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Abstract

This research paper aims to introduce quantum graphs to newcomers. We adopt a
clear and concise linear algebraic approach to simplify the concepts of quantum graphs.
Our main perspective is viewing a quantum graph as a quantum adjacency matrix oper-
ator on a finite-dimensional C*-algebra (which can simply be thought of as a direct sum
of matrix algebras), with the inner product defined by choosing a faithful positive linear
functional on each matrix algebra summand of the direct sum. Our main result presents
practical formulae for identifying isomorphic single-edged quantum graphs. An immedi-
ate corollary to this is that there is an infinite number of isomorphisms for a single-edged
quantum graph on M, (C) for n > 2, which is surprising since all single-edged quantum
graphs are isomorphic to one another for n = 2.
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Introduction

Quantum graphs, also known as non-commutative graphs, extend the notion of classical finite graphs
into the realm of non-commutativity. What began as a subtopic in quantum information theory
introduced in [5], is now a small but rich theory, drawing connections between operator algebras,
quantum groups, non-commutative geometry, and quantum information theory.

The purpose of this thesis is threefold. The first is to give a detailed and deep introduction to
the language that will be used in describing quantum graphs. Namely, we will look at things
from string diagrams, to constructing inner products on finite-dimensional C*-algebras, to studying
automorphisms on these structures. The second is to give an introduction to quantum graphs.
Finally, the third aim is to give some useful formulae and results pertaining to quantum graphs on
M,,, with the end goal of proving that there are infinitely many non-isomorphisms on single-edged
quantum graphs when n > 2.

This paper approaches the subject from a purely linear algebraic perspective, making it accessible
to a broad range of mathematicians interested in linear algebra and its applications. This work has
been formally verified in Lean [1]. While Lean itself is not discussed here, its presence guarantees
precision and correctness.

The study of quantum graphs has progressed steadily over the past 15 years. Duan, et al. [5]
introduced the concept of non-commutative graphs, drawing inspiration from quantum informa-
tion theory. Shortly after, Weaver [17,18] reformulated the notion of quantum graphs as quantum
relations, and Musto, et al. [12] connected these perspectives via quantum adjacency matrix oper-
ators, showing their equivalence. Later, Daws [4] provided an accessible expository survey, aimed
at introducing the topic to non-experts. They prove the equivalency between different notions in a
purely algebraic method using operator algebras, while Matsuda [9] and, independently, Gromada
[6], developed concrete examples and classification results on on 2 x 2 matrices My. In particular,
they showed that the isomorphism of simple quantum graphs on Ms is solely determined by the
number of edges. This result prompted our investigation of higher-dimensional analogues.

Our analysis of M3 (i.e., the set of 3 x 3 matrices) revealed to us that single-edged simple quantum
graphs over M3 are not always isomorphic. In our attempt to understand why this is not true for
higher dimensions, we found that for almost self-adjoint matrices =,y € M,, (where M,, is the set
of n x n matrices) that have zero trace, we get (M,,Tr, A(z)) = (M,, Tr, A(y)) if and only if =
is almost similar to y (see Theorem C.14). This means that, for n > 2, there are infinitely many
non-isomorphisms of simple single-edged quantum graphs.

It is essential for readers to possess a strong background in linear algebra to fully engage with the
content. Our intention is that this essay may serve as both an introduction to the topic of quantum
graphs and as a foundation for further study and generalisation.

Notation

The inner product will be written as (-|-) and is linear in the right variable.

We write L£(A, B) for the set of linear maps A — B, and L(A) = L(A, A). We write B(A, B) for
the set of bounded linear maps A — B and, similarly, B(A) = B(A4, A).
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A Setting the scene

In this chapter, we set the scene by first looking at some string diagrams on C-vector spaces
and finite-dimensional Hilbert spaces. This will help us streamline calculations when dealing
with algebraic and co-algebraic properties, such as the Frobenius equations (Theorem A.7).

We quickly go over some notation and recall some well-known results in linear algebra and
Hilbert spaces in Sections A.IIT and A.IV, which can be quickly skimmed through.

We then define the Hilbert space induced by our finite-dimensional C*-algebra B in Section
AV.

In Section A.II, we study the algebraic and co-algebraic structures of our C*-algebra, where
the co-algebraic structure is unravelled by the endowed Hilbert space. We also look at the
modular automorphism ¢ on B in Section A.VTI.

We then define and study four important maps that are used throughout, namely, the real
map ' in Section A.VIII, the symmetry maps symm and symm’ in Section A.IX, and the
Schur product map - e - in Section A.X. These maps are the cornerstones of the definition of
a quantum graph taken as a quantum adjacency matrix (Chapter B).

In the penultimate section, we look at projections on B ® B°P, which will be useful as we can
define quantum graphs as such projections.

Finally, the last section looks at bimodules, which, again, will be useful as we can define
quantum graphs as (B, B)-bimodule projections.

A.1 String diagrams

We begin with string diagrams, which are a powerful graphical calculus for simplifying complex
algebraic calculations and will simplify later arguments.

This section is based on the presentations given in [12] and [9].
All string and planar diagrams are to be read from bottom to top.

Let A,C, D, E be C-vector spaces.

The identity on A is denoted by the string

A map f: A — C is denoted by the string | f |.

2=k s —n

Inputting an element z € A can be shown by the string é)

C

So then f(x) is shown as =
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Given g: D — A, we have f o g is denoted by

E
Given s: D — E, we have f ® s is denoted by | f .
D

s fFo sk

Similarly, inputting an element z ® y for x € A and y € D, is denoted by é) @5

Define »4 p as the identification A® D = D ® A given by x ® y — y ® x. The string

D A
diagram of »4 p is denoted by ><
A D

The red and black strands are meant to highlight the fact that they are not intersecting,
but overlapping (either way).

So then it is clear that for any x € D and y € A, we get, X = @ @

e When A and C are Hilbert spaces, then the adjoint of f € B(A,C) is denoted by the
A

string diagram , in other words, the string diagram of the adjoint of f is given by

C
vertically reflecting the diagram of f.

Deforming (i.e., stretching, compressing, and/or moving around the strings) the strings retain
equality of the diagrams. This means we can perform planar isotopies (RO), Reidemeister
moves (RII), and Reidemeister moves (RIII) [14] (see [2,8] for a concise introduction to knot
theory). In knot theory, (RII) and (RIII) moves are shown as follows,

o~ 1 1\ ) \‘ ~ | ( \‘
! \ ) VNN \ /
<!/ A -7 AL

- ~

(RII) (RIIT)

For our string diagrams, we alter the above definitions of (RII) and (RIII) so that there are
no over and under crossings.

It is easy to see that string diagrams retain equality under regular isotopy. In particular, (RIT)
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moves on string diagrams can be seen by the following,

D A D A

D A D A

The diagram on the left-hand side is exactly sp 434, p, which is the identity, and is exactly

what the diagram on the right-hand side represents. This means s ,, = %Z}D:

Lemma A.1. s , = %ZID = up A. In other words,

D A\ A D

Proof. Let x,w € A and y,z € D. Then we compute,
(x@ylsaplz@w), ., = WOz @w) pya = (yl2) plalw) 4

-1
= (@ Qylw®z) 1gp = <33 ® y‘%A,D(Z ® w)>A®D-

* _ —1
Thus Xy.p=*Ap- |

Similarly, (RIII) can be seen by the following,

A D FE A D E

E D A E D A
The diagram at the left-hand side is exactly (id ® g p)(3p,4 ®1d)(id ® »p 4), and the dia-
gram at the right-hand side is exactly (sp 4 ® id)(id® 2 4)(3gp ®id). An easy and quick

computation shows that these two expressions are equal (they both flip the first and last
tensor-element and keep the second in place).

The next result is about using heights as a graphical tool and is useful when manipulating
string diagrams. The heights are shown to be algebraically irrelevant. It is simply regarded
as planar isotopy when string diagrams are involved (i.e., we just move the boxes up/down).

Lemma A.2. Given linear maps f: A— D and g: E — F, we get
(f ®idr)(ida ®g) = f @ g = (idp ®9)(f @ idE).

In other words,
D F D F D F

f

-[7] [v]-

A E A E
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Proof. Obvious. ]

Lemma A.3. Given linear maps T: A — D and S: E — F, we get
wpr(T®S)=(SQT)»a .

In other words,

F D F D
] [s]=

A E A FE

Proof. Straightforward computation. |

A.Il The algebraic and co-algebraic structures

With these diagrammatic conventions in place, we can now turn to algebras and co-algebras,
which we will look at both diagrammatically and algebraically.

Notation. We work with a strict version (see more on this [13, p.37]) of the tensor product,
i.e., for C-vector spaces X,Y, Z, we have,

e TRy Quw=zx(yw)forallze X,yeY,and we W,
e aRzr=ar=z®aforalla € Cand z € X.

A.I1.1 Algebras.

Definition A.4 (Algebra). An algebra is a vector space together with a multiplication
linear map m: A ® A — A and a unit linear map n: C — A, with a unit 1 € A such
that m(1® z) = m(zx ® 1) = z for all x € A, and with the properties of associativity
m(m ®id) = m(id®m) and m(n ®id) = id = m(id® 7).

We call (A, m,n) an algebra if these properties hold.

In strings, m and 7 are denoted by:

A A A A
o h ]
AA A A C

Each relation in our algebra corresponds to equivalences on our diagrams. For instance,
associativity of m [9, bottom of page 3] is essentially given by m(m ® id) = m(id®m) (in
other words, (zy)z = z(yz)); this is shown diagrammatically by the following,

Ao

It is easy to picture the above equivalency by moving the vertical line (coloured in red) with
the empty circle to the other empty circle.
To see this algebraically, we let x,y, 2z € B, and compute,

mmeid)(zy®z)=mzy®z) = (zy)z =z(yz) =m(z @ yz) =m(idem)(z @y ® z).
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Thus m(m ® id) = m(id @ m).
Similarly, the relation m(n ® id) = id = m(id ® ) in strings is given by,

Al

Algebraically, let « € C and x € A, then compute m(n®id)(a®z) = m(al®z) = ar = aQx.
Similarly, m(id®@n)(a®@z) =m(id®n)(z Q@ a) = ar = a ® z.

A.11.2 Co-algebras.

Definition A.5. A vector space A is a co-algebra when it has a co-multiplication linear
map u: A - A® A and a co-unit linear map w: A — C such that co-associativity is
satisfied, i.e., (p ® id)u = (Id® p)u, and the property (w ® id)p = id = ([dR@w)p is
satisfied. We say (A, u, @) is a co-algebra when those properties are satisfied.

In strings, u and w are denoted by:

iy 8

The co-associativity property [9, top of page 3] is then shown diagrammatically by,

i

Finally, the property (@ ® id)u (id ® w)p is shown diagrammatically by,

Ty

A.I1.3 Algebras and co-algebras. Let (A, m,n,u, @) be both an algebra and a co-
algebra with multiplication map m, co-multiplication p, unit map 7, and co-unit w. Then

C
C
when m is composed with w, we draw = m
A A
A A
Similarly, we draw
A A
= L')
C

We summarise string diagrams and their connections to algebras and co-algebras in Appendix
E.

Lemma A.6. Given a vector space A which is both an algebra and a co-algebra with multipli-
cation m, unit n, co-multiplication u, and co-unit @, we get wm(n ®id) = w = wm(id®n):



A.II The algebraic and co-algebraic structures 11

and (w @ id)un =n = (ldQ w)un:

Proof. This is done by composing (unit_id) and (co_unit_id) with 7 and . Note that (unit_id)
and (co_unit_id) are references to the properties highlighted in Appendix E. [ |

The following result highlights the power and usefulness of using string diagrams.

Theorem A.7 (the Frobenius equations). In general, given a vector space A which is both
an algebra and a co-algebra with multiplication map m, unit map n, co-multiplication map p,
and co-unit map w, then if

(id@m)(p®id) = (m ®id)(id ® p), (o)

which in string diagrams is,

then we get the following equations (the Frobenius equations),

(idem)(p®id) = pm = (m®id)(id @ u),

Al

Proof. We show, using the algebraic and co-algebraic structure given in strings in Table 1 in
Appendix E and the hypothesis (Equation (*)), that we get the Frobenius equations. Hence
we compute,

which in string diagrams is,

= by (co_unit_id)

by (co_mul_assoc)

by (%)
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= by (co_unit_id).

For the sake of completeness, we will show this algebraically to explore the usefulness and
power of using string diagrams. We do this by demonstrating that it is not as easy to follow
algebraically. “Planar isotopies” correspond to multiple algebraic identities, which can make
the algebraic approach cumbersome.

In the following computation, we denote the identity operator on C by id¢ (and the identity
operator on A remains as id). The idea is to use the fact that we have a ® x = v = = ® « for
all « € C and a € X for any algebra X.

We translate the calculations we made with the string diagrams above to compute,

(meid)(ideu) = (meid)((w® id)p @ @) by (co_unit_id)
= (m®id)(w ® id®?)u®?
= (m(w ®id®?) @ id) u®?
= ((ide ® m)(w ®id®?) @ id)u®?
= (w®id)(id ®@m) @ id)u®? by A.2
= (w®id®?)(id@m @ id) (1 ® id®?)(id @ u)
= (w®id®?*)(([d®@m)(p ®id) @ id)(id ® u)

= (w®id®?*)((m ®id)(id @ p) @ id)(id ® ) by (o)
= (w ®id®?)(m ® id®?)(id ® (1 ® id)p)

= (wm @ id®?)(id ® (id @) ) by (co_mul_assoc)
= (@ @id®*)(m ® id®?)(i[d** @pu)(id © p)

= (w®id®?)(id @ p)(m @ id) (id @ ) by A.2
= (w®id®?)(id @ p)(id@m)(u ®id) by (o)
= (w®id®?*)(id @ pm)(u  id)

= (ide ® pm)(w ® id®?) (1 @ id) by A.2
= pm((w @ id)p ® id)

= pm(id ® id) by (co_unit_id)
= um.

|
Using Theorem A.7, it thus suffices to show Equation (*) in order to show the Frobenius
equation, when we have an algebraic and co-algebraic structure.

We get the following by composing 7 to the Frobenius equations (when the Frobenius equations
are satisfied).

Proposition A.8 ([6, Corollary 1.6(2)]). Let (A, m,n,u,w) be an algebra and a co-algebra
such that (m ®id)(id®@ u) = (id®@m)(p ®id). Then we have,

(i) (m®@id)(id®pn) = p = (id@m)(un @id),
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U

(i) ((d®wm)(p®id) =m = (om ®id)(id ® u),

in other words,

Proof. We only show Part (i), since Part (ii) is shown similarly. We compute,

in other words,

(m®id)(id® un) = (m ®@id)(id @ p)(id @ n)
= pm(id ®n) by A.7
=pu by (unit_id).

Diagrammatically, the proof corresponds to:

by A.7

by (unit_id).

Similarly, we compute,

(ide@m)(un®id) = (id®@m)(p ®id)(n ®id)
= pum(n ®id) by A.7
=u by (unit_id).

In strings, this is:

by A.7

by (unit_id).

Thus (m ®id)(ld®@ pun) = p = (id®@m)(un @ id). [ |

The following result is sometimes referred to as the snake equations, and is given by composing
n* and 7 to the Frobenius equations (when the Frobenius equations are satisfied).

Proposition A.9 (Snake equations). Let (A, m,n, u,w) be an algebra and a co-algebra such
that (m ®1id)(id® p) = (id@m)(p ®id). Then we get

(wm ®id)(id ® un) = id = (id ® wm) (pn ® id),



A.II The algebraic and co-algebraic structures 14

in other words,

Proof. We compute,

(wm ®id)(id @ pun) = (w @ id)(m @ id)(id ® un)
= (wid)u by A.8(i)
=id by (co_unit_id).

In strings, this is:

by A.8(i)

by (co_unit_id).

Similarly, we compute,

(id®@w@m)(un ®id) = (id® @) (id @ m)(un @ id)
= (i[do @) by A.8(i)
=id by (co_unit_id).

In strings this is exactly:

by A.8(i)

by (co_unit_id).

Proposition A.10. Let (A, m1,m) and (As,ma,n2) be algebras. Let f: Ay — Ay be a
linear map. Then we have,

(i) moo (f® f)=fomy & Ve,y € Ay : f(ay) = f(z)f(y), in other words,

& f preserves multiplication,
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(i) fom =mn < f(1) =1, in other words,

_J & f preserves the unit.

Proof.

(i) For any z,y € Ay, we have,

mao (f@ f)lzr@y)=fom(z®y) < ma(f(z)® fly) = flzy)
< f(x)f(y) = flzy).

(ii) We have, fon =n © Vo e C: f(m(z)) =m(z) Ve eC:zf(l) =21 & f(1)=1.
|
From the above proposition, we see that for an algebra homomorphism f: A; — As, i.e., a

linear map that preserves multiplication and preserves the unit, we get mgoo (f ® f) = fomy
and fomn = n.

A.IT.4 Tensor products of co-algebras. Let (A1, mq1,71) and (Az, ma,n2) be algebras.
Then A; ® Az is an algebra with multiplication linear map (m; ® ms)(id ® » ® id) and unit
linear map 1y ®72. Similarly, when (A1, p1, 1) and (As, g, we) are co-algebras, then A; ® Ay
is also a co-algebra with co-multiplication (id ® » ® id)(¢; ® p2) and co-unit w; ® wq. It is
left as an exercise to check that this indeed forms a co-algebra.

A.I1.5 Finite-dimensional Hilbert space algebras induce a co-algebra. Let (A, m,n)
be a finite-dimensional algebra and a Hilbert space. Then we can let m* be the co-multiplication
and n* be the co-unit. Recall that by 7™, we mean the Hilbert space adjoint of 7.

Proposition A.11. Let (A, m,n) be a finite-dimensional algebra and Hilbert space. Then we
can form a co-algebra (A, m*,n*) by letting m* be the co-multiplication and n* be the co-unit.

There is also the opposite implication: if we start from a finite-dimensional co-algebra and
Hilbert space (A, p, @) then we can form an algebra (A, p*,w*).
Proof.
(=) comul_assoc: We have the following equivalences,
(m* ®@id)m* = id@m*)m* < (m(m®id))" = (m(idem))"
< m(m®id) = m(id®@m),
which is true since A is an algebra.

counit_comul_id: Similarly, taking adjoints, we get
(" @id)m* =id = d@n")m* & m(n®id) =id =m(id®n),
which is true since A is an algebra.

(<) We define multiplication on A by (z,y) — p*(z ® y), which is bilinear. So our multipli-
cation linear map is p*. We let the unit linear map be w™*.

We get associativity and p*(w* ® id) = id = p*(id ® w*) by following an analogous
proof of the above.

We leave the proof of showing w*(1) is indeed a unit in A as an exercise to the reader.
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Lemma A.12. Let (A,m,n) be a finite-dimensional algebra and Hilbert space. Then n* is
given by y — (1]y).

Proof. For y € A and x € C, we have

(zln*(y)) = (n(x)ly) = 2(1y) = (=[(1]y)).
Thus n*(y) = (1ly). u
Corollary A.13. Let (Ay1,m1,m), (A, ma,n2) be finite-dimensional algebras and Hilbert

spaces. Then, for a linear map f: A1 — Az, we get
(f@flomi=miof o Va,ye Ay: f*(zy) = f*(x)f*(y), in other words,

& f* preserves multiplication,

moreover, Joms =mjo f* o Ve,ye A : f(zy) = f(x)f(y), ie.,

- - <:> f preserves multiplication.

Proof. Take adjoints of Proposition A.10. [ ]

Corollary A.14. Let (A1, m1,m) and (A, ma,n2) be finite-dimensional algebras and Hilbert
spaces. Then, given an algebra homomorphism f: Ay — A, we get

1. mao(f®f)=foma,
2. fo771:7727
3 (fr@ fr)oms=mjof*.

Proof. This is immediate from Proposition A.10 and Corollary A.13. |

Proposition A.15. Let (A1, m1,m), (A, ma,n2) be finite-dimensional algebras and Hilbert
spaces, and let f: A1 — Az be a linear map. Then f is an algebra homomorphism if and only
if f* is a co-algebra homomorphism (i.e., a linear map such that (f* @ f*)ms = mif* and
mfr=mn)

Proof.

f* is a co-algebra hom & (f* ® f*)omi =mjo f* and n o f* =nj
S mzo(f®f)=fomsand fonm =mn
& f is an algebra hom.



A.IIl Ket-bra operators 17

A.IIT1 Ket-bra operators

In this short section, we go over some notation and well-known results in C*-algebras and
Hilbert spaces.

Let E1, Es be inner product spaces over C.

Definition A.16 (ket, bra). A ket operator |-) is defined as the linear map Ey — B(C, Ey)
given by z — (a — ax). A bra operator (-| is defined as the anti-linear map Ey — B(E;,C)
given by z — (y — (x|y)). A ket-bra operator |-):| is given by composing a |-) with a (-],
Le., [2)y[ = |2) o (yl.

So a ket-bra is a linear map from Es to the anti-linear map Fy — B(E1, Es) and is given by
x> (y = (u= (ylu))).

It is easy to see that we get |x)" = (z| for any 2 € E;. Composing a bra with a ket gives us a

scalar multiplication of the inner product, i.e., (z||y) = |(z|y)). So then (z||y)(1) = (z|y).

Given an orthonormal basis (u;) of a C-inner product space E, we get Y. |u;}u;| = id.

Lemma A.17. Given Hilbert spaces E1, Eo, E5, linear maps Ty € B(Es, Es), Ty € B(Es3, Ey),
and elements x € Fo, y € Eq, we get,

(i) Ty o |z) = [T1(2)),
(i) (y|o Ty = (T3 (y)l,
(iii) |x)yl" = |y)z|.

Proof. This is a direct computation. |

Remark A.18. For x in a Hilbert space H, we have |z) = |y) if and only if # = y and similarly
(x| = (y| if and only if = y (straightforward computation). O

Proposition A.19. Let H1,Ha be Hilbert spaces, and let a,c € Hi \ {0} and b,d € Ho \ {0}.
Then if |a)b| = |c)d|, then there exists some 0 # a, 8 € C such that a = ac and b = afd.

