpx) =0 and  Fxy(Mn, (€)) € PrMm, (OPF V¥ (x,y) € X x Ng. (6.9)

If F is 2-positive, then
Fay (Mny (C)Qlj) CMm, (CPL  VxeX yeVY. (6.10)

Proof. For any By € Mn, (C), the state-preserving condition gives

> patr(pxFxy(By)) = qytr(oyBy). (6.11)
xeX

Equation (6.8) follows from this by calculations similar to those we have seen earlier. When y € N, the
equality pXF,’Qy (px) = 01in (6.9) follows from (6.8) and the fact that pXFiy (px) = O0forall x € X and the only
way a sum of positive operators adds to zero is if each of them is zero. For the second condition in (6.9), let
Yy € Ng and By € My (C). Then,

0= £(By) = w(F(By)) = D putr(pxFry(By)) = 3 pxtr (01 Fy (By)ox'?). (6.12)
xeX xeX
[f By > 0, then
patr (03 Py (By)ox'?) =0 vxeX (6.13)

because pxp}/ Zny(By)p}/ 2 > 0. Since the trace is faithful and pxp}/ 2ny(By)pi/ 2 > 0, this implies
pxp}/ ZFX‘J (By )p}/ 2 _ (. Since every matrix can be expressed as a linear combination of at most four posi-

tive matrices, pxpy “Fxy (Mn, (C)) 0% = 0. Multiplying both sides by px'/? gives

(Bxey (J\/[n‘J (C))mx =0. (6.14)
Since Fxy is positive, the second claim in (6.9) follows from Lemma 6.6. Finally, condition (6.10) follows
from (6.4), (6.5), and Lemma 3.45. [

Proposition 6.15. Suppose F is positive and unital. A linear map A S B satisfies the Bayes condition for (F, w)
if and only if (cf. Notation 6.1)

qytr(o—y ny(Ax)By) = pxtr(prxey(By)) (6.16)
for all Ax € M, (C), By € Mn, (C) and for all x € X,y € Y. If G satisfies the Bayes condition, then

QyGyx(Ax) = Z—X&;F;y(pXAX) VAx € M (C) VY (xy)eXx(Y\Ng) (6.17)
Yy

Conversely, suppose there exists a linear map G satisfying (6.17). Then G is a Bayes map for (F, w).

Proof. Equation (6.16) follows directly from the Bayes condition. Equation (6.17) follows a similar analysis
to the one in Proposition 5.1. Conversely, suppose there exists a linear map G satisfying (6.17). In what
follows, we will prove (6.16). First, lety € Ng. Then

pxtr(prxey (By )) = thl‘(prxey (By )mx) =0 (6.18)

because Fxy (By) € P Mo, (C)P5 by (6.9). Now, lety € Y\ Ngq so that qy # 0. Then essentially the same
argument as in (5.7) goes through using (6.10) in place of (6.10). Note that one uses that fact that Qy = Qy

fory € Y\ Ng and pyPy =p Py forx € X, Thisprovesthat GisaBayesmap. = H
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Lemma 6.19. In terms of Notation 6.1, suppose A S Bisa Bayes map for (F, w), with B L A CPU, and let
(x,y) € Xx (Y\Ngq). Then Ade 0 Gyx : Mm, (C) ~>Mn, (C) is x-preserving if and only if it is CP.

Proof. By Proposition 6.15, Adq, o Gyx takes the form

(Adq, © Gyx)(Ax) = z;‘ TyFry(PxAx)Qy YV Ax € M, (C). (6.20)

If px = 0, then Adq, o Gyx is the zero map and is therefore CP. If px # 0, by Proposition 5.12, all of the
items listed in that proposition are equivalent to Adg, © Gyx being *-preserving. In particular, Adg, o Gyx
is CP.

Lemma 6.21. The following conditions on a linear map A & Bare equivalent.

i. G is unital.
ii. Gsatisfies } , cx Gyx(lm,) =1n, forally €Y.
iii. G satisfies ) cx trag,. (c)(Choi(Gyx)) = 1In, forally €Y.

Theorem 6.22 (A Bayes’ theorem for finite-dimensional C*-algebras). For each x € Xandy € Y\ Ng, set (cf.
Notation 6.1 and assume F is CPU)

Uy = px Z B @ oy (oxE™)Qy and By = X p" Z B e 5y (xE™)QE,  (6.23)
/] 1 ,] 1

which are matrices in My, (C) ® M, (C). Then (F, w) has a (CPU) Bayesian inverse if and only if
Ay = Ay ¥ (xY) €Xx (Y\Ng) (6.24)

and

Yt (o) (%anﬂ;%w) <QF  VyeY\Ng (6.25)
xeX

Furthermore, any two (CPU) Bayesian inverses of (F, w) are &-a.e. equivalent.

The proof will be similar to the proof of Theorem 5.62 with a few minor changes. We will therefore
spell this out, but on occasion we will shorten arguments which would otherwise be repetitive.

\Proof of Theorem 6.22.
(=) Suppose that (F, w) has a Bayesian inverse G. Then by Proposition 6.15,
(T, ® Qy)(ChOi(ny))(]lmx ® Qy) = Q[yx and (I, ® Qy)(ChOi(ny))(ﬂmx ® ij) = %yx (6.26)

hold for all (x,y) € X x (Y\ Ngq). The rest of the proof in this direction follows similar arguments as in the
pproof of Theorem 5.62.