Proof. As |a)b| = |eXd|, we get (b|b)a = (d|b)c, which means a = T|OIZJ||T2> ¢ (since b # 0). Taking

adjoints of the hypothesis, we get |b)Xa| = |d)c|, and as a # 0, we also get

(cla) , (dlp)le]”

- 27 2 27
lall llall”{lo]

2
_ llel

S L
lall

)

]
2
18]

dg

Clearly, (d|b) # 0 (otherwise, we get a = 0). Thus we can let a =

Given a finite-dimensional C-inner product space F, we say (u;) is an eigenbasis of x € B(E)
in E with corresponding eigenvalues (\;), when (u;) is an orthonormal basis of E such that
each u; is an eigenvector of  with a corresponding eigenvalue A;, in other words, z(u;) = A;u;
for each 1.

Theorem A.20 (spectral theorem [3, Theorem 7.9]). Given a finite-dimensional inner product
space E over C and T € B(E), then,
TT* =T*T < there exists an eigenbasis of T in E.

Proof. See [3, Theorem 7.9]. O

Thus any normal operator on a finite-dimensional Hilbert space has an orthonormal eigenbasis.



A.IIl Ket-bra operators 18

Corollary A.21. Given a finite-dimensional inner product space E over C and T € B(E),
then, TT* = T*T if and only if T = Y . \i|u;)Xu;| for an eigenbasis (u;) of T in E with
corresponding eigenvalues (\;).

Proof. Suppose TT* = T*T. Then from Theorem A.20, we know there exists an eigenbasis
(u;) of T'in E. This means ) ,|u;)u;| = id. Also T'(u;) = Asu; for each i, by definition of an
eigenbasis.

So then, for any a € E, we compute,

T(a) = ZT(|Ui><Ui|(a)) = Z<ui|a>T(ui) = Z<Uz‘\a>)\iui = Z)\i|ui><ui|(a)-

Thus T = Y, Ai|wi)u,|.

If, on the other hand, T' = 3, Aj|u; )(u;| for eigenbasis (u;) of T' with corresponding eigenvalues
(A\i). Then one can easily see that we get TT* = T*T. |

Definition A.22 ([11, pg. 45, 46]). Given a C*-algebra A and elements a,b € A, we define
the partial order a < b as b — a being self-adjoint and Spectrum(b — a) C [0, o).

So, we can then say x € A is positive semi-definite (non-negative) if it is self-adjoint and
Spectrum(z) C [0, 00).

We say = € A is positive definite if it is self-adjoint and Spectrum(z) C (0,00). This is
equivalent to positive semi-definiteness and invertibility. I.e., z € A is positive definite if
and only if 0 < z and z is invertible.

Theorem A.23 ([11, Theorem 2.2.1]). Given 0 < a in a C*-algebra A, there exists a unique
element 0 < b € A such that a = b%. This is known as the unique positive square root of the
positive semi-definite element a, and can be denoted by +/a.

Proof. See [11, Theorem 2.2.1]. O

Theorem A.24 ([11, Theorem 2.2.5(1)]). Given any element x in a C*-algebra A, we get
0 <z if and only if © = y*y for some y € A.

Proof. See [11, Theorem 2.2.5(1)]. O

Lemma A.25. Given an algebra A over C and z,y € A, we have
Spectrum(zy) \ {0} = Spectrum(yx) \ {0}.

Proof. Let A € C\ {0}. Then we want to show that A1 — zy is invertible if and only if A1 — yx
is invertible, which is equivalent to showing 1 — (A~1x)y is invertible if and only if 1 —y(A~1z)
is invertible (since A # 0).

So then it clearly suffices to show that for any a,b € A, we get 1 — ab is invertible implies
1 — ba is invertible. Suppose a,b € A, and 1 — ab is invertible. Then 1 — ba is also invertible
with inverse 1 + b(1 — ab)~!a, since,
(1 —0ba)(14b(1 —ab)~ta) =1 —ba+b(1 — ab)"ta — bab(1l — ab) 'a
=1—ba+b(1—ab)(1l—ab) 'a
=1—ba—+ba=1,
and, analogously,
(14 b(1 —ab)"'a)(1 —ba) =1 — ba + b(1 — ab)"a — b(1 — ab) 'aba
=1—ba+b(1—ab)~'(1—ab)a
=1—ba+ba=1.
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Lemma A.26. Given positive elements x,y € A, we have vy = yx if and only if 0 < xy.

Proof. Firstly, zy is self-adjoint if and only if yz = y*z* = (2y)* = zy, as both = and y are
self-adjoint. So if 0 < zy, then we know zy is self-adjoint, and so xy = yx. Suppose that we
have zy = yz. We want to show Spectrum(zy) C [0, c0).

Now, using Theorem A.24, we let a,b € A such that x = a*a and y = b*b. So then we
compute,

Spectrum(zy) \ {0} = Spectrum(a*ab*b) \ {0}
= Spectrum(ab*ba*){0} by A.25
= Spectrum((ba*)*ba*) \ {0} C [0,0) \ {0} by A.24.

Thus 0 < zy. |

Let E be a finite-dimensional inner product space over C. For « € B(E), we say it is positive
semi-definite if 0 < z which means it is self-adjoint and has non-negative spectrum. It is easy
to see that this is equivalent ([11, Theorem 2.3.5]) to 0 < (u|z(u)) for all u € E. We say
x € L(E) is positive definite if 0 < (u|x(u)) for all 0 # u € E (which is clearly equivalent
to positive definite-ness from Definition A.22). Note that we drop the self-adjoint-edness
requirement since we are working on C and is implied by 0 < (a|z(a)) (more specifically,
(alz(a)) € R if and only if = is self-adjoint).

Lemma A.27. Given a finite-dimensional inner product space E over C and T € L(E), we
get

T is positive semi-definite < T = |v;)(v;| for some tuple (v;) in E.
Proof.

(=) Suppose 0 < T. As positive semi-definiteness of T' implies TT* = T*T, we can use
Theorem A.20 and let (v;) be the eigenbasis of T' in E with corresponding eigenvalues
(M\i). Note that, by the above discussion, as 0 < T, we also get each 0 < ;. So then let

each z; = /Aju;. Then we have Y|z x| = >, VAV Aiwi)ui| = >, Nfuwi)u,| = T,

where the last equality comes from Corollary A.21.

(<) Suppose we have some tuple (v;) in £ such that 7" = ) |v;)v;|. Then, for any x € FE,
we get (z|T(z)) = >, (x|vi)(vilz) = >, |(z|v;)|* > 0. Thus T is positive semi-definite.

A.IV  From linear maps to matrices

In this section, we go over our notation for matrices and then identify our linear operators as
matrices as it is usually easier to work with.

Let n,m € N.

Notation.
e We denote M,, ,, to be the set of n x m matrices over C.
e When n = m, we write M,, instead.
e For z € N, we write [z] to mean {1,...,x}.

Given any a € M, ,,, we say a;; for (i, j)-th entry of a. We write e;; € M, for the standard
basis in matrix form (i.e., (e;;)r = didji, in other words, it has value 1 at (¢,7) and 0
elsewhere). So a typical matrix a € M, is given by a = Z” a;je;j, and Tr(e;;) = d;5, where
Tr is the trace of a matrix given by the sum of the diagonal, i.e., Tr(a) = >_, ;.

We have the following well-known isomorphism.
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Definition A.28. Given orthonormal bases b = (b;), ¢ = (¢;) of finite-dimensional Hilbert
spaces H1, Ha, respectively, then we define the linear isomorphism

Mb,c: E(Hla H2) = Mdim Ho,dim Hq

to be given by the map T+ ((k,p) — (ck|T(bp))).
Its inverse is given by A+ 37, ; Ayjlc;)Xbj|.

When H = H; = Hz and b = ¢, then we write Mp: L(H) = Maim 3 instead of My . My
is then a *-algebra isomorphism.

Example A.29. For example, for M. : £L(C") = M,, given by the standard orthonormal
basis e = (e;) of C". Then we have that our map is given by M.(T);; = (e;|T(e;)) for

T € L(C™), and its inverse is given by A — (z +— Ax) (see Corollary A.31).
L

Definition A.30. Given an orthonormal basis b = (b;) of a finite-dimensional Hilbert
space H, we define R, to be the linear isomorphism H = CYHm* given by R,(z); = (b;|x)
with its inverse given by x +— Y. ;b;.

Corollary A.31. Let e = (¢;), f = (fj) be the standard orthonormal bases of C* and C™,
respectively, where the inner products on C™ and C™ are given by the canonical inner product
(zly) = x*y. Then R. =id, Ry =id, and M;; is given by A (x — Azx).

In other words, M;} is is simply the matrixz identified as a linear map (where the action is
given by multiplying the matriz by column vectors).

Proof. This is clear and straightforward. |

Remark A.32. Let b = (b;) and ¢ = (¢;) be orthonormal bases of finite-dimensional Hilbert
spaces H1, Ho. Let Ry, R, respectively, be the identifications H; =2 CHmH1 and H,y =2 CAimH2
given by b, ¢, as defined above. Then, a direct computation verifies that we get

Mpe: T M s (RTR; ),

where e and f are the standard orthonormal bases of C4™*1 and C4m™z  respectively, so
that the identification M, ¢ is exactly the one from Corollary A.31. Similarly, we get

M, i A= R MC (AR,

O

Lemma A.33. Let e = (e;) be an orthonormal basis of a finite-dimensional Hilbert space H.
Then R: = R_1. In other words, this is an isometry.

Proof. Let x € H and y € C¥™*, Then we compute,
(@|RE(W))3 = (Re(@)|y)caimn = Y (Re(@)ilyi)e = D _{(eilw)ylvide

= Z<x|ei>7{yi = Z<x‘yiei>y = (=|R: (y))4,-

A %
Thus R* = R ]

Lemma A.34. Given orthonormal bases b = (b;) and ¢ = (c;) of finite-dimensional Hilbert
spaces Hi, Ha, and elements x € Hy and y € Ha, we have M (|z)Xy|) = Rp(z)Re(y)".
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Proof. This is a direct computation. For any i € [dim H4],j € [dim Hz], we compute,
Mep(|2Xyl)ij = (billaXyl(c;)) = (bil)(ylej) = Ro(@)iRe(y); = (Ro(2)Re(y)”)

Thus Mo (lz)yl) = By () Re(y)"- u

ij "

Similarly to linear maps, we say (u;) is an eigenbasis of x € M,, in C™ with corresponding
eigenvalues (A;), when (u;) is an orthonormal basis of C™ such that each u; is an eigenvector
of M7 1(x) with corresponding eigenvalue \;, i.e., zu; = MJ1(x)(u;) = \ju;, where e is the
standard orthonormal basis (e;) of C™.

A matrix U € M,, is unitary if U*U =1 = UU*.
Lemma A.35. U € M, is unitary if and only if its columns form an orthonormal basis of

Ccn.

Proof.

(=) Suppose U is unitary. Let (u;) be an orthonormal basis of C"™. Then for any i,j € [n]
we get (Uw;|Uu;) = (uw;|U*Uuj) = (u;|uj) = d;5. So the tuple of the columns of U,
(Uuy,...,Uuy,), forms an orthonormal basis of C™.

(<) Let (u;) be an orthonormal basis of C™. Then by (=), we know (Uu;) is also an or-
thonormal basis. Let x € C". Then

2
=Z|<uix>|2:|

2

2
= [l

Z(uﬂx}Uui

i

> (uilz)u;

%

ety :‘

Using Lemma A.34, we can see that if we have A € M,, such that AA* = A* A, then Corollary
A .21 tells us that we get A = )", \ju;u} for an eigenbasis (u;) of A in C™ with corresponding
eigenvalues (A;). And by Lemma A.35, we get a unitary matrix U = [ul e u”} € M,. So
then we can write,

)\1 0 ’Uf{
A:Z)wuiuf: [ul un} © | =UDU",
g 0 A/ |uk

where D € M,, is a diagonal matrix containing the eigenvalues (A;) of A. This is a specialized
version of the Schur decomposition theorem [7, Theorem 2.3.1].

A.V The inner product

Any finite-dimensional C*-algebra B can be decomposed as B = @, M,,, for matrix algebras
M,,, over C [15, Theorem 11.2]. In this section, we endow B with an inner product from a
chosen faithful and positive linear functional. We do this by first defining the inner product
on a single summand M,,,.

A.V.1 Constructing our inner product on M,. In this sub-section we construct our
inner product on M,,.

I Definition A.36. By a linear functional on an algebra A, we mean a linear map A — C.
| Definition A.37. Given a linear functional ¢: M, — C, we define ¢ = >, , ¢(esj)eji.

Lemma A.38. Given a linear functional ¢: M, — C, we get ¢ is given by x — Tr(dg x).
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Proof. For any x € M,,, we compute,
Tr(pgz) = Z d(eij) Tr(ejiz) = Z¢(€zj)$zj = Z P(wijeis) = d(x).
ij i,j .3

Thus we get ¢ is given by x — Tr(¢g ). |

We have already defined a partial order on a general C*-algebra in Definition A.22 and in terms
of operators on a Hilbert space (see above Lemma A.27). So then, in matrix terms, x € M, is
positive semi-definite when 0 < M_1(z) € B(C"), where e is the standard orthonormal basis
(e;) of C™. In other words, 0 < x € M,, when 0 < a*za for all @ € C™ [7, Definition 4.1.9].

Similarly, we say x € M,, is positive definite when M_1(x) € B(C") is positive definite, where
e is the standard orthonormal basis (e;) of C" (analogue of Definition A.22) In other words,
x € M, being positive definite is defined by requiring 0 < a*za for any non-zero a € C"
[7, Definition 4.1.9]. Similar to the reason on positive semi-definite-ness, the self-adjoint
requirement can be dropped since we are working in C.

Remark A.39. Given a vector € C", the matrix M. (|z)z|) = zz* is positive semi-definite.
And, interestingly, when 2 < n, the matrix M. (|z)x|) = xz* is never positive definite. For a
proof of the latter, it suffices to show that there exists a non-zero orthogonal vector y € C"
(i.e., (ylx) =y*z =0). O

Lemma A.40. Let U,x € M, such that U is invertible. Then
UzU* is positive-definite < x is positive-definite.
Analogously, 0 < UzU* < 0 < x.

Proof. We get the following equivalences,

UzU* is positive-definite < V0 # v € C" : 0 < (v|UzU"v) = (U*v|zU"v)

& 1z is positive-definite.

Where the second equivalency follows since U is invertible and so for any v € C", we get
U*v # 0 if and only if v # 0. |

Given a self-adjoint matrix « € M,, and r € R and an orthonormal basis (u;) of C™ consisting
of the eigenvectors of x with corresponding eigenvalues («;), then we can define =" as the
matrix ), aju;uf. Equivalently, via the Schur decomposition theorem (see end of Section
AIV), 2" =UD"U* for unitary U € M,, and diagonal D € M,,. Note that the eigenvalues of
a self-adjoint matrix are real. Moreover, if = is positive semi-definite, then z" is also positive
semi-definite. And if z is positive definite, then so is z”.

Let 0 < x. Then, by the above argument, we have a unitary matrix U € M,, and diagonal
matrix D € M,, (with non-negative entries as the eigenvalues of a positive semi-definite matrix
are non-negative') such that z = 2! = UD'U* = UDY?U*UDY?U* = x'/221/2.

Definition A.41. Given C*-algebras A,C, we say f: A — C is a positive map when
0 < f(a) for all 0 < a. In other words, f maps positive elements in A to positive elements
in C.

So then, a linear functional f on M, is a positive map? when 0 < f(z*z) for any matrix

xr e M,.

Corollary A.42. Given a linear functional ¢ on M,,, we have,
¢ is a positive map < V(x;) € C" : 0 < Y, d(az]).
In other words, ¢ is a positive map if and only if 0 < >, ¢(x;x}) for all tuples (x;) in C™.

1We can instead use Lemma A.40, to see that we also get 0 < D; and as D is diagonal, we get that that all
of its entries are non-negative.
2This is consistent with the current literature; see [11] for example.
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Proof. Let e be the standard orthonormal basis (e;) of C™. Then, since for any matrix x we
have 0 < z if and only if x = y*y for some y € M,, by A.24, we have ¢ is positive if and
only if 0 < ¢(z) for any positive semi-definite matrix « € M,,. And so, we have the following
equivalences,

¢ is positive & V0 <z € M, : 0 < ¢(x)

S V() €C":0< Y ¢ (Me(lzi)ai]) by A.27
S V(z;) eC":0< Z d(ziz]) by A.34.
Thus ¢ being positive is equivalent to 0 < ). ¢(x;z}) for any tuple (z;) in C". |

Lemma A.43. Given a linear functional ¢ on M, we have,
@ 15 positive <& 0 < @q.
Here, ¢q is the matriz associated with ¢ defined in Definition A.37.

Proof. By Lemma A.38 we have ¢(x) = Tr(¢g x) for all z € M,

(=) Suppose ¢ is positive. By Corollary A.42, we get 0 < Y. ¢(x;z)) for any tuple (z;) in
C™. So then for any x € C", we have 0 < ¢(zz*) = Tr(¢pg xz*) = 2*d¢ =, which means
¢q is positive semi-definite.

(«=) Suppose @ is positive semi-definite. Then as mentioned above, since ¢ is positive semi-
definite, we have ¢g = (bg 2¢51Q/ 2, where qﬁg % is also positive semi-definite (and so is self-
adjoint). So for any x € M,,, we have ¢(z*z) = Tr(¢pg z*x) = Tr ((xd)gz)*(xd)gz)) > 0.

Thus ¢ is positive if and only if our unique matrix ¢¢ is positive semi-definite. |

Definition A.44. We say a linear functional ¢ on A is tracial if ¢(zy) = ¢(yx) for all
x,y € A.

Proposition A.45. Given a linear functional ¢: M,, — C, we have,
¢ is tracial < Na e C: ¢pg = al.
Here, ¢¢ is the matriz associated with ¢ defined in Definition A.537.

Proof.

(=) Suppose ¢ is tracial. By Lemma A.38 we have ¢(z) = Tr(¢g x) for any x € M,,. So then
for any z,y € M, we have,

D (8Q)irinyi = Tr(éq zy) = d(wy) = d(yx) = Tr(dg yx) = Y (6Q)ijYjkTi-
Wik ik

Claim: vpvqar € [’Il] : (d)Q)P(I = 5pq(¢Q)Tr~
Let p,q,r € [n]. Then by our hypothesis, we get,

(6Q)pa = Y (0Q)is(€qr)in(erp)ri = Y (0Q)ij(€rp)ik(€qr)ki = Opg(6Q)rr-

.3,k .5,k

By the claim, we see that our matrix ¢¢ is diagonal since (¢g)pq = 0 when p # ¢q. And
we also see that for any p,q € [n], we get (0Q)pp = (9Q)qq- So then let i € [n] and
let @ = (¢@)si- Then, by the above claim we get, (¢pg)jx = djr(Pg)ii = (al),i for any
J,k € [n]. Thus ¢g = al. Clearly this is unique, since for «, 5 € C, if a Tr(z) =  Tr(x)
for any x € M, then a = aTr(e;;) = B Tr(ei;) = B.
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(<) Let a € C such that ¢g = al. Then for any z,y € M,, we have
p(zy) = aTr(zy) = aTr(yz) = d(y).
Thus ¢ is tracial if and only if there exists a unique complex number « such that g =al. W
Remark A.46. Using the above Proposition A.45, we get ¢ is tracial and positive if and only
if ¢ is given by z — o Tr(z) for some unique non-negative a € C. O
Corollary A.47. If A€ M,,. Then
0 < A and is invertible & A is positive-definite.

Proof.
(=) Suppose 0 < A and A = A'/2A'/? is invertible. Then A'/2 is also invertible and positive

semi-definite. Let v € C™ be non-zero. Then, we compute,

(v|Av) = <v’A1/2A1/2v> = <A1/2fu’A1/21}> > 0,
since A2y £ 0 (as AY? is invertible). Note that, in the second equality, we use the
self-adjointedness of A'/2 since it is positive semi-definite. So we are done.

(<) Suppose 0 < A. Then obviously 0 < A, so we only need to check if it is invertible.
Suppose the contrary, i.e., A is not invertible. Then there exists a non-zero v € C"
such that Av = 0. But then, by the hypothesis, we get 0 < (v|Av) = 0, which is a
contradiction. Thus A is invertible.

Lemma A.48. Given a positive definite matriz Q € M,,, we have Tr(Qx*z) = 0 if and only
if t =0 for any x € M,,.

Proof. We have Tr ((le/z)*(le/Q)) = Tr(Qz*z) = 0 if and only if zQ'/2 = 0. As Q'/? is

positive definite, we get it is also invertible by Corollary A.47, and so zQ'/2 = 0 if and only
if # = 0. And so we are done. |

Definition A.49. A positive linear functional f on A is said to be faithful® if f(x) = 0 if
and only if x = 0 for any non-negative element 0 < x € A.

Lemma A.50. A positive linear functional ¢ on M, being faithful is equivalent to
¢(z*x) =0 2 =0 for any x € M,,.

Proof. This is true since any matrix = € M, is positive semi-definite if and only if z = y*y
for some matrix y € M,, by Theorem A.24. |

Proposition A.51. Given a linear functional ¢: M,, — C, we have
@ 1s a positive and faithful map & ¢q is positive-definite.
Again, ¢q is the matriz associated with ¢ defined in Definition A.37.

Proof. By Lemma A.38, we have ¢ is given by x — Tr(¢g x), and by Lemma A .43, we know
¢ is positive if and only if 0 < ¢g. So we need to show that faithfulness of a positive linear
functional is equivalent to ¢g being positive definite.
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(=) Suppose ¢ is faithful and positive. So we have ¢(x) = 0 if and only if x = 0 for any
positive semi-definite matrix z € M,,. Let 0 # x € C™. Then we have zz* # 0 as  # 0.
This means, by faithfulness and positivity of ¢ we get ¢(xx*) # 0 as xz* is a non-zero
positive semi-definite matrix. And so 0 < ¢(zz*) = Tr(¢g xz*) = x*¢¢ =, which means
¢q is positive definite.

(<) Suppose ¢q is positive definite. Then for any x € M,,, we get ¢(z*z) = Tr(¢pg zz*) =0
if and only if x = 0 using Lemma A .48.

Thus ¢ is a faithful and positive linear functional if and only if our unique matrix ¢¢ is positive
definite. m

Proposition A.52. Given a linear functional ¢: M, — C, we get ¢ is star-preserving (i.e.,
d(x*) = ¢(x)" for all x € M,,) if and only if ¢¢ is self-adjoint.
Here, ¢q is the matriz associated with ¢ defined in Definition A.37.

Proof.

(=) Suppose ¢(z*) = ¢(z) for all x € M,,. We let x € M,,, and compute using Lemma A.38,

Tr(pq ™) = ¢(a") = d(x) = Tr(gq x) = Tr(z7¢g),

And so ¢g = 5.
(<) Suppose ¢q is self-adjoint. Using Lemma A.38, ¢ is given by x — Tr(¢¢g x). And so for

any x € M, we get ¢(z*) = Tr(pg z*) = Tr((xdg)*) = Tr(zdg) = ¢(x). Thus, ¢ is
real.

Corollary A.53. Given a linear functional ¢: M,, — C, then,
@ is positive and faithful < M, x M, — C: (z,y) — ¢(x*y) defines an inner product.

Proof. For any x,y € M, let (z[y), = ¢(2*y). Then, clearly,

(zlay + Bz), = ¢(z"(ay + Bz)) = ad(z"y) + Bo(z72) = afz|y) 4 + B(z[2),,
by linearity of ¢, for any x,y,z € M,, and «, 8 € C.

If ¢ is faithful, we have (z|z), = ¢(z*z) = 0 if and only if z = 0 for any z € M,,. And ¢ is
positive if and only if 0 < (z|z) , for any z € M,. So if (-[-), defines an inner product on M,,
then we get ¢ is faithful and positive. So it remains to show that, given ¢ is a faithful and
positive linear functional, we get <a:\y)¢ = <y|x>¢ for any z,y € M,.

Suppose ¢ is faithful and positive. By Proposition A.51, we get our unique matrix ¢¢ is
positive definite (and so is self-adjoint). Using Proposition A.52, we get ¢ is star-preserving,

and so, for any z,y € My, we get, (z|y), = ¢(z*y) = ¢(y*z) = (y|z),,.

Therefore, (-[-),: (2,y) — ¢(2"y) is a well-defined inner product on M,,. [ |

Combining Proposition A.51 and Corollary A.53, we get the following.

Theorem A.54. Given a linear functional ¢: M, — C, then the following are equivalent,
(i) ¢ is positive and faithful,
(ii) NQ € M, : Q is positive-definite and Vx € M, : ¢(x) = Tr(Qzx),

(iii) M, x M, — C: (z,y) — ¢(x*y) defines an inner product on M,.
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A.V.2 On finite-dimensional C*-algebras. We can now define the Hilbert space on our
finite-dimensional C*-algebra B = @, M,,, by choosing linear functionals on each summand
M,,.

Definition A.55. We let B be a multi-matrix algebra EB?ZI M,,.
(So a general finite-dimensional C*-algebra [15, Theorem 11.2].)

A typical element z € B is written as © = @, x; for each x; € M,,,. The standard basis of B

Ny

is given by the tuple [(es’ij)idﬂ]il where each e, ;; is the matrix e;; of the s-th summand

of the direct sum @, M,,.
For each i € [R], we define the projection map p;: €@ ; My, — My, given by x — ;. For each

i, we also define the inclusion map ¢;: M, — @j M, given by x; — (0,...,0,2;,0,...,0).
Clearly p;ij(x) = d; jo for & € M,,. Using this notation, for z € B, we write
w=Y ulr) =Y ul@igren) = ) Tigreig,
i 4,5,k .4,k
where each w; ;i is the input of z at j, % on the i-th summand. Elements of tensor products
of direct sums, say z @y € P, ; Mn, ® My, , are given by (z @ y){flz = Ti acYjbd-

Definition A.56. For each 4, we fix a faithful and positive linear functional ¢; on M,,,,
and we let Q; € M, be our unique positive definite matrix such that ¢;: x — Tr(Q;z) (so
each Q; = >, Yi(ejx)ex;) — see Proposition A.51.

We let 1) be our faithful positive linear functional on B given by ¢ = . ; op;, where each
pi is the projection map @; Mn; — M,,, and we let @ = P, Qi. So then, given z € B, we
get ¢(x) = Tr(Qz), where Tr here is defined by the sum of the diagonals in each matrix
block.

Using Theorem A.54, we can now define our Hilbert space.

Definition A.57. We define the inner product on each M, by
(@ly)y, = Yi(z"y) = Tr(Qiz"y),

for all x,y € M,,,. We denote (M,,,1;) to be the Hilbert space given by this inner product.
We define the inner product on B by

(xly), = Y("y) = Tr(Qz™y),

for all =,y € B, where Tr here is defined by the sum of the diagonals in each matrix block.
We denote (B,) to be the Hilbert space given by this inner product. Note that, unless
necessary, we usually leave out the subscript in the inner product.

Remark A.58. By definition, we obviously have (z[y),, = >_;(zilyi),, for z,y € B =@, M,,.
O

Let H1,Hs be finite-dimensional Hilbert spaces. Then, given some p € N, x € H;, we write
x®P to mean z tensored with itself p times; this element is in Hi@p (i.e., H; tensored with
itself p times). Given a linear map f: Hy — Ho, we write f©P to mean the linear map
HEP — HIP given by f tensored with itself p times. The inner product on H; ® Hs is given
by (z ® ylz @ W)y, g, = (®|2)3, Ylw)s, -

So then, the inner product on B®? is given by (z|y) ge, = ¢¥®P(2*y) = Tr(Q%®Pz*y). Similarly,
for positive and faithful linear functionals ¥, ¢ on B, H, respectively, the inner product on
(B,%) ® (H, ) is given by

(Z@Ylz@w)yes = ¥ © )22 @y w) = Tr(Qua™z) Tr(Qsy™w).
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Proposition A.59. The adjoint of ¥ on (B,v) and the canonical inner product space on C
is given by C — B: x — x1. In other words, ¢* = |1).

Proof. For any x € C and y € B, we have,

(W (@)|y)y = (@l W)e =Th(y) =T(1y), = (21y),.
Thus ¢*(z) = «1 for any = € C. |

]
Proposition A.60 ([9, Proposition 2.5]). We get f = |15(e;;Qs /%)M } is an orthonor-
s=1

ij=1
mal basis of (B, ).
Moreover, we get Ry (see Definition A.30) is given by Ry(x)s.:5 = (QY?)5.;.

Proof. This is linearly independent since for any a € B, we get Zs,m‘ as,ijesﬁijLS(Qs_l/Q) =0
if and only if Zsym asij€s,:; = 0. And since (e, ;;) is a basis on B, we get that each a,;; = 0.
For any r,s € [8], a,b € [n,], and ¢,d € [n,], we get
<Lr(eabQ;1/2) Ls(ech;1/2)> = 5r,s<6abQ;1/2‘ech;1/2>
P Pr
= (;r,s Tr(QTQ;l/zebaech;l/Q) = 6r,35a,c5b,d~

And so this is orthonormal. Thus (Ls(ez-st_l/Q)) is an orthonormal basis of B. [ ]
Note that, using Proposition A.11, we have unravelled the co-algebraic structure of our finite-
dimensional C*-algebra B.
Lemma A.61. Let i € [R]. Then,

(i) vf = pi, where v;: My, — B and p;: B — M,,, in other words, 1} (x) = x; for x € B,

(1) m*e; = (1 @ v)m*, d.e., m*;(xz;) = (4 @ 1;)m*(x;) for x € B,

(iii) vim =m(t; ® ;).

Proof.
(i) Let y € M,,,. Then we compute,

(05 (@)y)y, = (@lei(y))y = (@ily)y, -
Where the last equality easily follows from Tr(Qz*t;(y)) = Tr(Qix}y).
(ii) Let y,z € B. Then,
(M 0i (@) |y ® 2) yoo = (Li(@i)|yz)y = (@ilyizi)y, = (M (@3)|ys ® 2i),,
= (m"(23)[ (] ® 7)) (y ® 2)),, by (i)
= (1 ® )m™ (i) |y @ 2) -

(iil) em(r; @ yi) = vi(@iys) = vi(@i)ei(ys) = m(t @ 1) (x; @ y;), for x,y € B.
|

Proposition A.62. The adjoint of the multiplication map m on the Hilbert spaces (M, 1s)
and (M, @ M, s @) is given by

—1
z Y waQg (e © ex).
.9,k

So then, for x € B, we get m*(x) = de,k’l CES,uQ;ij(es,ij ® es k1), where x = P, xs, for
each x5 € M, .
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Proof. Let x,y,z € M,,, and then we compute,

(x@ylm”(2)) o2 = (m(z @y)|2),, = (2ylz),, = Tr(Qs(zy) 2) = Tr(z"2Qsy")
= Z 27 2Qsy" ke = Z5kq T 2QsY") gk Z(leQs)kq(x*zst*)qk

q,k q.,k

Zile_k Qs,jq%ri Qs 1aYark
kj q

0.9,kl,q,a

—1 * *
§ ZingJgjQs,rqxqoéio(sjrQs,payabékb(slp

1,5,k,l,7,p,0,q,a,b

Z ZilQ;llgj(st*eij)rr(st*ekl)pp

1,5,k,0,7,p

3 2@k, Tr(Qua"es;) Te(Quy " er)

.5,k

Z ZuQ;ij<33|€z‘j>ws (Ylex) y,

.5,k

> Qi (@ yley ® en) oo

.9,k

Thus m*(z) = Ei’j,k’l Zile_chj(eij ® ey) for any z € M,,_ and s € [&].

By extension, we thus get

m* ()

Zm*La(asa) = Z(La ® tg)m*(zq) by A.61(ii)

a

Z xa,ilQ;}cJ‘(La & La)(eij &® ekl) by above

a,i,5,k;1

Z xaﬂ‘lQ;}cj(ea,ij & ea,k:l)-

a,i,5,k;1

Lemma A.63. We have mm*(z) = 3, Tr(Q; ")ti(x;) for all x € B.

Proof. Let x € B, then we compute,

= Z mm*ia(zq)

= Z tamm*(z,) by A.61(ii),(iii)

Z xa,ilQ;}gj[’am(eij ® exr) by A.62

a,i,j,k,l

§ Zaq ”Qa ki ]cha zl E Za lea ]jea il

a,i,7,k,l a,i,g,l

a,i,l

Thus mm* =3, Tr(

ZTI‘ xa il€a,il = Z’I‘I‘ La xa)

Q; uipi. ]

Proposition A.64. Given a € C, we get mm* = «id if and only if Tr(Qi_l) = «a for all
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i € [8]. In other words,
=a| e Vielf:Tr(Q; ") =a

Proof.
(<) If Tr(Q; ') = « for all i € [&], then for all z € B we have,

E Tr(Q lei—ag ti(z;) = ax.

(=) If mm* = aid. Then for i € [R], we get

aly=mm*(1); = Y Tr(Q; " )es(1)i = Tr(Q; )1

Definition A.65. We call our linear functional ) a é-form functional if mm* = 62id for
some 0 < ¢. In other words, 1 is a d-form when

=4

for some 0 < §.
From this point forward, we assume our linear functional v is of J-form.

Proposition A.66 (Frobenius equation [9, Equation 2.3] & [6, Proposition 1.5]).

ks

Algebraically, we have (m ® id)(id ® m* (id@m)(m* ®id).
Proof. Tt suffices to show (m ® id)(id @ m*) = m*m, as we get the other equality by taking
adjoints.

Let z,y,z,w € B. Let m*(y) = Y, ; ® f3; for some tuples (), (5;) in B. Then we compute,

(m@id)(id@m®)(z@y)lz @ w) = Z<(m ®id)(z ® o ® Bi)|z @ w)

= Z xa; @ Bilz @ w) = Z<$ai‘z><5i|w>

i

- Zz/J (a7a"2) (Bulw) = 3 {oula*2) (Bilw)

i

= Z a; @ Bilr*z @ w) = (M*(y)|z*z @ w)

= (y|z"2w) = P(y*z*2w) = (zyl|2w)
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= (m*'m(z @ y)|z ® w).
Thus (m ® id)(id @ m*) = m*m. |
Remark A.67. Thus, our Hilbert space (B, 1) is a Frobenius algebra (i.e., a vector space that
is both an algebra and a co-algebra which satisfies the Frobenius equations). %
A.VI The modular automorphism o
In this section we define the modular automorphism.

Definition A.68 ([4, top of page 9]). Given ¢t € R, we define the algebra automorphism
o¢: B 2 B to be given by a — Q 'aQ® with inverse a — Q'aQ~" (so o, ' = o_;), such
that ¥ o op = .

Lemma A.69. For any t,s € R, we get,
(i) 0105 = Ots,
(ii) oi(z)" = o_(z*) for any x € B,
(iii) of = oy,
Proof.

(i) We get 0y04(2) = 0(Q%2Q°) = Q™ 'Q°2Q°Q" = Q= T9)2Q'** = o, ,(x) for any
T € B.

(ii) Let 2 € B. Then o4(z)" = (Q'2Q")" = Q'2*Q ™! = g_4(2*).
(iii) Let x,y € B. Then we compute
(zlof (y)) = (oe(@)|y) = P(oe(x)"y) = Y(o—+(2")y) by (ii)
= Tr(Qo_s(z*)y) = Tr(QR'z*Q'y)
= Tr(Qz"Q™'yQ") = (zlow(y))-

Thus oy is self-adjoint.

Lemma A.70. Let x,y,z € B. Then we have,

(i) (zlyz) = (y*zl|z),

(i) {wyl|z) = (ylz~2),

(iii) (zylz) = (z]zo-1(y")),
(iv) (zlyz) = (zo_1(z")|y),
(v) (zly) = (y*|o-1(z")).

Proof. We quickly compute,
(i) (zlyz) = Tr(Qa*yz) = Tr(Q(y*@)"2) = (y*=z).
(i) (zylz) = Tr(Qy*z"2) = (ylz*2).
(zylz) = Tr(Qy*z*2) = Tr(Qu*2(Qy* Q™)) = (z[z0-1(y*)).
(

z|lyz) = (yzlx) = (ylxo_1(2z*)) = (xo_1(z*)|y), where we have used (iii) for the second
equality.

—~
[
iy
=

)
iii)
(iv)

(v) This is immediate from parts (i) and (iv).
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Remark A.T1. For x,y € B, combining Lemma A.70(v) with Lemma A.69(iii), we also get
<$|Z/> <U 1/2 ‘0 1/2( )>~ ¢

Proposition A.72. Applying a left-handed twist corresponds to applying the automorphism
a1, ’i.@.,

=01.

To make this clear, this is exactly saying that for any x € B, we have

o1(x).

In other words, (n*m ®1d)(id ® 3)(m*n ® id) = o1.

Proof. Let x,y € B, and let m*(1) = Y. o; ® 3; for some tuples (o;),(5;) in B. Then we
compute,

((*m ®@1id)(id ® »)(m™n @ id)(x)]y)
= Z<(n*m ®id)(id ® »)(a; @ B; @ x)|y)

= Z (m@id)(a; @ z @ B;)|y)

= Z 2)Bily) = {uz|1)(Bily)

- Z (sl (=) (Bily) by A.70(Gii)
- Z 0 @ Bilo_1(2*) © ) = (m* (Dlo_1(z") @ y)

= (lo—1(z")y) = (a1(2)ly) by A.70(1),A.69(i).

Thus the left-handed twist is exactly oy. |

Proposition A.73. Applying a right-handed twist corresponds to applying the automorphism
g_1, i.e.,
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To make this clear, this is exactly saying that for any x € B, we have

In other words, (id®@n*m) (s ®id)(id®@m*n) = o_;.

Proof. We let z,y € B and m*(1) = >, o; ® f3; for some tuples (), (5;) in B. Then we
compute,

([d®@n*m) (> @id)(id @ m*n)(z)|y)
= Z((id @n*'m)(x®id)(z ® a; ® Bi)|y)

= Z((id @n*m)(a; @z @ Bi)y)
=D _((UaBaily) = > {ealy) (wBi[1)

= (aily)(Bila”) by A.70(i)

=(m"()]y © z*) = (1yz")

=(o_1(z)|y) by A.70(iv).

]
Proposition A.74 ([9, Equation 2.6]). We have,
In other words, n*m(c; ®id) =n* omox =n*m(id®o_1).
Proof. For any x,y € B, we compute,
n'm(or @id)(z @ y) = P(o1(2)y) = Y(zo1(y)) = n"mid®@o1)(z ©y).
And
n*omox(z@y) =1(yz) = (y'lr) = (z"|o-1(y))
= d(xo_1(y)) =n'mid@o_1)(z ®y).

Thus n*m(o; ®id) =n* omox = m(id®o_1). ]

Lemma A.75. Given x € B, we have,
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Proof. This is an obvious and quick computation. |

Lemma A.76. Given x € B, we have
(x| @id)m™n(1) = [(z|| |=="

Proof.
(((z] @ id)m™(1)]y) = Z(((xl ®id)(a; @ Bi)ly)
= S tail) (Bl

=(m" )|z ®y) = (1|zy)
= (z"[y) by A.70(i).

Using strings:

(z|]| |= by A.76
= by A.9.
|
Lemma A.77. Given x € B, we have
(z||=o_1(2")
Proof.
((ide (z)m*n(1)ly) = Z (id® (z]) (s ® Bi)y
=2 _(Bile)auly) = (m* (V)]y © 2)
= (llyx) = (o-1(z")|y) by A.70(iv).

With strings:

(z]|= by A.76



A.VII KMS inner product 34

The second equality can be seen by simply pulling the strand with * under/over the other
strand. |

Corollary A.78. For any t € R, we have,
(i) m(or @ 01) = oym,
(ii) (or @ op)m* = m*oy,
(i) ovn =1,
(iv) n oy =n".

A.VII KMS inner product
Proposition A.79. The following defines an inner product

B x B —C: (x,y) = ¢(xo_1,2(y)),

and is called the KMS-inner product. We denote this inner product by (-|-) xass-
Proof. For any x,y € B, let (x|y) g = ¥(2*0_1/2(y)). Now, for any =,y € B we get

<$|y>B = <0’1/4(35)|0'1/4(y)>KMS and <$|y>KMs = <a_1/4(x)|0_1/4(y)>3.

So then we can easily see that (:|-);, defines an inner product on B if and only if (-[-)kyig
defines an inner product on B. |

Given a linear map A: (By,%1) — (Ba,12), we can define the canonical KMS map Axus to
be be between the KMS-spaces.

Lemma A.80. For a € (By,41) and b € (Ba,v2), we have |a)b| s = [a)o_1/2(b)].

Proof. Let ¢ € By. Then using Lemma A.69 we get

la)blgns(c) = (le)kusa = <b‘a,1/2(c)>a = ‘a><a,1/2(b)‘(c).

Thus |a)blis = [a)0-1/2(b)] u

A.VIII Real (star-preserving) maps

In this section, we define what it means for a linear map to be real (also known as star-
preserving) on Hilbert spaces H1, Ha. Let Ap, Ao be star-algebras.

Definition A.81. We define the map -" as the self-invertible anti-linear automorphism

;C(Al,AQ) = E(.Al,.Ag) given by

A (a— A(a®)").
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Definition A.82 ([4, Definition 2.5]). We say A € L( A1, Az) is real (or star-preserving)
when A(a*) = A(a)” for each a € A;.

Lemma A.83. Let A € L( A1, As). Then A is real if and only if A" = A

Proof. Clearly A*(x) = A(z*)* = A(z) if and only if A(z*) = A(z)" for all z € A, which
means A is real. [}

Given star-algebras A, Az, As, A4, and linear maps z: A; — As and y: Az — Ay, we clearly
get (z@y) =2"@y".

Proposition A.84. Given A € L(A), we get Spectrum(A”) = Spectrum(A).
In fact, © € ker(A — A\id) if and only if v* € ker(A” — Aid).

Proof. For any = € A, we have A*(z*) = A(x)". So if z is an eigenvector of A with eigenvalue
A, then clearly A™(z*) = Az*, so z* is an eigenvector of A" with eigenvalue \. If, on the other
hand, z* is an eigenvector of A" with eigenvalue A, then A(x)* = Az*, and so A(z) = Az,
which means z is an eigenvector of A with eigenvalue \. |

Remark A.85. Let A € L(A) be real and let = be an eigenvector of A with corresponding
eigenvalue A\. Then the eigenspaces of each eigenvalue of A are spanned by self-adjoint elements
[10, Lemma 1.11]. O

Lemma A.86. If A: (By,¢1,0,) — (Ba,¥2,9,.), then A*" =1 A™9_;.

Here, the ordered pairs (Bi,v1,0.) and (Ba,s,9,) mean that we have finite-dimensional
C*-algebras By, By with respective faithful and positive linear functionals 11,12 and modular
automorphisms o, V.

Proof. Let x € By and y € By, and compute,

(A (@)ly) g, = (A" (") |y) , = (Y lo-1(A"(27))) by A.70(i), (iv)
= (A(o- ( ))\x ) B by A.69(iii)
(4 5 Y)a) g, = @l Ao (), by ATOC), )
= (o1 1( )|y>Bl by A.69(iii).
Thus, A*" = g1 A¥™9_1. [ ]

Proposition A.87 ([4, Lemma 5.7]). Given elements b € (By,1,0,) and a € (Ba,2,9,),
we get |a)b|" = |a*}o_1(b")]-
The ordered pairs here have the same meaning as in Lemma A.86.

Proof. For any x € By, we compute,

la)bl"(x) = (la)Xbl(z™))" = (blz*)a” = (z"|b)a”
= (1|zb)a” by A.70(i)
= (o_1(b")|x)a” by A.70(iv)
= [a"Xo_1(b")|(z)
Thus [a)b]" = |a*)o-1(b")]. ]

Proposition A.88 ([9, Proposition 2.15]). If A € B(B, ) is real, then A* is real if and only
if A commutes with oy.