(<) Conversely, suppose the two conditions hold. Fory € Ng, set

tr(Ax)

M, (C) 3 Ax = Gyx(Ax) = X In, VxeX (6.27)
Note that Gyx is completely positive and satisfies
D> Gyx(lm)=1n, VYyeN,. (6.28)

N
XCX
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For y € Y\ Ng, most of the proof follows through as in the proof of Theorem 5.62. In particular, one
builds G yx in terms of its Choi matrix by using (6.26). The first main difference occurs in defining €yx =
(I, ® Qy ) (Choi(Gyx)) (Im, ® Qy ), which can be set as

— 1
Cyx = Bl A Byx + —— [ I, @ =Yt (% myx,%yx) . (6.29)
1nﬂX| x'eX
Note that €, > 0 and satisfies
Dt (o) (€yx) = Q. (6.30)
x€X

With these definitions, G has been defined everywhere and automatically satisfies the Bayes condition by
the assumptions made. Furthermore, (6.28), (6.30),

>t () @yx) = Qy, and Dt () (Byx) =0  VyeY\Ng (6.31)
xeX xeX

show G is unital by Lemma 6.21. Finally, the a.e. uniqueness of Bayesian inverses follows from Proposi-
tion 3.28 item ii. [

In the following example, we will describe when Bayesian inverses exist for quantum instruments.

Example 6.32. An instrument on a Hilbert space H indexed by a finite set Y is a CPU map B(H) ®
CY ~> B(H). In what follows, let 3 be finite-dimensional so that such a map specifies a family of CP|

maps Mm (C) A/F\l‘i» M (C), indexed by y € Y, such that Zer Fy is CPU. Given a state w = tr(p - ) on
M (C), set & := woF. Set qy := tr(F;(p)). If gy = 0, let oy be any density matrix, while if qy # 0,
set oy = %Fg (p). Then & = Zer qytr(oy - ). A Bayesian inverse of (F, w) would consist of a family|
Gy : My (C) ~ M (C) of CPU maps (note the difference and that F,; was not required to be unital). Af
present, we have not yet found a simpler description of when Bayesian inverses exist other than to demand
the assumptions in Theorem 6.22. Nevertheless, if one has an explicit instrument with known states, then
it should not be too difficult to apply the criteria of Theorem 6.22 to see if a CPU Bayesian inverse exists.
Furthermore, one may always compute the required pseudoinverses (provided they are not too large) to
determine the formula for the Bayesian inverse.

Finally, we end with the verification that Theorem 6.22 reproduces the standard classical Bayes’ theo-
rem as a corollary.

Example 6.33. Suppose my = 1and ny = 1 for all (x,y) € X x Y in Theorem 6.22. In this case, F can be
viewed as a matrix of (linear transformations given by multiplication by) non-negative numbers. In this

case, Fxy = Fxy as numbers. If qy # 0, then Qy = 1y so that Ayx = pqu;xy , Byx = 0,and Cyx = 0. The
two conditions in Theorem 6.22 are automatically satisfied. Hence a Bayesian inverse exists. When qy # 0,

F
one sets Gyx = quTX‘J

of our quantum Bayes’ theorem reproduces classical Bayesian inference.

. When qy = 0, the assignment in (6.27) defines Gyx as Gyx = ﬁ Thus, our proof]
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Appendix A. Permutations of the Choi matrix

Let M (C) Lo M (C) be a linear map. Decompose the Choi matrix of G as'*

GE)! GE)T ., GEM) GER)" ]
bl b bl b:
G(ER)" G(E)™ G(E)™  G(Ef)™
Choi(G) = s : (A1)
GEM)" GEM)T . GEW)" GEWMT
GEM)™ GEM)™ e e
so that - -
GES)" G(EGY)T
0T e Gl
br

Note that the size of the square matrices G (E 8“) )ﬂ and G(E E]m)) need not be the same, but we assume that
m) ) br

the size of G(F_g“))ﬂ equals the size of G(F_](JF])tl for all i,j,k,1 € {1,...,m}, and similarly for G(EEj

and G (E]({T) )br. Then, there exists a permutation matrix U such that

GEGY o GEMHY GEET o GET ]

) G(E(m))tl G(E[m))tl G(E(m))tr G(E(m))tr
U(Choi(G))uf = ml mm ml mm (A.3)

(CholeNUT= | ey o g(elmy Gy . G

GEM)™ - GEMM)™ GEM)T - G(EWR)™ ]

Bt %} in the proof of Theorem 5.62). This is just a special case of what

is discussed in Remark 5.55, where the projection P is of the form 1, ® H{ 0 0 } with 0 < v < n. The

(which corresponds to the matrix [ 2

n—r

permutation matrix U is the matrix associated to the permutation

(1 2 3 4 oo 2m—3 2m—2 2m-—1 Zm)

1 m+1 2 m+2 --- m—1 2m-—1 m 2m (A4)

where )‘ means that the i-th row is sent to the j-th row. Note that this is a permutation for the blocks of]
the appropriate sizes. If G (Egn) )% has size r x 1, then G (ES“) )PT has size (n — 1) x (n—71), and the generall

form of U is

1, 0 0 0 0 0
0o 0 1, 0 0 0
1o 0 o o 1, 0
U=10 1., 0 o0 0 0 (A.5)
0 0 0 1., 0 0
o 0 0 o0 0 Tn_r

1y = top, b = bottom, r = right, 1 = left. The matrix rows and columns have been colored to illustrate how one slides them to
obtain the permutation discussed afterwards
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For example, the matrix U that achieves this for (5.87) is

1, 0 0 ©
a3 2w
0 0 0 14
and corresponds to the permutation
(33 3) a7

which swaps the second and third blocks but leaves the first and fourth blocks alone.
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