A.IX The symmetry maps 36

Proof. Suppose A € B(B) is real. Firstly, taking adjoints and using Lemma A.69(iii), we get
A commutes with o if and only if A* commutes with o7, so it is enough to show that A* is
real if and only if A* commutes with o;.

By Lemma A.86 we have A*" = 01 A" o_1, which means A*'o; = 01 A*™. Since we know A4 is
real, we get A" = A by Lemma A.83, and so A*"o; = 01 A*.

If A* is real, then we have A*" = A* by Lemma A.83, and so A*o; = o1 A*. If, on the other
hand, A* commutes with o7, then A*'o; = 01 A* = A*0q, and so A*" = A*, which by Lemma
A.83 means A* is real.

Therefore, given A is real, we get A* is also real if and only if A commutes with o7y. [ ]

Lemma A.89.
(i) m" = mse,

(i) m*" = xm*.

Recall that the map < is the identification B® B = B® B given by t Q y — y Q x.
Proof. (i) Let z,y € B. Then

m'(z@y) =m(@" ®@y")" = (2y")" =yr=mx(z@y).

m* = o®?m oy by A.86
=0%%um*o_y by Part (i)
= %0 m o, by A.3
= »xm*o10_1 by A.78(ii)
= xm”*

A.IX The symmetry maps

In this section we look at the symmetry maps which are found in [4, Equations 2 & 4 in
Definition 2.4]. These maps turn out to correspond to the adjoint of the real map (i.e.,
symm(A) = A*" and symm’(A4) = A™) — see Proposition A.92.

Definition A.90. We define symm as the linear map B(Bj1, By) — B(Ba, By) given by
z = (ld®nyme)(id @z @ id)(mim @ id).

In other words,

symm: @

We define symm’ as the linear map B(Bjy, By) — B(B2, B1) given by

z = (nyme ®id)(id @ 2 @ id) (id ® mim).
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In other words,

symm’: z >

Proposition A.91 ([4, Proposition 5.3(ii,iii)]). Let a € (B1,v¢1,0.),b € (Ba,t2,9,). Then
we have,

(i) symm(|a)b|) = [9-1(b"))a"],

(i) symm’(|a)b|) = [b*Xo-1(a")].

The ordered pairs here have the same meaning as in Lemma A.86.

Proof. (i) Let m*(1) = >_, a; ® B; for tuples (a;) and (53;) in By, so that for any z € B>
and y € By, we have,

(z|symm(|a)(b|)(y)) = (z|(id ® n3ms2)(id @ |a)b| ® id)(mim ®id)(y))
= Z@I(id ®@nsms)(id ® [a)b| @ id)(a; @ B; @ y))
= Z<x|(id®n2m3>(aj ® (b]B;)a ® y))
= 3 (018,) (0 @ 3 ()

- Z<b|ﬁj><1\ay><xlaj>

= Y@ by © 65) (1)
= (z @ blm;(1))(1]ay) = (zb[1)(1]ay)
= (z[0-1(b"))(a"[y) by A.70(i),(iii)
= (@[|9-1(b")Xa"[(y))-
So symm(|a)b|) = [9_1(b*))Xa*| as claimed.
(ii) Analogously to the above, we let mi(1) = >, a; ® B; for each ay, 8; € By, so that for
any x € By and y € By we find,
symm’(Ja)b])

= (z|(nzmz @ id)(id @ |a)b| @ id)(id @ mim)(y))

=D _(wl(nsms @ id)(id @ a}p| @ id)(y @ a; @ 5;)

= > _{al(zma @ id)(y ® {blay)a ® 5)))

= Z<b|aj><$|(n§(ya) ® B;))
= Z<b|aj><1|ya><$|ﬁj>

= Z(b ® zlay @ B5)(1]ya)

J
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= (b®@ x|m](1))(1lya) = (bx[1)(1]ya)
= (z[b"){o-1(a")|y) by A.70(ii),(iv)
= (z([b"Xo-1(a®)[())-

So then symm’(|a)b|) = |b*Xo_1(a*)|.
|

Proposition A.92. For any operator A € B((B1,%1), (B2,12)), we have symm(A) = A™
and symm’(A) = A*".

Proof. Comparing part (ii) from Proposition A.95 with Proposition A.87, we see that for any
a € By and b € By, we have symm/(|a)b|) = |a)b|"". And so for any A: By — By, by
writing A = >, |a;)(b;| for some tuples (a;), (b;) in By and B, respectively, we can conclude
symm’(A) = A*".

Analogously, comparing part (i) from Proposition A.91 with Proposition A.87, we see that
for any a € By,b € By, we have symm(|a)b|) = |a)b]"". And so for any A: By — By, by
writing A = )", |a;)(b;| for some tuples (a;), (b;) in By and By respectively, we can conclude
symm(A) = A™. [ ]

Remark A.93. So by the above, we have A € B(B) is real if and only if symm’(A*) = A; this
is exactly [9, Lemma 2.13], but done via diagrams. We also get A € B(B) is real if and only
if symm(A) = A*; and this is exactly [6, Proposition 1.7(3)]. O

Corollary A.94. Given A € B((Bi1,11),(B2,12)), we get

Ar=

Proof. This is a direct consequence of Proposition A.92. ]

The next result tells us that our linear operators symm and symm’ are both invertible, where
they are both inverses of each other. This means that for any operators A;: By — By and
As: By — By, we get symm(A;) = A if and only if symm’(As) = A; ([4, Proposition 5.4]).

Corollary A.95. symm is invertible with inverse symm’.

Proof. For any A: By — By, we get symm(symm’(A)) = symm(A*") = (4*")"" = A and
symm’(symm(A)) = symm’(A™) = (A™*)"" = A using Proposition A.92. |

Remark A.96. The above equivalency is mentioned, via string diagrams, in [9, Definition 2.19
(self-transpose)|, which utilizes the snake-equations [12, I1.B (5)] (see Proposition A.9). In
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particular, for any linear operator x, we have

symm (symm’(z)) = =

by A.9.

Analogously, we can again use the snake-equations from Proposition A.9 to diagrammatically
see that we get symm’(symm(z)) = x. O

Corollary A.97. symm” = symm ™~ *.

Note that here, symm is an operator in B(B(B,), B(B,v)).

Proof. For any A € B(B,), we have symm*(A) = symm(A4*)" = A*" = symm~!(A), using
Proposition A.92 and Corollary A.95. |

Proposition A.98. For A € B((B1,¢1), (B2,v2)) and x € B,y € By, we get
ba(A(x)y) = ¢ (2 symm(A)(y)).
Proof.
ba(A(x)y) = (A(2)"[y) p, = (A(«")[y) ,
— (@A™ (9)) 5, = 1w symm(A)(»)) by A.92.
|
The following result shows that a linear operator A satisfies symm(A) = A if and only if

Y(A(x)y) = Y(xA(y)) for all z and y. So we can think of A satisfying symm(A4) = A as being
symmetric with respect to .

Proposition A.99. For A € B(B,v), the following are equivalent,
(i) A* = A",
(i) symm(A) = 4,
(i) symm’(4) = 4,
(i) Yo,y € B: (A(x)y) = Y(xA(y))-
Proof. The equivalence between (ii) and (iii) is already done in Corollary A.95. The equiv-

alence between (i) and (iii) is easily seen using Proposition A.92. So it remains to show the
equivalence between (iv) and the rest.
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(i) = (iv) Suppose symm(A) = A. Then, by Proposition A.98, we get that for any =,y € B,
Y(A(x)y) = ¢(zsymm(A)(y)) = Y(zA(y)).

(iv) = (i) Now suppose ¥(A(x)y) = Y(zA(y)) for all x,y € B. Then for any =,y € B, we

compute,
(A% (2)]y) = (2| Ay)) = Y(a" A(y)) = P(A(z")y) = (A(z")"|y) = (A" (2)]y).
Thus A* = A*.

Corollary A.100. For A: (Bi,Y1,0,) — (B2,%2,9,), we have symm’(A) o ¥y = o1 o
symm(A).

The ordered pairs here have the same meaning as in Lemma A.86.
Proof. Combine Lemma A.86 with Proposition A.92. |

The following result slightly generalises [16, Lemma 2.1].

Corollary A.101. For A € B(B,), we get symm(A) = symm’(A) if and only if Aoy = o1 A.
Moreover, if symm(A) = A, then A commutes with o1.

Proof. We only show the former, since if symm(A) = A, then we get symm’(A4) = A (Corollary
A.95), and so symm(A4) = symm’(A).

We have the following equivalences,

symm(A) = symm’(A) & A = A by A.92
S0 Ao_; = A" by A.86
S Ao 1 =0_1A™
S o A" = Ao, by A.69(iii)
& 01 A= Aoy by A.69(iv).
Thus symm(A) = symm’(A) if and only if A commutes with o. |

Proposition A.102 ([9, Lemma 2.22]). Let A € B(B,v). Then,
(i) if A is self-adjoint and symm(A) = A, then A is real,
(ii) if A is real and symm(A) = A, then A is self-adjoint,

(iii) if A is real and self-adjoint, then symm(A) = A.

Proof. Note that A being real means A* = A by Lemma A.83.

(i) Suppose A* = A and symm(A) = A. Then we clearly get A = A", as symm(A4) = A is
equivalent to A" = A* by Proposition A.99.

(ii) Suppose A is real and symm(A) = A. Then, by Proposition A.99, we get A* = A" = A.

(iii) Suppose A is real and self-adjoint. Then A* = A = A*, and so by Proposition A.99, we
get symm(A) = A.

Lemma A.103. Given any x € B((B1,v1), (B2,%2)) and y € B((Bs,¥3), (B1,%1)), we have

symm(z o y) = symm(y) o symm(x).
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Proof. Using Proposition A.92, we compute,

symm(zoy) = (zoy) = (2" oy’)" =y oa™ = symm(y) o symm(z).

Lemma A.104. Given a linear map A € B(B, ) and a *-homomorphism f: B — By such
that f*" = f*, we get symm(fAf*) = fsymm(A)f*.

Proof. Using Proposition A.92, we get

symm(fAf*) = fAf* = (fAf)" = (fAf*)" = fsymm(A)f*.

A.X The Schur product

We now define the Schur product map. Another name this sometimes goes by is the convolu-
tion product map.

Definition A.105. Let A; be a co-algebra with co-multiplication p; and let A be an
algebra with multiplication map msy. Then we define the Schur product - e - as the linear
map (A1 — Az) — L(A; — Az) given by x +— (y — ma(z @ y)u]). In other words, for all
linear maps z,y: A; — Az, we have

The following shows the associativity of the Schur product, which follows from the associativity
and co-associativity of their respective multiplication maps.

Corollary A.106. Given linear maps Ay, As, Az: X1 — Xo on co-algebra X1 and algebra
X5, then e is associative, i.e., we get

(A1.A2)OA3:A1.(A20A3>,

which in diagrams is,

Proof. This follows from the associativity (mul_assoc) and co-associativity (co_mul_assoc) of
the multiplication maps. |
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So we already have a non-unital ring structure on L£(A;, As) for co-algebra A; and algebra
As, where the product is given by the Schur product e. Let us now define the unit.

Definition A.107. Let A; be a co-algebra with co-unit cw; and let A5 be an algebra with
unit 2. Then we let the unit 1 on (£(A;, As), ®) be given by 19w, which in diagrams is,

:
|

1:= nNowy =

Lemma A.108. le f=f= fel.
Thus (L(A1, Az),e,1 = 19w01) is a ring.

Proof.

le f=mo(mwi ® f)m
= ma(n2 ®ida,)(idc ® f)(w1 @ ida, )
=idc® f=f.

The third equality follows from the algebraic and co-algebraic properties. The fourth follows
from our notation (see under Section A.IT).

Analogously,
fol=m(f ®nwi)m

= ma(ida, ®n2)(f ®ide)(ida, ® @1)m
= f®idc = f.
|
A ‘quantum adjacency matrix’ (see B.1) is essentially an operator that is an idempotent with
respect to this ring structure. However, as our operator will be from B to B, saying ‘idem-
potent’ will be confusing (since that can mean idempotent with respect to the composition

product), so we will say Schur idempotent to mean idempotent with respect to this ring
structure.

The unit on this ring structure turns out to be our ‘complete quantum adjacency operator’
(see Definition B.32).

Remark A.109. While we are technically working over C, this is all still generally true over
any commutative semiring R. O

Proposition A.110. Given f,g,h,k, we get:
(foh)e(g@k)=(feg) @ (hek).

Proof. We leave the details of this as an exercise to the reader.
Hint: recall how the multiplication co-multiplication maps are defined on tensor products:

megr = (Mg @ mp)(id @ »p g ®id),

peer = (I[d® xp r ®id)(ue ® pr).
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A.X.1 On Hilbert spaces.

Lemma A.111. Let X1, Xo, X3, X4 be finite-dimensional algebras with respective multiplica-

tion maps my, ma, ms, my (with the induced co-algebras given by A.11). Then given algebra

homomorphisms f: Xo — Xy and g: X3 — X4, and linear maps Ay, As: Xo — X3, we have
(gALf") ® (gA2f") = g(A1 e A2) f~,

which in diagrams is,

Proof. We compute,

(9ALf7) @ (gA2f") = ma(gALf" @ gA2f7)m]
=ma(g @ g)(A1 ® A3)(f* @ f*)m]
=go(AreAy)o f".
|
The following shows that the Schur product on rank-one operators acts as a product on the
left and right variables of the rank-one operators.
Proposition A.112 ([4, Proposition 5.3(iv)]). For Hilbert spaces By and By which are also
algebras (with the induced co-algebra given by A.11). Then given a,c € By and b,d € B, we
have
|a)b| & [c)Xd| = |ac)bd].
Proof.
|a)b] & [c)(d| = m(la)b| @ |c){d|)m* = m|a @ c)b @ d|m*
= |m(a ® ¢)m(b® d)| = |ac)bd].
|

Definition A.113. We define the *-algebra homomorphism lmul: B — B(B) to be the
left multiplication map given by y — (z — yz). In other words,

lmul: z — ,

We define the linear map rmul: B — B(B) to be the right multiplication map given by
y — (x — zy). In other words,

rmul: z —
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Remark A.114. For any t € R, we can write oy = lmul(Q~*) rmul(Q?). O
Lemma A.115. For xz,y € (B,v), we have,

(i) ronul(zy) = roul(y) rowl(z),

(ii) rmul(z)* = rmul(o_; (z*)),
(#1) 1lmul(z) rmul(y) = rmul(y) lmul(z),

(iv) folmul(x)o f=t = lmul(f(x)) for invertible f € B — By such that f(ab) = f(a)f(b)
for all a,b € B,

(v) formul(z)o f~! = rmul(f(z)) for invertible f € B — Bay such that f(ab) = f(a)f(b)
for all a,b € B,

(vi) Imul(x)"” = rmul(x*),

(vii) rmul(z)” = Imul(z*).
Let e be the orthonormal basis (t5(e;;Q35"))s,ij of (B,v) from Proposition A.60. Then,
(viii) M (lmul(z)) = P, z; ® 15,

(iz) M. (mul(z)) = @, 1; @ o1 9(z:)" .

Proof. Parts (i) and (iii) are straightforward computations and left as exercises.

(i) Let a,b € B. Then (rmul(z)"(a)|b) = (albz) = (aoc_1(z*)|b) = (rmul(c_1(z*))(a)|b),
where we have used Lemma A. 70(1V) in the second equality.

(iv) Let @ € B. Then flmul(z)f~*(a) = f(zf~(a)) = f(x)a = lmul(f(z))(a).
(v) Let a € B. Then frmul(z)f~t(a) = f(f~1(a)x) = af(z) = rmul(f(z))(a).

(vi) Let a € B. Then Imul(z)'(a) = lmul(z)(a*)" = (za*)* = az* = rmul(z*)(a). Thus
Imul(x)" = rmul(z*).

(vii) Using the above, we get rmul(z)" = lmul(z*)"" = Imul(z*).

(viii) For any r, s € [8], and 4, j, k, [, we compute,

M. (Imul(z))"* ZM (Imul 14 (z4))" k!

5 )4 $,1]

Z( (e Q ) ra(wa)in (ern Q7))
= 0ps(Ts€ri)ij = Or ss,ik001,5
= Plea @ 1)
a
Thus M. (Imul(z)) = P, z; ® 1, = P, M., (Imul(z;)).
(ix) For any r, s € [f], and i, j, k, [, we compute,

M. (rmul(z) ;Zl ZM rmulLa(ﬁCa)):i];;

= Z<Ls eij Qg /2 ’Lr(ele;1/2)La(xa)>

= 6r,s(€r,klal/2(x))r,ij
= 6T756k,i01/2($)7‘,lj = @(10, & UI/Q(xa)T);?Jl'-

a
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Thus M. (rmul(z)) = P, 1. ® Ul/Q(xa)T =P, M., (rmul(z,)).

Proposition A.116 ([4, Lemma 5.24]). Let a,b € (B,v). Then we have,

(i) |a)b| @ id = lmul(ab*),

(#) id e |a)b| = rmul(c_1 (b*)a).
Moreover, |a)b| ®id = id (resp., |a)b| e id = 0) if and only if ab* =1 (resp., ab* = 0), and,
similarly, ide|a)b| = id (resp., ide|a)}b| = 0) if and only if c_1(b*)a =1 (resp., o_1(b*)a = 0).
Proof. Let id = )_,| f¢){ f¢| for some orthonormal basis (f;) in (B,1)).

(i) For any =,y € B, we compute,

(la)o] 0 id(2)[y) = (m(|a)b| @ id)m* (z)y)
= > (m(la)p| @ | )X fil)m* (@)]y)

Z<|aft><bft\< )y by A.112
Z< bf)(aftly)

= (0 x|fe)(fila*y) by A.70(i), (ii)
= (b*z|a™y) = (ab*z|y) = (Imul(ad®)(x)|y) by A.70(ii).

Thus |a)b| e id = Imul(ab*). This equals id (resp., 0) if and only if ab* equals 1 (resp.,
0).

(ii) Now, for any z,y € B, we compute,

(id o [a)b|(2)y) = (m(id @ [a)bl)m" ()|y)
Z (IfeX e @ la)bl)m™ (z)]y)

= Z<\fta><ftb|<x>\y> by A.112
= Z<I|ftb><fta|y>
_Z zo_1 (D) fo)(felyo_1(a*)) by A.70(iii), (iv)

= <93U—1( yo-1(a”))
= (xzo_1(b")aly) = (rmul(o_1(b")a)(z)|y) by A.70(iii).

Thus id e |a)(b| = rmul(o_1(b*)a). This equals id (resp., 0) if and only if o_1(b*)a equals
1 (resp., 0).
|

Remark A.117. Let a,b € B. Using Lemma A.115, we can rewrite the above to say exactly,
la)b| @ id = Imul(a)lmul(h)” and id e |a)b| = rmul(a)rmul(b)*. So we can see a very nice
correlation between the two formulas, one uses left multiplication, while the other uses right.

O
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Lemma A.118. Let By, B be finite-dimensional C*-algebras with the respective multiplica-
tion maps my, mo and faithful and positive linear functionals ¥1,v%s. Then for linear maps
T,y S B((Bla ¢1), (BQa ¢2)); we have

(i) (xoy) =y ea,
(ii) (o) = o oy
Proof.

(i) Let 501 = »p, B, and s = »p, p,. Then we compute,

(zoy) =ma"(z@y)'mi’
= maosa(z’ ® y)sgm] by A.89
=ma(y" @ x")313c9m] by A.3

=ma(y’ @ z")m] =y e z".
(ii) This is again clear from the definition:

(zoy)" = (ma(z@y)m])" =mi(z" @y")m; =" e y".

Remark A.119. From Lemma A.118(i), we can deduce that the set of bounded linear operators
on our finite-dimensional C*-algebra with a faithful and positive linear functional 1) can be
upgraded from a ring (multiplication given by - e - and 1 given by nn*, see Lemma A.108) to
a *-ring, where the star operation is given by -*. O

The following result generalises parts of [4, Propositions 5.25 & 5.26], and shows this directly
without needing to look at its corresponding projections. In particular, given a real linear
map A € B(B), we show that A is (ir)reflexive, i.e., if A eid =id (respectively, if A eid = 0),
if and only if it is (ir)reflexive’, i.e., if id® A = id (respectively, if ide A = 0). In [4], they show
this by requiring A to be a quantum adjacency matriz, but this is not needed. This result is
passively shown via string diagrams within the proof of [9, Proposition 2.26].

Proposition A.120. Let Ay, Ay, As € B(B1, Ba) all be real linear maps. Then
Al e Ay = A3 & Ay e Ay = As.
This means that when A € B(B) is real, then A eid = id if and only if id ¢ A = id, and,
analogously, A eid = 0 if and only ifide A = 0.
Proof. As A, As, Ag are all real, we get the following equivalences by using Lemma A.118(i),
A e Ay :A3 <~ Alr.AQr :Agr & Ar e A :Ag.
|

Corollary A.121. Given Ay, Ay € B(B) and an algebra homomorphism f: B — Ba, we get
(fALS") o (fA2f") = f(A1 e A2) f*.

Proof. Immediate from Lemma A.111. [ |
Corollary A.122. Given Ay, Ay € B(B1, Bs), we get
symm(A; e Ay) = symm(Ay) e symm(Ay).

Proof. Use Proposition A.92 and Lemma A.118. |
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A.XI Automorphisms on B

A.XI.1 Automorphisms on M,,. Here we show that any algebra automorphism on M, is
inner (i.e., given by z +— yazy~! for some invertible y € M,,) — see Proposition A.124. We then
show that any star-algebra automorphism on M,, is unitarily inner (i.e., given by « — UaU*
for some unitary matrix U € Uy).

Notation.
e GL,: general linear group of degree n (i.e., the set of invertible n x n matrices)
e U,: unitary group of degree n (i.e., the set of n X n unitary matrices)

e SU,: special unitary group of degree n (i.e., the set of unitary n x n matrices with
determinant one)

So SU, C U, C GL,.

Definition A.123. An automorphism f on X is said to be inner if it is given by conju-
gation, i.e., f: x — yxy~' for some invertible y € X.

Recall the identification M, : L(H) = M, given by an orthonormal basis u of Hilbert space
H, where M, (2);; = (u;|z(u;)) for any € L(H) and 4, j € [n]. (See Definition A.28.)

Theorem A.124. Any algebra automorphism f: M, = M, is inner.

Proof. Let f: M,, =2, M, be an algebra automorphism. We want to show that there exists a
matrix y € M, such that f(z) = yzy~! for any x € M,,. It suffices to show that there exists
a linear isomorphism y € £(C") such that f(x)M.(y) = M.(y)z for all x € M,,, where e is
the standard orthonormal basis (e;) of C™.

Assume 0 < n, otherwise this is trivial. So we know there exists non-zero vectors in C™. Let
0 # x,¢ € C". This implies x¢* # 0 (since x,¢ # 0 implies x;,¢; # 0 for some i, j, which
then implies (x(*)i; = xi(j # 0).

Now let 0 # & € C™ such that f(x(*)¢ # 0 (this exists since f(x(*) # 0 because f is an
isomorphism - and so is injective).

Now we define our linear map T € L(C") by z — f(x(*)E.

This is clearly a well-defined linear map: for any u,v € C" and «, 8 € C, we have,

T(au+ Bv) = f((au + Bu)(*)E = flaud” + Bu¢™)E
= af(u(*)E + B ()€ = aT(u) + BT(v).

Note that for any x € C", we get M (T)z = M- (M.(T))(z) = T(z) using Corollary A.31.

It remains to show: (i) this linear map is an isomorphism and; (ii) for any = € M,, we have
f@)M(T) = M (T)x. We begin with the latter.

(ii) For any a € M,, and x € C", we compute,
Me(T)a)x = T(ax) = f(ax()§ = fa(xC"))§ = fa)f(2¢)E
= f(a)T(z) = (f(a)M.(T))x
Thus, for any a € M,,, we have M. (T)a = f(a)M.(T).

(i) To show that T is an isomorphism, it suffices to show that it is surjective. So we need
to show that for any = € C™ we have z € im T (i.e., there exists some v € C" such that
x =T(v)).

Let x € C™.
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We know T'(x) = f(x¢*)€ # 0. This means that there exists some k € [n] such that
T(x)r # 0 (so T'(x)r € C is invertible). Then we can let d € C™ be the vector given by

4= TO7t ifi=k,
( 0 otherwise

(i.e., has the inverse of T'(x) at k and 0 elsewhere). Then we clearly have (d|T(x)) = 1.

Because f is an isomorphism, we know its surjective, and so there exists a matrix b € M,
such that f(b) = xd*.

And so we get f(b)T(x) = zd*T(x) = z{d|T(x)) = .

It now remains to show that we have = T'(by), which can be seen from the following
computation,

)
= (M(T)b)x by (ii) above
= M.(T)(bx) = T(bx)-

Thus z € imT. And so T is surjective (which then implies T' is bijective - and so it is
an isomorphism).

Thus, our algebraic automorphism f is inner. [ |

Remark A.125. The above is a purely linear algebraic proof of a specialized version of the
Skolem-Noether theorem [19] which shows that for algebra homomorphisms f and g from a
simple algebra B to a finite-dimensional simple and central algebra A, we get that they differ
by a unit, i.e., g(z) = uf(x)u~! for some invertible element u € A. O

Lemma A.126. Given a Hilbert space H, we have B(H) = {aid : o € C}.
In other words, x € B(H) commutes with all operators y € B(H) if and only if x = aid for
some a € C.

Proof. Let x € B(H). Obviously, if x = aid for some a € C, then it commutes with every
other operator. Now suppose x commutes with every operator in B(#). So this means
laXz*(b)| = |a)blx = z|a)b| = |z(a)Xb| for all a,b € H. Suppose there exists some non-zero
a € H, otherwise this is trivial. Then, for any b € H, we have

o(b) = HZ:Q“’)) - ”:”2 2(8))al(a) = ”a1|2b><x*<a>|<a> _ “H(””b
Thus z = aid where o = (z*(a)|a)/ ||a||*. [ |

From an analogue of the above lemma, we can say that the center of M,, is exactly Span(1).

Remark A.127. A more general statement of the above lemma is that the center of the set
of continuous linear operators on a topological vector space E with separating functional is
trivial. The proof follows the fact that it has a separating functional (i.e., for 0 # x € E, there
exists a functional f such that f(z) # 0). Any normed space has a separating functional by
the Hahn-Banach theorem. O

Proposition A.128. Any *-automorphism on M, is given by y — xyx™ for some x € U,,.

Proof. We know any algebra automorphism on M, is inner by Theorem A.124. Let f be a
*~automorphism on M,,. Then as we know any *-automorphism is an algebra automorphism,
we get f is given by y — zyxz ! for some z € GL,. Then for any y € M,,, we get the following
equivalences,

*

f) =) eayal = (@yr™) = (@) 'yt & (@2)y" =y (a").
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Then by an analogue of Lemma A.126, we have that there exists a scalar a € C such that
z*z = al. We have z*z is positive semi-definite (since for any vector a € C", we get
a*r*wa = (za)“wa > 0). And as x is invertible we get x* is invertible, and so x*z is invertible.
So then by Lemma A.47 we get x*x is positive definite, and so 0 < «. This means we have
1 = aY(z*z) = («=Y22) (= /2z), which means a~'/2z is unitary. Thus f is given by
Yy ayr = (a’1/2x)y(a*1/2x)_1 for a=/2z € U,,. [ ]

Remark A.129. An analogous proof to the above can show an analogue to the Skolem-Noether
for *-homomorphisms f and g (where f is surjective) from a simple *-algebra B to a simple
finite-dimensional ordered and central *-algebra A, i.e., they differ by a unitary element u
such that g(z) = uf(z)u*. O

A.XI.2 Automorphisms on B. Now for B = @, M,,, (*-)algebra automorphisms f on
B are not always (unitarily) inner. In particular, if any two of the block matrices in the
multi-matrix have equal dimension, then it would not necessarily be inner. For example, an
algebra automorphism on M,, ® M,, given by x & y — y @ x is not inner. In this section, we
see that any (*-)algebra automorphism on B = @, M,,, will either be (unitarily) inner or a
product of an (unitarily) inner automorphism with a permutation on B.

Lemma A.130. An (*-)algebra automorphism f on B is (unitarily) inner if and only if there
ezists (*-)algebra automorphisms f; on M, for each i such that f = €D, fi.

Proof. If f is inner, then there is some invertible element U € B such that f is given by
z — UzU™'. So, for any z € B, we get f(z) = @, Uixl-Ui_l. This clearly means it is
decomposable into a direct sum of inner automorphisms.

On the other hand, when we have f = €, f; for each f; being an automorphism on M,,,
then we can use Theorem A.124 to get that these are inner, and so obviously f is then also
inner. |

Lemma A.131. Given an algebra automorphism f on B, we have f(Z(B)) = Z(B), where
Z(B) is the center of B.

Proof. Let x € B. Then we have the following equivalences.

x€Z(B)&VyeB:zy=yx
SVyeB: ey = (ya)
SVyeB: fTHa)fTHy) =y f (@)
& fH(x) € Z(B)
& e f(U(B)).

Lemma A.132. Z(B) = {x € B : Vi : z; € Span(1)}.

In other words, if we let E; € B be the inclusion of the identities in each summand, i.e.,
E; = 1;(1) so that we have (E;); = §; ;1 € M,;, then the center of B is exactly the span of
the inclusions E;’s.

Proof. Follows from the center of each M, being equal to Span(1l) (which follows from an
analogue of Lemma A.126). |

Recall that for « € N, we write [z] to mean {1,...,z}.
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Notation. We permute the matrix blocks of the same size so that they are grouped together.
More specifically, let B = @le B;, where each B; = 69221 M,,,, such that if n; = n;, then

i =j. So, for z € B, we write z = Z” titj(x;,5), where each z; ; € My, .

As we have n; = n; only when i = j, we get that there exists a linear isomorphism M,,, = M,
if and only if 7 = j.

Similarly, there exists an algebra isomorphism B; = B; if and only if ¢ = j (otherwise, if i # j,
then there would exist an algebra isomorphism M,,, = M,,;, which would then imply ¢ = j by
the previous argument). This then means that for an algebra automorphism f: B = B, there
exists algebra automorphisms f;: B; = B; such that f = &, f;.

Lemma A.133. Given an algebra automorphism f in B = @, B,, there exists an inner
algebra automorphism g: B — B and an outer automorphism h: B — B such that f = gh,
if and only if, for each i, there exists a permutation hi: [t;] — [t;] such that f(ie5(1)) =
’/ibhi(j)(l)-

Notation: given a permutation o: [t;] — [t;], the induced automorphism h: B; — B; will be
given by h(v;(x)) = to(jy(x) for x € My,.

Proof. Using the above argument, it suffices to show that for an algebra automorphism
f: By — B, for any a € [k], we get that there exists an inner automorphism ¢: B, — B, and
a permutation h in B, such that f = gh if and only if f(;(1)) = ;) (1) for some permutation
hin [te].

(=) Suppose there exists an inner automorphism ¢ and a permutation h such that f = gh.
Then by Lemma A.130, we get that there exists automorphisms g; in M,,, such that
g= @j g;. And so we compute,

f(i(1) = gh(t;(1)) = g(engi(1))
= th(5)(9n() (1)) = tni) (1)

(<) Suppose f(¢j(1)) = tp(;(1) for some permutation h in [t,]. Then for any x € B,, we

compute,
f(x):ZfL] ;) Zf‘] )e5(5))
= Zf 1 (1) f (e xj))
= ZLh f((;))
- Zah ( (152l
> i) oPa © f ot op; | (@),
J
Let each gj = pjo fotp-1¢5. And let g = Z tj 0 g; opj, so that we have got; = ¢;0g;.

Then let h =3, tn(j) opj Then we have,

F=> @ opngoforiop
7

= Z Lh(5) © 9n(5) © Pj

=99 i) °Ps
j
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=goh.

Theorem A.134. Given an algebra automorphism f: B = B where B = @le B; and each
B, = 695:1 M, there exists an inner automorphism g in B and permutation h = @, h; in
B, where each h; is a permutation in B;, such that f = gh.

Proof. Tt suffices to show that, given an algebra automorphism f in B, there exists an inner
automorphism ¢ in B, and a permutation h in B, such that f = gh.

For each i € [t,], let E; € B, such that (E;); = d; ;1 € M, . In other words, each E; = ¢;(1).
It is clear that we have E;E; = §; ; ;.

Using Lemma A.133, it suffices to show that there exists a permutation h on [t,] such that
each f(E;) = Epg)-

As each F; € Z(B,) (Lemma A.132), we also get each f(E;)
So then, for each i € [t,], we let a; € Cte such that f(E;) =

€ Z(B,) (using Lemma A.131).
> (i) Ej.

We also clearly have ) . E; = 1, and so we compute,

1=f1)=7f (Z E> = Zf(Ei) = (), E;

2]
which is equivalent to saying >, (a;); = 1 for all j € [t,].
Now for any p, ¢ € [f] such that p # q, we get

0=f(ByBy) = [(B)f(Bg) = opirg ; BiE; =Y v icrg i B,
— .

which is equivalent to saying oy, jaq ; = 0 for all j € [t,].
As each E; # 0, we have that for any ¢ € [t,], there exists j € [t,] such that «; ; # 0.

If we take A to be the matrix given by A;; = oy, then it suffices to show if «; ; # 0, then
a;; = 1 and it would be the only non-zero value in its row and column. This is because this
would mean that f(E;) = Ej(; for some permutation h.

Suppose «; ; # 0 for some 4, j (we know that this exists as each E; # 0). Then the condition
ap jag j = 0 for all p # 4, implies that we have o; ; being the only non-zero value in its column.
And the condition )y ; =1 implies a; ; = 1.

All we now need to show is that it is the only non-zero value in its row. As for each row p # i
we have at least one non-zero value, then we know it cannot be in column j (as o, ; = 0). So
this means «, 4 # 0 for ¢ # j, and so ay 4 = 0 for all & # p, which means «; , = 0 for all
q # j, i.e., a;; is the only non-zero value. ]

Lemma A.135. Given an inner automorphism f on B, we get
ff=rmul(Q Y o (f71) ormul(Q).

In other words, we get f*(z) = f~(Qz*)" Q=" for any = € B.
Moreover, when f is a *-automorphism on B, we get f*(z) = f~1(zQ)Q~" for all z € B.

Proof. Let U € B be the invertible element such that f is given by x + UxzU~!. Then, for
any z,y € B, we compute,

(f*(@)ly) = (2] f(y)) = Te(Qz"UyU™") = Te(QQ™'U™'Qz"Uy)
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= T(QQ™ (@ )y) = () @Q)Q|y)-

Thus f* is given by z +— (f~1)" (zQ)Q~".
If f is a *-automorphism, then (f~1)" = f~', and so the result then follows. |

Corollary A.136. More generally, given an algebra automorphism f = gh on B, where g is
an inner algebra automorphism on B and h is a permutation on the direct summands of equal
sizes, we get

f*=hr"tormul(Q Yo (g7 ormul(Q).

In other words, we get f*(z) = h=' (g~ (Qz*)" Q") for any = € B.
Moreover, when f is a *-automorphism on B, then we get f*(z) = f~1(xQ)h=1(Q ™) for all
r € B.

Proof. Let o be the permutation on [&] such that, for each i, h(u;(2;)) = to@)(w;) and
R (i) = to—13)(xi). Equally, we have b~ (1) (24(1))) = ti(2o(;)) for each i. So then,
for any z,y € B, we compute,

(h*@)ly) = (@lh)) = Y (@ltow @) = D (ot |vi)

7

- Z<Li<xa<i>>\y> - Z(h_l(bo(i)(%u))ﬂy) = (W (@)]y)-

Thus h* = h~1. The result then follows from Lemma A.135. [ |

The following result tells us when a *

I (@) = [l=]| for all € B).

-algebra automorphism f in B is an isometry (i.e.,

Lemma A.137. Given a *-algebra automorphism f in B, the following are equivalent,

(1) f(Q) =@,
(ii) f*=f~1,
(iii) Yo f =1,

(w) Vo,y € B: (f(@)|f(y)) = (zly),
(v) Ve € B |f(@)]l = [l=].

Moreover, by letting f = gh for some inner g and permutation h on the direct summands
(Theorem A.134), then we also have equivalency with,

(vi) 9(Q) = Q.

Proof.

(i) & (i#i) First note that we get f is trace-preserving, since f = gh for some inner g and per-
mutation h on the direct summands (Theorem A.134), and clearly h is trace-preserving,
and g is also clearly trace-preserving as g: x — UxU™* for some unitary U € B. Note
that the trace here, is the usual trace on B = P, My,, i.e., Tr(z) = 3, , xi,u (sum of
the diagonals in each matrix block) for all x.

(=) Suppose f(Q) = Q. Then we also have f~1(Q) = Q. And so

U(f(2) = Tr(Qf (x)) = Te(f1(Q)z) = Tr(Qz) = Y(),

for any x € B.
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(<) Suppose 1 o f =1). Then for any = € B, we have

P(x) = (f(2)) = Te(Qf () = Tr(f~HQf(2))) = Tr(f~H(Q)a).
And so f~1(Q) = Q by uniqueness of Q (see Lemma A.38).
(iii) < (iv) For any x,y € B, we have (f(z)|f(y)) = ¥(f(2)" f(y)) = ¢ o f(z*y).

(=) Suppose ¢ o f = . Then (f(x)[f(y)) = ¢ o f(z"y) = (z"y) = (zly) for any
z,y € B.

(«) Suppose Yo f(z*y) = (f(2)|f(y)) = (z]y) = ¥ (2z*y) for any z,y € B. Then for any
x € B, we have ¢ o f(z) = ¢ o f(1*z) = (1*x) = ¢(x).

(iv) & (i1)
Va,y € B: (f(2)|f(y)) = (zly) & Va,y € B: (f"f(@)ly) = (z|y)
sVeeB: f*fz)==x
& ff=ide ff=f L
(v) & (i) We have the following equivalences,

Ve e B:||f(z)]| = |zl & Ve e B: ((f*f —id)(z)|z) =0

e fff=
o fr=f5
(ii) < (vi)
ff=fteveeB: f12Qh Q") =Ff 1) by A.136

sV eB: f12Q) = f(=x)h 1 (Q)
< Ve € B:zQ =129(Q)
& Q=y9(Q)

|
Remark A.138. Saying f: B — B is both a *-algebra and a co-algebra automorphism is

equivalent to saying f is an isometric *-algebra automorphism. O

Corollary A.139. For a *-algebra automorphism f = gh in B, for some inner automorphism
g in B and permutation h on the direct summands, then when f is an isometry, we get

Q) = Q.

Proof. Using Lemma A.137, we get f(Q) = Q and ¢g(Q) = Q. So then it is clear that we also
get h(Q) = Q. m

Corollary A.140. Given a *-algebra automorphism f = gh in B, where g: x — UxU* for
some unitary U € B, then f is an isometry if and only if UQ = QU .

Proof. By Lemma A.137, we get f is an isometry if and only if ¢(@Q) = @, which is true if and
only if UQ = UQ. |

Corollary A.141. Given an isometric *-algebra automorphism f = gh in B, such that g is
giwen by x — UzU* for some unitary U € B, we have,

(1) mo(f®@[f)=fom,
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(i) (f®@f)om™ =m"of,

(i) fon=mn,
(i) n* o f =n*,
(v) UQ =QU.

Proof. As f is an isometry, Lemma A.137 tells us that we get 1) o f = 1, which is exactly part
(iv). Part (v) is given by Lemma A.140, and the rest is given by Lemma A.14. [ |

Proposition A.142. Given C*-algebras X1, Xa2, X3, Xy, then for a linear map A: Xo — X3,
a surjective *-homomorphism f: X1 — Xso, and an injective *-homomorphism g: X3 — Xy,
we get A is real if and only if gAf is real.

Proof. As f and g are both *-homomorphisms, we get f* = f and g" = g. So then we have
the following equivalences,

gAf is real & (gAf)" = gAf by Lemma A.83
& g A ff =gAf
& gA'f = gAf
S A'=A & Aisreal by Lemma A.83.

Note that, in the fourth equivalence, we used the fact that g is injective and f is surjective. W
Using the above, we get that for a *-isomorphism f: X; & X5 and a linear operator A € B(X5),
we get A is real if and only if f~1Af is.

Remark A.143. Given a unitary = € B, if f, is the automorphism on B given by y — xyz*,
then for U,V € B, we have fy = fy if and only if zU*V = U*Vx for all x € B, and this is
true if and only if U*V = al for some o € C (see Lemma A.126), which means V = gU for
some [ € C. O

Lemma A.144. Given a unitary U € B, let fy be the inner *-automorphism on B, given by
x +— UzU*. Then we have Mc(fv) = @, U; ® 0_1,2(U;), where e is the orthonormal basis

(Ls(el-st_lm))syij of B from Proposition A.60.
Proof. Using Lemma A.115(viii),(ix) we get

M.(fv) = M(Imul(U) rmul(U*)) = M, (Imul(U)) M. (rmul(U*))
_ <EB U; ® 1i> (@ L® 01/2(U£")T>
— @U ® 01/2(Ui*);
- é Ui ® 0_1/5(U;).
Z m

Using the above lemma, we get the matrix of its inverse is M. (fu-) = @, U] ® 0_1,2(U}),
and the matrix of its adjoint is M. (f5) = Mc(fv)" = @, Uf @ 01,2(U;).

Remark A.145. When our linear functional ¢ is tracial (so Q = «l for some 0 < «), then

M.(fv) = @, U; ® U; for some unitary U € B, where e is the same orthonormal basis of B

as above, i.e., (Ls(eist_l/Q))s,ij from Proposition A.60. O
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Corollary A.146. Let f be an algebra isomorphism between algebras Ay and As, and let
r € Ay. Then

Spectrum(f(z)) = Spectrum(z).
Proof. Let A € C. Then we have the following equivalences,

A € Spectrum(f(x)) & Al — f(x) is not invertible
< Af(1) — f(x) is not invertible
< f(ALl — z) is not invertible
& Al — x is not invertible
& A € Spectrum(z).

A.XII Projections

In this section, we go over some well-known results on idempotents and projections.

We assume that scalar multiplication by the natural numbers is always injective here.

A.XII.1 Idempotents.

Lemma A.147. Given idempotent elements p and q in a ring R, we have p+ q is idempotent
if and only if they anti-commute (i.e., pq+ qp =0).

Proof. (p+q)(p+q) = p+qif and only if p+pg+qp+q = p+qif and only if pg+qp =0. B

Lemma A.148. If idempotent a and element b in a ring R anti-commute, then ab = 0,
which implies they commute. So anti-commutativity implies commutativity when one of them
18 idempotent.

Proof. Suppose ab+ ba = 0. Then 0 = a(ab + ba)a = aba + aba = 2aba which means aba = 0.
And so 0 = a(ab + ba) = ab + aba = ab. And since they anti-commute, ba is also equal to 0.
Thus ab = ba. ]

Lemma A.149. For an element a in a ring R, we get 1 — a is idempotent if and only if a is.

Proof. If a is idempotent, then (1 —a)(1—a) = 1—2a+a? = 1—2a+a = 1 —a, which means
1 — a is idempotent.

If, on the other hand, 1 — a is idempotent, then we already know 1 — (1 — a) is idempotent by
the above. And, of course, 1 — (1 — a) = a, so we are done. [ ]

Lemma A.150. Given idempotent elements p and q in a ring R where scalar multiplication
by the natural numbers is injective, then
pq=p=qp & q— p is idempotent.

Proof.
(=) Suppose pg = p = gp. Then we have

(¢—p)*=q¢*—pq—qp+p*

=q—pq—qp+gq since p, q are idempotent
=q—p—p+p by hypothesis, pg = p = gp
=4q—Dp-

Thus p — ¢ is idempotent.
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(<) Suppose g — p is idempotent. We want to show pg = p = gp. Now ¢ — p is idempotent
means that we have ¢ —p = (¢ —p)? = ¢®> — qp — pq + p*> = ¢ — qp — pq + p and so

p+p=qp+py. ()
We also have

q(p+p)=4qlgp+pq) and (p+p)g=(ep+pq)q
< gqp+gqp=qp+qpq and  pg+pq = qpq + pq
< qp=apq and  pg = qpq.
Hence gp = pq. And so it suffices to show pg = p. From Equation (*) we get 2p = 2pg.
And so the result then follows.

Let E be a vector space for the remainder of this section. Let U,V be subspaces of E such
that E = U @ V. We say p € L(E) is a projection onto U along its complement V if for all
z=u+v e U@V, we have p(z) = u. This means U = imp and V' = ker p. We usually write
pu,v to mean the projection onto U along its complement V. So if we have two subspaces
U,V of E and write py,y, then it is assumed that we have £ = U @ V. It is clear that we get
pu,v +pyvu = id.

Lemma A.151. Given an idempotent operator p € L(E), i.e., p*> = p and x € E, we have

r €imp & p(z) ==.

Proof.

(=) Suppose z € imp. Then we have that there exists some y € E such that p(y) = x. And
so since p? = p, we clearly get pr = p(p(y)) = p(y) = .

(<) Suppose p(x) = x. Then obviously = = p(z) € im p.

Lemma A.152. Given T € L(E), we have,

T°=T & pimTker =T.
In other words, T is idempotent if and only if T is the projection onto its image along its
kernel.

Proof.

(=) Suppose T? =T.
Claim: imT NkerT = {0}.

We already know {0} C imT NkerT. So suppose € imT and z € kerT.
Then there exists some y € E such that T(y) = « and T(xz) = 0. So then
r=T(y) =T(T(y)) =T(x) =0. And so imT NkerT = {0}.

Claim: imT + kerT = E.

We need to show that any element in F can be written as an element of
imT + kerT. Let x € E. Then « — T(x) € ker T since

T(x—T(x)=T(x) —T(T(x)) =T(z) —T(x) =0.
And sowe get t =T(x) + (¢ — T(x)) € imT + ker T, as T'(x) € imT.
Thus im7T @ kerT' = E by definition. So we can talk about the projection pim 7 ker7-
We now only need to show pim 7 xerr = 1. Let & € E, then there exists some y € imT
and z € kerT such that x = y + z. Then pimrker 7(Z) = PimTxer (Y + 2) = y and

T(x)=T(y+z2)=T(y)+T(2) =y by Lemma A.151 and T'(z) = 0 since z € ker T. So
we are done.
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(<) Let pimTxerr = T (and so by definition we have E = imT @ kerT'). Then for any
x € E, there exists some y € imT and z € kerT such that + = y + z. And so

piQmT,kerT(m) = pimT,kerT(y) =Yy= pimT,kerT(x)-

|
Lemma A.153. If p,q € L(E) such that q is idempotent, then
gp=p < imp C img.
Proof. Suppose p,q € L(E) are idempotent. Then
Vo € E: q(p(z)) = p(x) & p(x) € imgq by Lemma A.151.
And so the result then follows. ]

Lemma A.154. Given an idempotent operator T € L(E), we have ker(T) = im(id — T)).

Proof. Using Lemma A.152, we have im(id — T') = im(id — pim 7 ker 7) = IM Pker 7,im 7 = ker T'.
[ ]

Lemma A.155. Given p,q € L(E) such that q is idempotent, then pq = p if and only if
ker ¢ C ker p.

Proof. Using Lemma A.154, it suffices to show im(id — ¢) C kerp. It is clear that this is true
if and only if p(id — ¢) = 0. And so we are done. |

Lemma A.156. Let p,q € L(F) such that p is idempotent. Then pgp = qp if and only if im p
is invariant under q.

Proof. We have the following equivalences,

pqp = qp < im(gp) C imp by A.153
& g(imp) C imp

& imp is invariant under q.

Lemma A.157. Let p,q € L(E) such that p is idempotent. Then pgp = pq if and only if
ker p is tnvariant under q.

Proof. Analogously to Lemma A.156, pgp = pq if and only if kerp C ker pq using Lemma
A.155, which is true if and only if g(kerp) C kerp, in other words, ker p is invariant under

q. |

Corollary A.158. Let p,q € L(FE) such that p is idempotent. Then pq = qp if and only if
both imp and ker p are invariant under q.

Proof. This should be clear using both Lemmas A.156 and A.157. ]

Proposition A.159. Two idempotent operators S and T on a vector space E are equal if
and only if their images and kernels are equal, i.e., im S =imT and ker S = ker T'.
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Proof. Suppose im S = im7T and ker S = kerT. And let z € E. We use Lemma A.152
to get S is the projection onto its image along its kernel, i.e., S = Pim S ker 5, Which means
E=imS®kerS.

So then let y € im S and z € ker S such that x = y+z. Then S(z) = S(y+2) = S(y)+S5(z) =y
using Lemma A.151 and the fact z € ker S. And as im S = im T and ker S = ker T', we also
get T(z) =T(y+2) =T(y) + T(2) =y. Thus S(z) = T'(x) for all x. ]

Now the following result is made easy by the above lemmas. Recall that the commutant of
M C B(H) is defined by M' = {y € B(H) : 2y = yz,Vax € M} and the bicommutant is defined
by M"” = (M')". Then we say a von Neumann algebra is a unital *-subalgebra M C B(H)
such that M = M".

Proposition A.160 ([4, Lemma 5.10]). Let M C B(H) be a von Neumann algebra and
e € B(H) be idempotent. Then e € M if and only if both ime and kere are M'-invariant
subspaces.

Proof. This follows from Lemma A.158. ]

A.XII.2 Projections.
I Definition A.161. A projection is a self-adjoint idempotent.

Lemma A.162. Give projections e and f, we have e+ f is a projection if and only if ef = 0.

Proof. Using Lemma A.147, we know e + f is idempotent if and only if they anti-commute.
And, of course, e + f is self-adjoint since e and f are. So it suffices to show that elements e
and f anti-commute if and only if ef = 0. If ef = 0, then fe = 0 using adjoints, and so they
anti-commute. If, on the other hand, e and f anti-commute, then using Lemma A.148, we
know ef = 0. |

Lemma A.163. Given projections e and f, we have f —e is a projection if and only ifef = e
(or, equivalently, if and only if fe =e).

Proof. Left as an exercise to the reader. Hint: use Lemma A.150. |
Lemma A.164. Given a continuous linear map T € B(H), we get (im T)*+ = ker T*.

Proof. Let x € H. Then,

re€kerT" & T*(z) =0
&y, T (@)
& vy, (T(y)lz) =
< VaeimT, (alz)y =0

=0
0

Src(imT)*h.
]

Lemma A.165. Projection operators e and f on a Hilbert space are equal if and only if their
image s, i.e., e = f if and only if ime = im f.

Proof. Using Lemma A.159, we know e = f if and only if their image and kernel are equal.
And using Lemma A.164, we know ker e = kere* = (ime)* and similarly ker f = (im f)*. So
then this is equivalent to only their images being equal. Thus we are done. |
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Proposition A.166. Let M C B(H) be a von Neumann algebra and e € B(H) be a projection.
Then e € M if and only if ime is a M'-invariant subspace.

Proof. This is left as an exercise to the reader. Hint: use Proposition A.160 and the fact that
a von Nuemann algebra is a *-subalgebra. |

Lemma A.167. Let T € B(E). Then TT* = T*T if and only if | T*(z)|| = ||T(x)|| for all
zecE.

Proof. We quickly compute,

TT* = T*T & Vz € B, (z|TT*(z)) = (z|T*T())
& Vo, (I (2)|T"(z)) = (T'(2)|T'(z))
&V, |[T(2)|| = |T()]-

Corollary A.168. Let T € B(E) be normal (i.e., TT* = T*T). Then (imT)" = kerT.

Proof. Tt suffices to show ker T* = ker T' using Lemma A.164. Let x € E. By Lemma A.167,
we know ||T*(x)|| = ||T'(x)||. So then we compute,
ze€kerT" & T (x)=0
& [T*(2)| =0 < || T(z)] =0
S T(x)=0sz€kerT.

Proposition A.169. Let e € B(E) be idempotent. Then the following are equivalent,
(i) (ime)* = kere,
(ii) e is normal,

(iii) e is self-adjoint,

(iv) 0 <e.

Proof. We already know (iv) = (4ii) = (i4). And (i7) = (i) from Corollary A.168.

(1) = (i) Suppose (im )t =kere. Let z,y € E. We want to show (xle(y)) = (e(x)|y). Let
z=a+band y = ¢+ d such that a,c € ime and b,d € kere (since e is idempotent,
see Proposition A.152). Using Lemma A.151, we have e(a) = a and e(c¢) = ¢. Then
(zle(y)) = {a+ble(c+ d)) = (ale) + (b|c) = (a|c), where the last equality follows from
our hypothesis (i.e., (ime)™ = kere). Similarly, (e(x)|y) = (alc) + (a|d) = (a|c). Thus
(e(x)|y) = (x|e(y)), as desired.

(#4) = (4#i7) Suppose e is normal. Then it suffices to show that e = e*e (since e*e is self-
adjoint). Then note that we also get id — e is normal. So then we have the following
equivalences,

e=e'ee VvV, |(e —e'e)(x)]| =0
& Vr,||(id —e)"e(z)|| = 0
& Va, [|(id - e)e(z)]| = 0 by A.167
& (id—ee=0sc*=ec.

And this is true as e is idempotent. Thus e = e*e, and so e is self-adjoint.
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(iii) = (iv) Suppose e is self-adjoint, so then e? = e* = e. Then, for any x € E, we get
0 < (e(z)le(z)) = (x]|e*e(x)) = (x|e(x)). Thus e is positive semi-definite.

Now let E be a finite-dimensional C-inner product space. We know for any subspace U C E,
we have the direct sum decomposition £ = U @ U+. We denote our orthogonal projection of
E onto U C E as the operator Py € L(E) given by Py (v) = u where im Py = U is orthogonal
to ker Py = UL, So the orthogonal projection onto U is simply the projection onto U along
its complement U~.

Lemma A.170. Given a subspace U of E, then if (u;) is an orthonormal basis of U, then
Py = 32 ui)uil.

Proof. Let (u;) be an orthonormal basis of U and let p = Y~ |u;)(u;|. Then for any y € E, we
have y = p(y) + (id — p)(y). We compute,

P* =3 sl K| = D sl ui)us] = 3 fuikus] = p.

,J

And so p is a projection. Let € E, then there exists some y € U and z € U' such that
r=y+2z€U@U™"L. Since (u;) is an orthonormal basis of U, we get p(y) = y. So then we
have p(x) =y = Py(x) for any x € E. [ ]

A.XII.3 Projections on B ® B°P.

Definition A.171. Let B°P be the opposite algebra to B, which is the same space as B,
but with B’s reversed product, i.e., a®?b°? = (ba)°® for a°P,b°P € B°P.

So, to be exact, we define op: B = B°? by a +— a°P with inverse a°? > a.
Taking adjoints on B°P is given by opo*oop~!. So this means (z°P)" = (z*)°".
Given an orthonormal basis (f;) of B, we can let our orthonormal basis of B°P
be given by applying our opposite map op to each element in our orthonormal
basis of B, i.e., (f;¥). We can then define the inner product on B°P to be given
by
(@P[6%) o = Tr(Qa"b) = (alb) .
We also define the opposite modular automorphism o on B°P be given by op oo o op~1.
So a;?(x°P) = oy (x)°P.

Remark A.172. A direct corollary to Proposition A.69 is that, for any ¢, s € R and z°P € B°P,

we get oo = 0P, otP(2%)" = 0% ((27)"). and (5P)" = . 0

So then, given an orthonormal basis (f;) of B, we get (f; ® f;) is an orthonormal basis of
B ® B°P. The inner product on B ® B°P is given by

(@ @b°Ple @ dP) pg gor = {alc) g (07PdP) pop = (alc) p(bld) g = (a @ Blc® d) g -

Definition A.173 ([4, Definition 5.2]). We define the tensor swap map < as the self-
invertible and real (i.e., star-preserving) linear automorphism on B ® B°P which is given
by a ® b°P — b ® a°P.

Remark A.174. So ¢ = (op™! ® op)sp, per. O
Lemma A.175. For any =,y € B ® B°P, we get s(xy) = ¢(y)s(x) and s(z*) = ¢(z)".

Proof. Direct computation. |
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Lemma A.176. For any z,y € R, we get ¢ o (0, ® o,P) = (0, ® 03P) 0.
Proof. Let x,y € R and «, 8 € B. Then, we compute,

s(ox @ 0yP)(a @ B7) = s(02(e) ® 0y (8)™) = 0y (B) ® 02 ()™
= (0y ®03")(B® a®P) = (0y @ 03P )s(a ® 5).

Thus ¢(0, ®@ o3P) = (0y @ ogP)s. [ |
Proposition A.177. Given t,s € R, there exists a linear isomorphism B(B,1) = B ® B°P.

Proof. 1t is enough to define our maps on rank-one operators and simple tensors, as we can
simply extend this. We define our linear map W, ,: |a)(b| — o¢(a) @ (o4(b)*)*" and its inverse
linear map \I!t_s1 a®b°P = |o_i(a)o—_s(b*)]|.

We now check that this is a well-defined inverse.

Vs Wes(la)t]) = Ui g (ov(a) @ (05(0))™)
= Ia—t(fft(a))><0—s(0s(b))\
= loo(a)Xoo(b)| = |a)b| by A.69(i).

And, we also compute,

Uy U, (a@b%) = Wy (Joi(a))o—s (b))
=oy(0_¢(a)) @ (s(o_s (b))

=0y0_t(a) ® o_s05(b)" by A.69(ii)
=o0o(a) ® oo(b)* = a @ b°P by A.69(i).
Thus ¥, , is a linear isomorphism. |

Definition A.178 ([4, middle of page 9]). Given ¢,s € R, we define the linear iso-
morphism B(B,v) = B ® B by U, : |a)b| — o¢(a) @ (05(b)*)"" and its inverse by
\Ilt_g1 a®bP i~ |o_¢(a))o_s(b*)|. (See Proposition A.177.)

Lemma A.179. For any s,p,r,t € R, we get (0, @ apP) oW,y = Woyr piy.

Proof. By linearity, it suffices to show this for |a)(b| where a,b € B. So let a,b € B and
compute,
(05 © apP) Ty (|a)b]) = (05 ® 0pP) (0r(a) ® (04(6)")™)
= 0s4r(a) ® 0_pi4(b )P
= Varr,—pre(|a)d])-

by A.69(i),(ii)

Proposition A.180 ([4, Proposition 5.3 & Lemma 5.7]). Let A,T € B(B,v¢) and t,s € R.
Then,
(i) Up(A*) = (015 @ 032 )5 (W s(A)"),
(i) Wy p(symm(A)) = (p55-1 @ 0%, )s(Wrs(A)),
(i1i) Wy s(symm’(A)) = (0445 @ 072, )5 (e 5(A)),
(iv) \I/tS(Ao ) \I’tS(A)\I/tS(T)
(

(v) Wy (A7) = (02t @ 070 5,) ¥y s(A)".
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Proof. Since we can write any linear map A € B(B,v) as Y | )(5;| for some tuples (o), (5;)
in B, it is enough to show that these results are true for A = |a)Xb| and T = |e){d| for
a,b,c,d € B.

(i) We compute,

(015 ® 072 ) (W s(|a)b])") = (o1—s ® 077 )s(0-e(a”) @ 05(b)*")
= (015 ® 072)(05(b) ® 04(a")")

=0y(b) ® o_s(a")*" by A.69(i)
= 0¢(b) @ (05(a)")*" by A.69(ii)
= Uy s(b)Xal)

= Uy s(|a)dl") by A.17(iii).

b
|
Thus W (A*) = (0t—s @ 032, )s (Vs s(A)7).
(ii) We compute,

(Grrem1 0%, )s(Wra(|a)(B])

= (0 (14s) @ Tyy 1) Pe,s(la)d]) by A.176
= (Vs 1-¢(|a)b])) by A.179
=<(0-s(a) ® (01 £(0))

=01-4(0)" ®g_4(a)”

=oy(o- 1(b*)) ® (o5(a*)")" by A.69(i),(ii)
=Wy s(lo—1(b")Xa™|)

= Wy s (symm(|a)bl)) by A.91(i).

Thus ¥ s(symm(A)) = (0t4s-1 @ JiIEHS))g(\I/t’S(A)).

iii) We compute,
(iii)

(O't+5 ® U;)Iitfs)g(\ljt,sﬂaxb'))

= (01-1—5s ® 0} ) Wy s(|a)d]) by A.176
= (W1, —¢([a)0])) by A.179
= <(01-5(a) @ (0-¢(b)")""

=o0_4(b)" ®o1-5(a)?

=01(b") ® (05(0-1(a”))")*P by A.69(i), (i)
=V 5 ([b"Ko-1(a”)])

= Uy (symm'(|a)b])) by A.91(ii).

Therefore, ¥, ¢(symm’(4)) = (o445 @ 072, )s (P s(A)).
(iv) We have

Wr,s(|afb)) We,s(e)d]) = (oe(a) @ (05(5)7)™) (0e(c) @ (05(d)")™)

bl e |c)Xd]|) by A.112.

Thus \Ijtys(A [ T) \I/t S(A)\I]t S(T)
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(v) Finally, we compute,
(02t @ 0725, )(Pes(|a)d]))” = (o2t ® 072 5,)(0¢(a)” @ 05(b)")
= (02t ® 072, ) (0—1(a™) @ 05(b)") by A.69(ii)
=o(a*) @ 0o1_s(b) by A.69(i)
=04(a*) ® (05 (0_1(b*))")”" by A.69(i),(ii)
=V s(la"Xo-1(07)])
— Wy, ([a)bf) by A.87(iv).
Thus \I/t’S(Ar) = (O'gt X 0?825)\1115,5(A)*.
|

Corollary A.181. Let A € B(B,¢) and t,s € R. Then,
(i) A=A & U (A) =c(Vs(A)),
(i) symm(A) = A & U, (A) = ¢(V_s1-4(A)),
(iii) symm'(A) = A & Wy (A) = ¢(V1-5,—4(4)),
(iv) Ao A=A & Ty (A)? =T, ,(A),
(v) Ais real & Uy (A)" =V_;1_4(A).

Proof. These follow directly from Proposition A.180, by combining them with Lemmas A.176

and A.179.

Remark A.182. Using the above Corollary A.181(v), we get A is real if and only if W /5(A)

is self-adjoint. (See [4, Proposition 5.21].)
Lemma A.183. For A € B(B,v), we have

= (id®@op 1)s¥g1(A).

Proof. Tt suffices to show this for A = |z)y| for x,y € B. Let a,b € B and let m*(1)

> o ® f; for tuples (o), (8;) in B. We compute,

{(id@ [2°P)ylym* (1)la © 0%P) = ((id@ [2°PNyl) (e @ Bi)|a @ b°P)

K3

= Z<0¢i ® (y|Bi)z°Pla @ bP)
= (ala)(Bi[y)(z°P[6°P)

(m*(1)]a & y) (@[6)
— (Llag) (=P |5°)

(o1 (y")la) (@™ °P)
= (01 (") ®2Pla ® )
— (s(a ® a1(y)™)]a ® b°P)
= (<Wo, (|2)y])la @ bP).

Thus ¢¥¢ 1(A) = (id®@op)(id ® A)m*(1).
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Proposition A.184. For A € B(B,v), we have
= (id®@op~ )W o(A).

Proof.

{(|l2)yl @ id)m* (Da @ b) = {(|l2)y| ©id)(c © Bi)la @ b)

3

= > {auly) ala) (56

(m*(1)]y @ b)(z|a)
= (Lyb)(z|a) = (y*[b){x|a)
=(zQy*la®b)

((id@op™ ") Woo(|z)yl)|a® b).

Proposition A.185. Given A € B(B,%), we have,

(i) Aeid=Imul (m(id®op~!)¥go(A)),
in other words,

(ii) id @ A = rmul (m(id ® op~!)s(¥g1(A))),

in other words,

Moreover, Aeid equals id (resp., 0) if and only if m(id @ op=1)Wq o(A) equals 1 (resp., 0) and
id ® A equals id (resp., 0) if and only if m(id @ op~1)s(¥o.1(A)) equals 1 (resp., 0).

Proof. Let A =73 |a;)b;| for some tuples (a;), (b;) in B.
(i) We compute,

Aeid =Y |a;)bil eid =Y lmul(a;b) by A.116(i)
- Zlmul (m(id®@op™)(a; ® (b])°F))

= Z Imul (m(id ® Op_l)wo,0(|ai><bi‘))
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= Imul (m(id® op™ ") W0 (A)).
This equals id (resp., 0) if and only if m(id @ op™')¥( ¢(A) equals 1 (resp., 0).
(ii) We compute,

ide A=Y ide a)bi] = Y rmul(o (5)a) by A.116(ii)
= irmul(m(id®0pl_l)(0—1(bf) ® a;’))
- irmul (m(id @ op~Y)s(a; @ o1 (b;) "))
=2 rmul (m(id@op™)Wo,1 (Jai)bil)
- (m(id@op~)sWo,1(A)).

And this equals id (resp., 0) if and only if m(id ® op~!)s(¥o1(A)) equals 1 (resp., 0).

|
Proposition A.186 (]9, Definition 1.2]). For A € B(B, ), we have
m == \11071/2(14).
Proof. We begin with the following claim.
Claim: sp per = (0p @ op~!)c. (1)
(0p ® 0p~1)s(a ® BP) = (op ® op™ 1) (b ® a?) = b @
= XB,Bopr (a (9 bOp).
We then compute,
»xpor g(0p ®id)(0q /2 ® A)m™(1)
:%BDP,B(Opo(Tl/Q®Op71)§¢’0,1(14) by A183
= xpov, g(Op @ Op_1)§q’071/2(A)
= %BOP?B%B’BOP\I]()’l/Q(A) by Claim (1)
=Vg,1/2(A).
|
Proposition A.187 ([9, Equation 1.1]). For A € B(B,%), we have,

A is real@@ @

(id@op™") W o(A") = (id@op~')sWo,1(A) & Vo o(A") =cWg 1 (A)

Proof.
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& ¢Woo(A)" =¥, (A)
& Wo0(A)" = Po1(A)

& A is real.
|
Proposition A.188. Given A € B(B,%) and t,s,a,b € R, then
(00 @ P )W, (A) = Uy (0,AT_y).
Proof. Let A =73 |z;)y;| for some tuples (z;), (y;) in B. Then we compute,
(0a @ ") Wy 5(A) = Z%+t () ® osp(yi)™"
= Z\Ifts |7a(z:)Xo—b(y:)])
= Z Ue,s(0al2i)yilo—s) by A.69(iii)
= \Ilzt,s(oaAa,b).
Thus (04 ® 0,7) Wy s(A) = Uy (0, A0_). [ ]

A.XII.4 B = M,. This subsection contains some computations that will be useful for later
on for when B = M,, in Chapter C.

Lemma A.189. Let e be the orthonormal basis (e;;Q~/?);; on M, (see Proposition A.60).
Then for any x,y € M,, we have

(i) Mc(|2)y]) = o(zQY)o(yQ"?)",
(ii) (ide T, ((id) = ./\/le(|Q_(t+s)_1/2><Qt+s_3/2D for any t,s € R.

Proof. (i) For any 1,7, k, !, we compute,
Me(afpD = (@Y% lapl(en@ /%)

= (en@%){eu@™fr)

= WA (@)y = [0 )o@ )]

)

Thus M. (jz)yl) = o(xQ"/?)o(yQ/?)".
(ii) For any t,s € R, and a, b, ¢, d, we compute,

[(de T )W, (id)]% = Z [(id @T 1), ( %Q_WX@”Q_I/Q D} ai

- ZQ ! z]Qt I/Q)ac (Q_Seist_l/Q)bd

- ZthQt 1/2szst 1/2

cd

—Qabt“)Qf*s = (Q‘“*S))@(Q“S‘l)*]
- M, (‘Q—(t+5)—1/2><Qt+s 3/2 )
ab’

ab
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Where the last equality comes from part (i) above. And so the result then follows.

Proposition A.190. Let f be the orthonormal basis (e;;Q~'/?);; on M, (see Proposition
A.60). Then,

(i) (id®T_1)\PO,1/2(A) =(4A® id)Mf(‘Q_le_lD for any A € B(M,,),
(ii) M;l(id@) T %01 /2(|2)y|) = lmul(z)rmul(y)* for any z,y € M,,
(i4i) \11(11/2(id® TIM ¢ (lz)Xy|) = Imul(zQ)rmul(Qy)”* for any z,y € M,

Proof.
(i)
(d® T )W, /2(A) = Z(id@T_l)‘l’o,1/2(|A(fij)><fij|)
= ZA(fij) ® o12(fij)
= (A®id)(id® T )T s (id)
= (A@id)M(|]Q7'XQ ™) by A.189(ii).
(i)

M (Imul(z)rmul(y) ") = M (Imul(z)) M ¢ (rmul(y))"
=x®01/2(y) by A.115(viii),(ix)
= (id® Til)‘I’o,1/2(\$><y|)~

(ili) We let @ € M,, and compute,
51 o((1d @ T) M (j2)y]))(a)
= > Ms(l2)Xy)i 5 (([de T)(ew @ en))(a)
0,4,k
= > @QY);Q ) ulen Xo-1/2(en)|(a)

64k,

= Z ($Q1/2)ijm<Ql/2€leﬂ/2’a>eik
igel

=y (le/Q)ijMGﬂQ*m’Q1/2a>eik
igel

= Z (2QY?)i; (yQY2)u (Q'2aQ?) jiei

i3kl
= > (@Q"?);;(QaQ) ke
ik

_ Z [IQ1/2Q1/2GQ1/2Q1/2y*Lk ein
ik

= 2QaQy” = lmul(zQ) rmul(Qy*)(a)
= Imul(zQ)rmul(Qy)" (a).
Note that the last equality follows from Lemma A.115(ii), in particular, for any y € M,,,
we get rmul(Qy)* = rmul(o_1(y*Q)) = rmul(Qy*).
|
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A.XIIT Bimodules

Bimodules provide another useful perspective for interpreting quantum graphs, as we will see
in Section B.III.

Given rings A, B, we say A is an (A, B)-bimodule when it is both a left A-module given by
the left scalar multiplication -} and a right B-module given by the right scalar multiplication
v, such that a -} (b-y¢) = (a1b) v cforany b € A, a € A, and ¢ € B (in other words, it is
a vector space equipped with these left and right actions). Given (A, B)-bimodules A, D, we
call a linear map P: A — D an (A, B)-bimodule map if P(a1b-c)=a- P(b) - c, fora € A,
c € B,and b € A.

For the purposes of this essay, we will focus on the bimodules that are inferred from our
C*-algebra B. This algebra naturally gives rise to a (B, B)-bimodule B ® B such that the
left scalar multiplication -1: B x B® B — B® B is given by (a,2 ® y) — ax ® y and the
right scalar multiplication -.: B® B X B — B® B is given by (z ® y,a) — = ® ya. In other
words, a1z = (Imul(e) ®id)(z) and z-; a = (id ® rmul(a))(z). So then (B, B)-bimodule maps
P € B(B ® B) satisty the property P((Imul(z) ® rmul(y))(a)) = (Imul(z) ® rmul(y))P(a).

Given elements in B® B, we can form (B, B)-bimodule maps in B(B ® B) in the obvious way.
In particular, let z,y € B, then (rmul ® lmul)(z ® y) is an (B, B)-bimodule map:

(rmul(z) ® Imul(y))(g1a®b -+ h) = gax @ ybh = g | (ax @ yb) -+ h
=g (rmul(z) ® lmul(y))(a @ ) -, h.

Lemma A.191. Let f € B(B® B) and Py, P, € B(B). Then,
(i) (rmul®lmul)(p)(a®b) =a-1p-b forallp € B® B and a,b € B,
(i1) f is an (B, B)-bimodule map < (rmul®lmul)(f(1)) = f,
(iii) Py(ab) = aPy(b) for all a,b € B < P; = rmul(Pi(1)),
(iv) Pi(ab) = Py(a)b for all a,b € B < P =1lmul(Pi(1)),
(v) Let P,Py # 0. Then P, ® Py is an (B, B)-bimodule map < P; = rmul(Pi(1)) and
Py = lmul(Py(1)).
Proof.
(1) (rmul@lmul)(z@y)(a®b) =ax@yb=a- (xR y) - b.
(ii) By the above, we know (rmul ® Imul)(f(1))(z ® y) =z f(1) vy for all z,y € B.
(=) This is obvious.

(<) Suppose (rmul ® Imul)(f(1)) = f, which is simply = -} f(1) + y = f(xz ® y) for all
z,y € B. Let a,b,c,d € B. Then f(ab® cd) =ab- f(1) ved=a+ f(b®c) - d.
Thus f is an (B, B)-bimodule map.

(iii) If Py(ab) = aPy(b) for all a,b € B, then obviously P; = rmul(P;(1)). So suppose
P; = rmul(P; (1)) and let a,b € B. Then P;(ab) = abPy(1) = aPy(b).

(iv) Analogously to the above, if Pj(ab) = Pi(a)b for all a,b € B, then we obviously get
Py = lmul(P;(1)). So suppose P; = lmul(P;(1)) and let a,b € B. Then Pj(ab) =
Pi(1)ab = Py(a)b.

(v) Suppose Py, Py # 0. If P, = rmul(Py(1)) and P, = lmul(P5(1)), then we immediately get
Py ®P; is an (B, B)-bimodule map. Let a,b € B such that P;(a) # 0 and Py(b) # 0. Now
suppose P ® P; is an (B, B)-bimodule map. Then for all z € B, we get xP; (1) ® P»(b) =
Py (z) ® P2(b) by the hypothesis. And since Pa(b) # 0, we get P (1) = Pi(x) for all
x € B, which is what we needed.
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Similarly, for all x € B, we get Pi(a) ® Py(1)x = Pi(a) ® Pe(x) by the hypothesis. And
since P;(a) # 0, we get Py(1)x = Pa(x) for all € B, which is what we needed.
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B Quantum graphs

In this chapter, we define a quantum graph. There are multiple ways that one can go about
defining a quantum graph, such as via quantum adjacency matrices, projections, bimodule
maps, and via positive maps.

B.I Quantum adjacency matrices

The following definition is a slightly adapted version of [10, Definition 1.4].

Definition B.1 (quantum adjacency matrix). We say an operator A € B(B, ) is a quan-
tum adjacency matriz if it satisfies Schur idempotence (Definition A.105): Ae A = A.

In other words, Schur idempotence is,

We say (B, 1), A) is a quantum graph on B given by the quantum adjacency matrix operator

A € B(B,v).
Furthermore, we say,
e (B,1,A) is real when A is real (also known as star-preserving) (Definition A.82),

Recall A is real if and only if A" = A (Proposition A.83), where A" is given
by @ — A(z*)".

e (B,v,A) is self-adjoint when A is self-adjoint,
o (B,y, A) is symmetric if symm(A) = A (Definition A.90),

Recall the definition of symm:

symm(A) := (id@n*m)(id® A @ id)(m*n @ id) =

Note that symm(A) = A is equivalent to A" = A* (see Proposition A.99).
o (B9, A)is (ir)reflexive if A eid =1id (respectively, if A eid = 0).

O

=1 (resp., = 0).

Remark B.2. We later show that (see Proposition B.39) a reflexive quantum adjacency matrix
corresponds to an irreflexive quantum adjacency matrix. O

Remark B.3. We also know that given a real quantum graph (B,v, A), we get A e id = id
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(resp., Aeid = 0) if and only if id ¢ A = id (resp., id ® A = 0). See Proposition A.120. %

B.II Quantum graphs as projections on B ® B

In this section we see the bijection between real quantum graphs on B and projections on
B ® B°P. We then provide our first formula for a real quantum graph.

Lemma B.4. Given A € B(B,v), we have (B,v, A) is a real quantum graph if and only if
Wo,1/2(A) is a projection.

Proof. Let e = W 1/5(A). We have A is a quantum adjacency matrix if and only if e2=e
by Corollary A.181(iv). We also have A is real if and only if e is self-adjoint by Corollary
A.181(v). So it is clear that by Proposition A.169, we get A is idempotent and real if and
only if e is a projection. |

Let A € B(B, ) be real and Schur idempotent (i.e., Ae A = A), then by Lemma B.4, we have
Wg,1/2(A) is an orthogonal projection element in B ® B°P. Transposing the second tensor and
applying M~ @ M~! we get (M@ M N (Id@ T~ 4/5(A) € @f,j:l B(C" @C") is a
direct sum of orthogonal projection operators. Thus we can choose subspaces U; ; € C" @ C™
for each 4,5 € [k] as the projected subspaces of the orthogonal projection, and we can let
(u;,5,5)s be an orthonormal basis of each U; ;, such that each w; ;s = Zt Tijst @ Yijst €
C™ ® C™ so that we can write

(M @M A T )T /9(A @ZWW, Ui j,s]

= EB D @i s )i g pl @ [i s XWig.o )

5,j S,tp
and so
k dimU;
(id@T_l)\IIO,l/Q Z Z Z 'r’L,JStxZJS,p) ®Lj(yl,j5tyz,] s,p) €B®B.
: s=1 t,p
So then

A= Z \I/() 1/2 ld ®T)(L’i(m’i7j7syt$;j,s,p) ® Ly (yivjvsvty;j7s,p))

%,7,8,t,p

—1 * * T °p
> Vol (Li(wi,j,s,t%j,s,p) ® 1 ((yi,j,s,tym,s,p) )

,5,8,6,p

>,

1,5,8,t,p

LZ(‘T’L Js$ txz 1y p)><U—1/2(L]'(y@ja&tyvij,s,p))"

B.III Quantum graphs as bimodule projections

In this section, we see

Definition B.5 (10, Diagram (1.3)]). Let T be the linear isomorphism from B(B,1) to
B ® B given by

A ([d@ Am*(1) =| | A].

Using Proposition A.183, we get T = (id®op~1)sW¥qq; so T~! = \Ilajg(id@op). So for
z,y € B, we get Y(|z)y|) = o-1(y*) @z and T~ (z @ y) = [y)Xo—1(z")|-
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Lemma B.6. T !m* = rmul.

Proof. Let x,y,z € B, and let m*(x) = >, a; ®p,; for tuples (), (5;) in B. Then we compute,

(T~ (2)(y)]2) = Z(T’l(az ® B)(W)]z) = Y _(1Bifo-1(a)l®)l2)

%

= Z ylo—1(e7))(Bilz) = Z(Oﬂil?fﬂﬁi\@ by A.70(v)
= (m*(2)|ly* @ 2) = (z]y*z) = (yz[2) by A.70(ii)
= (tmul(z)(y)|2).
Thus T o m* = rmul. |

Lemma B.7. Let A € B(B,v). We have

= (rmul ® Imul) Y (A).

In other words, (id@m)(id® A ® id)(m* ® id) = (rmul ® lmul) Y (A).

Proof. 1t suffices to show this for A = |z)Xy| for z,y € B. We compute,

(l[de@m)(id® |z y| @ id)(m* @ id)(a ® b)|c ® d)
=) ((([dem)(id® z)y| @id) (e @ B @ b)|c @ d)

= (e @ (ylB)able ® d) = > (Bily) () (xb|d)

m*(a)|c ® y)(zbld) = (alcy)(xb|d)
ag1(y")|e)(zb|d) = (a0 (y") @ xblc ® d)
(rmul(o_1(y*)) ® lmul(z))(a ® b)|c ® d)
(rmul ® Imul) Y (|z)Xy|)(a ® b)|c @ d).

(
(
(
=

Thus (id®@m)(id® A ®id)(m* @ id) = (rmul ® lmul) Y (A) for any A € B(B, ). ]
Lemma B.8. ((rmul ® Imul)Y(A))(a) = Yo(Ae YT (a)) for all A € B(B,) anda € B® B.

Proof. Tt suffices to show this for when A = |z)y| and ¢ = a ® 8 for z,y,a,08 € B. We
compute,

(rmul @ Imul) Y(|z)(y]) (e @ B) = (rmul(y)” @ Imul(z))(a @ f) = ac_1(y") ©@ 28
=T (|zB)yo-1(a”)]) =T (Jz)y| @ [B)o-1(a")])
=T (Jz)(yl e T (@ ® B)) .

Proposition B.9. There exists a linear isomorphism ® from B(B,v) to (B, B)-bimodule
maps B(B ® B) given by x +— (rmul ® Imul) (Y (x)), with inverse given by x +— YT ~1(z(1)).
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Proof. Let ® = (rmul ® lmul)Y. Then, clearly, ® maps onto the set of (B, B)-bimodule maps
B(B® B). And let ®~1: 2+ T 1(x (1))

This is clearly a right-inverse: let x € B(B ® B) be a (B, B)-bimodule map, and compute,
O (z) = (rmul ® Imul) YY1 (x(1)) = (rmul ® lmul) (z(1)),
and using Lemma A.191(i), we see that this is exactly equal to x.
Now let A € B(B). We then compute,
O 'R(A) =T [T[Ae Y (id)]] = Ae YT '(id) = Ae|1)1] = A.
Thus @ is also a left-inverse, and so is a linear isomorphism. ]
Definition B.10 ([10, Diagram (1.5) - left diagram]). We define ® as the linear isomor-

phism
B(B,y) = {x € B(B® B) : z is a (B, B)-bimodule map},

given by A — (rmul ® lmul)Y(A4) = , and its inverse given by z — Y~1(x(1)). So

for x,y € B, we have ®(|z)(y|) = rmul(y)” ® lmul(x).

Lemma B.11. Let Al,Ag S B(B,w) Then @(Al)* = q)(Alr) and (I)(Al)q)(AQ) = @(Al OAQ).
Moreover, (B, A) is a real quantum graph if and only if ®(A) is a projection.

Proof. It suffices to show these for when A; = |a)b| and A2 = |e)(d| for a,b,c,d € B.
(i)
®(|a)b])" = (rmul(b)” ® lmul(a))* =rmul(o_;(b*))" @ Imul(a*)
= @(ja"Yo—1(07)]) = @(|a)b]")-

O (|a)b))®(|eXd]) = (rmul(b)” @ Imul(a))(rmul(d)” @ lmul(c))
= rmul(d) rmul(b)” ® Imul(a) Imul(c)
= rmul(bd)” ® Imul(ac) = ®(|acXbd|) = ®(|a)b| o |c)Xd|).

So, if A € B(B,) is a real Schur idempotent (i.e., (B, 1, A) is a real quantum graph), then we
get ®(A)" = &(A7) = &(A) and P(A)P(A) = P(Ae A) = (A). And so ®(A) is a projection
using Proposition A.169. ]

In Matsuda [10], the inverse of ® from (B, B)-bimodule maps on B(B ® B) to B(B) is given
by (n* ® id)x(id ®n). Let us call this map w. We let a € B and compute,

@w(P®Q)(a) = (n*®id)(P®Q)(a®1)

= (1" ®id)(P(a) ® Q(1))

= (1[P(a))Q(1)

= [QMXP"(1)](a) = QIY1|P(a).

The map w is clearly a left-inverse of ® as w®(|x)(y|) = Imul(z)|1)1|rmul(y)* = |z)y| for all
x,y € B. So, by the uniqueness of the inverse of ®, we get ®~! = w.
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Proposition B.12. Given A € B(B,v), we get (n* ® id)®(A)(id®@n) = A, in other words,

50 = 4

Proof. Tt suffices to show this for when A = |z)y| for z,y € B. We let a € B and compute,

(n" @ id)@(|z)y|)(id ®@n)(a) = (1" @ id)(rmul(y)” @ Imul(z))(a © 1)
= (n*(rmul(y)*(a)) @ lmul(z)(1))
=n"(ao_1(y"))z
=Py a)z = [z)y[(a).

—~

With strings:

by (unit_id),(co_unit_id).

The above tells us that there is another way (a pictorial way) to define the inverse of ®. This
is the definition that Matsuda [10, Diagram (1.5) - right diagram] chose.

However, if we did not know ® is a linear isomorphism, then how do we go about showing
that w is a right-inverse of ®? We begin with the following lemma.

Lemma B.13. Let P € B(B, ). Then P = rmul(P(1)) if and only if symm(P) = lmul(P(1)).
Proof. The key idea in this proof is that the inverse of symm is symm’.

symm(P) = Imul(P(1)) & P = symm’(Imul(P(1)))
& P =Imul(P(1))""
& P =Imul(P(1)")"
< P =rmul(P(1)).

Now it is easy to show that w is a right-inverse of ®. Let P,Q € B(B,v) such that P ® Q
is an (B, B)-bimodule map. We assume P, are both non-zero, otherwise this is trivial.
Then we get P = rmul(P(1)) and @ = lmul(Q(1)). By the above Lemma, we then get
symm(P) = Imul(P(1)). And so,

d(P Q) = B(QNP (1)) = k(o (1)) ® lnul(Q(1))
=rmul(P" (1)) ® Q = rmul(symm(P)(1)) ® Q
=rmul(P(1))®Q =P Q.
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B.III.1 Another formula for the adjacency matrix. Given a real quantum graph
(B, A), we know ®(A) € B(B® B) is a projection, so then we let U C B® B be the projected
subspace and let (u;); be an orthonormal basis of U.

P(4) = Z\uz'><uz'l-

And so,
A= Z<ui|1>‘bit><gfl(aft)‘7

it

where we let each u; = )", , ait ® by.

B.IV Quantum graphs as positive maps

In this short section, we see how one can also define a quantum graph as a positive linear
operator satisfying Schur idempotence.

Let A be a C*-algebra in this section and ‘H be a Hilbert space.
We denote the orthogonal projection of H onto U C H by Py.
Corollary B.14. For all operators T, S € B(H), if TS =0, then Pyer7S = S.

Proof. Suppose T'S = 0. Then we get im S C ker T = im Py, 7, and so Lemma A.153 tells us
that we get Py 7S = S. [ |

Lemma B.15. A self-adjoint operator x € B(H) can be written as x = x4 — x_ for some

positive semi-definite operators xy,x_ € B(H) such that x4,x_ both commute with x and

ryx_ =xz_xy =0.

Proof. We let v/z2 be the unique positive square-root of 2% (see Lemma A.23). We then let
1 1

Ty = 5(\/:32 +z)and x_ = 5(\/:102 —z). Then we clearly get v =z, —x_.

It is clear that both z; and z_ are self-adjoint. We have both =z, and z_ commute with x

since Vo2 commutes with z. So then we get z,z_ = 0, and so x_zy = 0. And by Corollary
B.14, we get Pierz, T- = T_.

Now 2Piero, V&2 = 2Piers, T4 + 2Piero, &= = 2Piero, #— = 22 = Va2 — x. So then
= (1—=2Prerz, )Va? and 2_ = Piero, V22 And so

T, = %(\/ﬁﬂz) = %(x/?%r (1= 2Piers, )V2?) = (1 = Paara, V22 = Py, - V2

ker x4

As zy and z_ are self-adjoint, we also get v_ = V22 Pyer e, and 2, =V :czp(ker o)t So then
x4 and x_ are products of commuting positive elements, and by Lemma A.26, this means
both x; and x_ are positive. [ |

Now we can state the needed result.

Proposition B.16. Given A € B(H), we get A is real if A is a positive map.

Proof. Suppose A is a positive map.

Claim: if x € M, is self-adjoint, then A"(x) = A(z). (%)
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Using Lemma B.15, we get positive semi-definite operators z,z_ € H such that
x =1z4 —x_. So then we compute,

A'(2) = Ay — ) = Ales)" — Aa_)" = Alay) — Ale).

The last equality follows from A being a positive map, so A(z) is positive semi-
definite.

1 1
Let € H. Then we can write x = a + ib, where a = i(x +z*) and b= 2—(z —z*). Clearly,
i
both a and b are self-adjoint. So then by Claim (*), we get

AT(z) = A'(a) +iA™(b) = A(a) +iA(b) = A(x).
Thus A is real. [

Lemma B.17. Given a real Schur idempotent A € B(B,) (i.e., A is real and Ae A= A),
we get A is a positive map (i.e., 0 < A(x*z) for all x € B).

Proof. First, we have,

mm™ = ®(id) = ¢(id") = (i Zrmul (u;) @ Imul (u;)* Z rmul(u;) @ lmul(w)),

where (u;); is an orthonormal basis of B.

Let x € B. Then using the above, we compute,
A(z*z) = (Ao A)m(z* ® )
= Z m(A® A)(z"u; @ ufx)

= ZA(x*uz)A(u;‘x) = ZA(u:‘x)*A(u:x) > 0.

Thus A is a positive map. |

Theorem B.18 (]9, Proposition 2.23]). Given A € B(B,1) such that Ae A= A, we get A is
real if and only if A is a positive map.

Proof. This is done by combining Lemma B.17 and Proposition B.16. ]
The above result tells us that there is, yet, another equivalent definition for a quantum graph
via positivity.
Theorem B.19. In summary, for A € B(B,v), we have the following are equivalent,

1. Ae A=A and A" = A,

2. Ae A=A and A is a positive map,

3. Wo,1/2(A) is an orthogonal projection element in B ® B°P,

4

. ®(A) = (rmul ® lmul) (id ® op~1)sWq 1 is an orthogonal projection (B, B)-bimodule map
in B(B® B),

5. there exists an orthonormal basis ((w;jp)p)i; of U C @, ;C" @ C" such that

(ideT Hw, 1/2(A @ Z Ui pUip
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6. there exists an orthonormal basis (u;); of U C B ® B such that

®(A) =) Jusui|

i
7. For B = M, there exists an orthonormal basis (u;); of U C M,, such that

A= Z Imul (u; Q)rmul(Qu;) ™.

|
B.V  Number of edges
In this section, we discuss the number of edges and degree of a quantum graph.
Lemma B.20. If A € B(B,v) is real (i.e., star-preserving), then (1|A(1)) € R.
Proof. (1|A(1)) = (A1) = (A(1*)") = ¥(A(1)) = (1|A(1)). Thus (1]A(1)) is real. |

Lemma B.21. If A € B(B, ), then (1|A(1)) = (1|T, s(A)) for any t,s € R.

Proof. Let t,s € R. Let (o), (8i) be tuples in B such that A = 3,|a;)(3;]. Then,
(1AM) = Z<1\ai><ﬁill>
= i<10t(ai)><1lo_s(62‘)>
- i<1at(ai)><1yas(ﬁi)*®> by A.69(ii)
= <11|\I]t,s(A)>'

Note that, in the second equality, we use the fact that the modular automorphism is an algebra
automorphism (so o4(1) = 1) and that it is self-adjoint by Lemma A.69(iii). ]

Lemma B.22. If A € B(B,v), then (1|A(1)) = (1|®(A)(1)).
Proof. Let (), (8;) be tuples in B such that A = )" |a;)8;|. Then,

(A1) = D (Lllei)Bal(1))

?

=) (o) (B:[1)

(3

= > (i) (1]57)

7

— Z(lﬂmul(ai)(l))<1|1"H1Ul(5z')*(1)>

=31 (emul(8;)" @ Imul(a;))(1))

(3

= > (laa)Bi])(1)) = (1]@(A)(1)).

7
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Proposition B.23. Given a real quantum graph (B,i, A), we have 0 < (1]A(1)) < ||1]|*.
This is the Hilbert space norm.

Proof. By Theorem B.18, we know (B, ), A) is real if and only if A is a positive map. So then
0 < A(1) and so we let A(1) = z*x for some x € B. Using the above lemma, we compute,

0

IN

|A(1 )) = (1]2(A4)(1))
|(id® id)(1))
(Y

{
=1
<(1

Definition B.24. [9] A quantum graph (B, 1), A) is said to be d-regular, for d € C, if it
satisfies A(1) = dl = A*(1). Here, d is defined as the degree of (B, 1, A).

Lemma B.25. [9] If (B, A) is a d-regular real quantum graph, then 0 < d < |[1||*. Similarly
to above, this is the Hilbert space norm.

Proof. We can see that we have (1]A(1))/[1]|> = d. And so this follows from the above
proposition. |

B.V.1 Number of edges of real quantum graphs.

For classical graphs: Let G be the classical graph with a vertex set V = {v1,...,v,}
and an edge set £ C V x V. Then the classical adjacency matrix A € M,, of G
is given by A;; = 1 if (v;,v;) € E, and 0 otherwise. The number of classical
edges in G is given by ZZ j A;ij. Identifying the classical adjacency matrix as
M~YA) = >i; Aijlei)es| € B(C™) (so that it is a real quantum adjacency matrix
operator), then the trace of Wg 1/5(M™1(A)) = > Aijei ® 7P is going to be
the number of classical edges.

So then, in the tracial case, it makes sense to talk about the number of edges of real quantum
graphs (B, Tr, A), by letting it be the trace of the orthogonal projection W ;,9(A). (This
corresponds to our definition of the number of edges of a quantum graph, see Proposition
B.28.)

Definition B.26 ([6]). The number of edges of a quantum graph (B,v, A) is given by

{11A(1))-

Corollary B.27. Given any real quantum graph (B,, A), the number of edges of (B,, A)
is 0 if and only if A = 0. Similarly, the number of edges of (B,v,A) is ||1H4 if and only if
A = |1X1]. Again, this is the Hilbert space norm.

Proof. For x,y € B, recall the KMS construction (z|y)xys = <x|o_1/2(y)> from Section
A.VIL And let Axms and Ugvs,t,s be the respective linear map and identification on this
Hilbert space.

As (B, 1, A) is areal quantum graph, we have ¥, (A) is a projection (similarly, ¥xms ¢, (Axms)
is a projection). So then,

(1A(1)) = 0 < (1Axms(1))gms =0
& (1 Wkwms,t,s(Axms)) s = 0 by B.21
< 0 (Trms,ts (Arms) Prus ¢ s (Axus)) =0
< Ukms,t,s(Akms) =0 Agmg =0 A = 0.
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Note that the reason we used the “KMS” construction is because of how we defined things.
With our definition, the counit of A ® A°P is faithful when the inner product is constructed
via KMS.

Now,
(LAL)) = 11" < (1](1X1] = A) (1)) =0
< A= |1)1] by the above.

Note that the second equivalence follows from the fact that the operator |1)(1] — A is a real
quantum graph (Proposition B.39). |

Proposition B.28. For ¢ =Tr (i.e., Tr: x — >, Tr(z;)), we have that the number of edges
of a quantum graph (B, Tr, A) is exactly the sum of the dimensions of the projected subspaces
of the direct sum of orthogonal projections (M~ @ M~ T~ W, /5(A) € @, ; B(C" @ C™).

Proof. Let U; ; C C™ @ C" for each ¢, j € [k] be the projected subspaces of the direct sum of
the orthogonal projection. Then

> dim(U; ;) = Tr(M ™ @ M7 T )T 1 5(A))

= (Tr@TroT ")¥g,/5(A)
=(Tr@Tro unop)\IIO’l/z (A)
= (1| Wo,1/2(A)) = (1]A(1)).
|
Proposition B.29. Let our positive and faithful functional ¢ on B = Eszl My, be a d-form

trace (i.e., mm* = §id for some positive real number § € R and ¢ = Tr). Then the trivial
graph (mm*)~! has & edges.

Proof. From the above proposition we know that the number of edges is exactly the sum of
the dimensions of the projected subspaces. So then we compute,

(Tr®@ Troop™ ') (\1’0,1/2 ((mm*)il)>
=6 (Tr@Troop ") (¥, ,2(id))

=52 Z(Tr ®Tro op—l) (\1,0’1/2 (‘ek7ijQ_1/2><ek,ijQ_1/2)))
i3,k
=672 Tr(ei; Q%) Tr(en iQ7?)
i3,k
- —1/2,4—1/2
=5 Z Qk,jz( Qk,i;
i3,k
R
=572 (@) = R
k=1
|
The number of classical edges of a trivial graph (i.e., a graph with all loops, so the adjacency

matrix is the identity matrix) is equal to n. So each matrix block can be thought of as a
“vertex” in the classical sense.



B.VI Some examples 80

Proposition B.30. Let (B = @le M., 1, A) be a real quantum graph. For each i,j € [k],
let Ui € C™ @ C™ be the projected subspaces of the direct sum of orthogonal projection
operators (ref definition). Then, for any i,j € [k], if the graph is undirected (i.e., A* = A),
then dimU;; = dim Uj;.

Proof. Let Wy 1/5(A) =3, oy ® 3;°. Then we compute,
dimU;; = (Tr®@Tro unop)(\llo’l/g (A)ij)
= (Tr®@ Trounop)((o—1/2 @ 0% ,5)s(¥o,1/2(A4))7;)
= (Tr® Trounop)(c(Wo,1/2(A))i;)
= Tr(Bri) Tr(on;)
t

= (Tr®@ Trounop)(Vg,1/2(A) ;i) = dim Uj;.

B.VI Some examples

B.VI.1 Complete and trivial quantum graph. We now consider two examples of a
quantum adjacency matrix, namely, the complete quantum graph and the trivial quantum
graph. We also see that subtracting any quantum adjacency matrix from the complete quan-
tum graph will give us a nice correspondence between reflexive quantum graphs and irreflexive
quantum graphs.

Proposition B.31. The operator |1)1| is a reflexive, symmetric, real and self-adjoint quan-
tum adjacency matriz.
Proof. We check the axioms from Definition B.1. Using Proposition A.102, it suffices to check
that it is a Schur idempotent, reflexive, symmetric, and self-adjoint operator.
self-adjoint We get |1)(1|* = |1)(1| by Proposition A.17(iii).
Schur idempotent We get |1)(1| e |1)1| = |1X1| by Proposition A.112.
symmetric We get symm(|1)X1]) = |o_1(1*)}1*| = |1)X1] by Proposition A.91(i).
reflexive Lastly, we get [1)1]| e id = Imul(1) = id by Proposition A.116(i).

|
Definition B.32 (Complete quantum graph [4, Definition 2.8]). The complete quan-

tum graph is given by the reflexive, symmetric, real, and self-adjoint quantum graph
(B, ¢, ]1X1]). In strings, this is:

Corollary B.33. We have symm(id) = id.
Proof. This is exactly Lemma A.9. |

We know mm* = §2id from Proposition A.63. And so we get mm* is invertible with inverse
0~ 2id.
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Proposition B.34. We have that the operator (mm*f1 = 67%id is a real, self-adjoint,
symmetric and reflexive quantum adjacency matri.

Proof. We obviously have §~2id is self-adjoint since 62 € R. Idempotence and reflexivity is
also clear as,
(mm*) ™" o (mm*) ™' = tideid = 6 *mm* = (mm*) ",
(mm*) ' eid = 6 %ideid = 6 2mm* =id.

Finally, by Corollary B.33, we have symmetry,
symm ((mm*)_l) = 2symm(id) = 6~ 2id = (mm*) ™"
]

Definition B.35 (Trivial quantum graph [4, Definition 2.10]). The trivial quantum graph
is given by the reflexive quantum graph (B, v, (mm*)fl).

B.VI.2 Classical finite graphs. We briefly discuss classical finite graphs at the start of
Section B.V.1. A classical finite (un)directed graph is, of course, a quantum graph. Schur
multiplication on B(C™) corresponds to entry-wise matrix multiplication (naive matrix multi-
plication, also known as the Hadamard matrix product).

Lemma B.36. Given x € C", we have m*(z) = ), x;(e; ® €;), where (e;); is the standard
basis on C™.

Proof. Left as an exercise. |

Using the above lemma, it should be easy to see that for z,y € B(C") and the standard
orthonormal basis e = (e;); on C”, we get M(z @ y)i; = Mc(x)ij Mec(y)sj.

This means for x € B(C"), xex = x if and only if M(x);; M(z),; = M(x);;, which just means
that all entries are either 0 or 1. So a quantum graph on C™ corresponds to a classical finite
(un)directed graph.

All quantum graphs on B(C") are real as M.(z");; = (e;|z"(e;)) = Me(x);; for a quantum
graph x € B(C"), but M.(z),; is either 0 or 1, so Mc(z");; = Me(x)i;.

A quantum graph on C" being symmetric or self-adjoint both correspond to the classical finite
graph being directed.

B.V1.3 Real quantum graphs. For a real quantum graph (B, 1, A), we get

k
(M~ @ M T )W, 5(4) € D BC™ @ C™)

ij=1

is a direct sum of projection operators. Thus we can choose subspaces U; ; € C™" ® C" for
each i, j € [k] as the projected subspaces of the orthogonal projection, and we can let (u; js)s
be an orthonormal basis of each U; ;, such that each u; ;s = >, @i j st @ ¥ij,s0 € C™ @ C™
so that we can write

A= > ‘Li(mivjasvt“”;j,s,p)><071/2(Lj(yz‘,j,s,ty?,j,s,p))-

4,5,8,,p
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Example B.37. Let ¢ be tracial with @ = 1.

Let Uy 1 = Span(z®y), Uy o = Uz = Uz 2 = 0, where z,y € C? such that z*z = 1 = y*y.
Then (Ms @ M, A) is a real quantum graph such that

| T )l

This is a single-edged graph as (1]A(1)) = 1.

Now let Uy 1 = Span(z ® y), Uy 2 = Span(a ® b), Uz 1 = Us s = 0, where z,y,a,b € C?
such that z*x = y*y = a*a = b*b = 1. Then (M3 & My, A) is a real quantum graph such

| R ) X )]

The number of edges is 2, as (1|A(1)) = 2.
L

J

Another way to describe a real quantum graph (B, A) is via ®(A), a (B, B)-bimodule orthog-
onal projection map in B(B ® B). So then let U C B ® B be the projected subspace and (u;)
be an orthonormal basis of U. Then

A= Z<1‘U1> b5 X @it

it

where we let each u; = >, ait ® .

( Example B.38. Let ¢ be tracial with @ = 1. )

Let U = Span(x ® y) where =,y € My & My such that (z|z) = (yly) = 1. Then
(M3 ® M3, A, Tr) is a real quantum graph such that

A= (llz@y)ly" )zl

Since ®(A) is a (B, B)-bimodule map, using Lemma A.191(ii) the elements x and y need
to also satisfy
(xla)(y|b)z @ y = (z|1)(y[1)az & yb,

for all a, b.

B.VII (Ir)reflexive complements

Proposition B.39 ([4, Proposition 6.8]). Let A € B(B,1). Then, (B,v,A) is a (symmetric)
((ir)reflexive) quantum graph if and only if (B,,|1X1| — A) is a (symmetric) (irreflezive,
(resp. reflexive)) quantum graph.

Proof. We check A is self-adjoint, idempotent and symmetric if and only if |1)(1] — A is. We
then check A satisfies reflexivity (respectively, irreflexivity) if and only if |1)1| — A satisfies
irreflexivity (respectively, reflexivity). Note that by Definition B.32, we get |1)(1| is a reflexive
quantum adjacency matrix.

self-adjoint |1)(1] — A* = [1)1]* — A* = (JIX1| — A)" = [1)(1] — A if and only if A* = A.

idempotence From Lemma A.108, we know (B, e,1 = nn* = |1)X1|) is aring, and so |1)}{1|— A
is Schur idempotent by Lemma A.149.

symmetry We have the following equivalences,

[1X1| — A satisfies symmetry < symm(|1)}(1] — A) = [1X1| — A
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< symm(|1)1]) — symm(A) = [1)(1| — A
< symm(A) = A
& A satisfies symmetry.

Note that the second last equivalence follows since symm(|1)X1]) = |1)1| since it is a
quantum adjacency matrix (Definition B.32).

(ir)reflexive We compute,
(11| — A)eid = |1)X1] eid — Aeid = id — A e id.
So then we have the following equivalences,
[1X1| — A satisfies (ir)reflexivity < id — A eid =id (resp., id — A eid = 0)

< Aeid =0 (resp., Aeid = id)

< A satisfies irreflexivity (resp., reflexivity).

Proposition B.40 ([4, Proposition 6.7]). Let A € B(B,). Denote E as the trivial graph,
e, E= (mm*)fl. Then A is a reflexive quantum adjacency matriz if and only if A — E is
an irreflexive quantum adjacency matri.

Proof. Firstly, we know E is a reflexive quantum adjacency matrix, so E* = E and satisfies
Schur idempotence (i.e., £ @ E = E), symmetry (i.e., symm(E) = E), and reflexivity (i.e.,
Eeid =id).

(A—E)Y'=A-E& A*-E*=A-E& A*—-E=A-FE & A*=A

By linearity, we get (A— E)eid = Aeid — F eid = A eid —id. Thus, we have
(A—FE)eid =0 if and only if Aeid =id.

Again, by linearity, we get symm(A — FE) = symm(A) —symm(E) = symm(A) — E. This
means we have symm(A — F) = A — E if and only if we have symm(A) = A.

Finally, we only need to check idempotence.
(=) Suppose A is a reflexive quantum adjacency matrix. Then, using Proposition A.120,
we get,
(A—FE)e(A—E)=AeA—FEeA—AeE+FEeFE
—AeA—52%(Aeid+ide A) + E
=A-20%d+E=A-E.

(<) Suppose A—FE is an irreflexive quantum adjacency matrix. Then, using Proposition
A.120 again, we get
AeA=((A—E)+E)e((A—E)+E)
=(A—E)e(A—FE)+(A—E)eE+Fe(A—E)+ EeFE
=A-FE+62%((A-—E)eid+ide(A—FE)+E=A—-E+E=A.

Thus A is a reflexive quantum adjacency matrix if and only if A — (mm*)~" is an irreflexive
quantum adjacency matrix. |
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Corollary B.41 ([4, Corollaries 6.9 & 6.10]). Let A € B(B, ). Then |1)(1] — (mm*)™" — A
is an irreflexive quantum adjacency matriz if and only if A is also an irreflexive quantum
adjacency matriz.

Analogously, |1X1]| + (mm*)~" = A is a reflezive quantum adjacency matriz if and only if A
s also a reflexive quantum adjacency matrix.

Proof. By Proposition B.39, we get [1)(1] — ((mm*)~' + A) is an irreflexive quantum ad-
jacency matrix if and only if (mm*)f1 + A is a reflexive quantum adjacency matrix. And
by Proposition B.40, we get (mm*f1 + A is a reflexive quantum adjacency matrix if and
only if A = (mm*)™' + A — (mm*)”!
[1(1] — (mm*) ™" — A is an irreflexive quantum adjacency matrix if and only if A is.

is an irreflexive quantum adjacency matrix. Thus

Analogously, by Proposition B.39 we get [1)(1| — (A — (mm*)™") is reflexive if and only if
A— (Tnm”‘)_1 is irreflexive, which is true if and only if A is reflexive by Proposition B.40. W

Definition B.42. We define the irreflezive complement of A € B(B,v) to be given by
(1] — (mam) ™ — A
And we define the reflezive complement of A € B(B,1) to be given by |1)(1|+ (mm*) ™' — A.

We denote the irreflexive complement of A € B(B,v) by Ali. Clearly, taking the irreflexive
complement of A twice gives us exactly A as seen by the following,

ACZ-Ci _ |1><1| . (mm*)*l _ (|1><]_| — (mm*)*l B A) = A.

And for any Ay, Ay € B(B, ), we get A[f" = Ag if and only if A; = A,.

We denote the reflexive complement of A € B(B, ) by AC+ . Analogously to the above, taking
the reflexive complement of A twice gives us exactly A. And for any Ay, Ay € B(B, ), we get

A% = A% if and only if A; = A,.
One can then easily notice that the reflexive complement of the complete graph is the trivial

C.
graph, i.e., \1><1|CT = (mm*)_l; and similarly ((mm*)_l) = |1)X1].

B.VIII Isomorphisms

Definition B.43 ([10, Definition 3.1]). Let By, By be finite-dimensional C*-algebras. Let
Ay € B(By) and A € B(Bs) such that (B, A1) and (Bs, A2) are quantum graphs. Then a
graph homomorphism from (B, A1) to (Ba, As) is defined by a *-algebra homomorphism
f: By — By such that Ay e (fA1f*) = fA;f*.

Remark B.44. If f is an isometric *-isomorphism B; & By such that fA; = Asf, then it is a
bijective graph homomorphism since Ay e (fA;f*) = Ay e Ay = As. O

Proposition B.45. If A € B(B,v) and f is an isometric *-automorphism on B, then,
(B, v, A) is a(n) (self-adjoint) (real) (symmetric) ((ir)-reflexive) quantum graph if and only
if (B,v, f~YAf) is. Moreover, the number of edges are the same.

Proof. We have (f~'Af) e (f7'Af) = f~*(Ae A)f from Corollary A.121. And so we get
7Y (Ae A)f = f~LAf if and only if Ae A = A. This means (B,, A) is a quantum graph if
and only if (B,v, f~LAf) is.

real We already know f~'Af is real if and only if A is from Lemma A.142.
symmetric We use Lemma A.104 to get A is symmetric if and only if f~1Af is.
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self-adjoint We get f~1Af is self-adjoint if and only if A is self-adjoint, since,
JTRAf = AT = (A = JTIAS & AT = A
The first equality follows from f being isometric (Lemma A.137).

(ir)reflexive We have (f~1Af)eid = (f~'Af) e (f~tidf) = f~*(Aeid)f from Corollary
A.121. So then f~1(Aeid)f = id if and only if Aeid = ff~! = id. Similarly, we get
f1(Aeid)f =0 if and only if Aeid = 0.

Thus it is clear that we get f~'Af is a(n) (self-adjoint) (real) (symmetric) ((ir)reflexive)

quantum adjacency matrix if and only if A is.

Finally, the number of edges are clearly equal: (1|f~*Af(1)) = (1|f7*A(1)) = (1]A(1)),

where we used the fact that our automorphism is unital in the first equality, and that our
automorphism is isometric in the second. |

We can now define what it means for two quantum graphs on B to be isomorphic to each
other. In particular, (B,, A1) = (B, 1, A2) when there exists an isometric *-automorphism
f on B such that fA; = Ay f.

Definition B.46. We say a quantum graph (B, 1, A;) is isomorphic to a quantum graph
(B, 1, Ag) if there exists an isometric *-automorphism f on B such that fA; = Asf, in
other words, the following diagram commutes,

f
—

B B
A
B T> B

We denote this by (B, ), A1) = (B, v, As).

B.IX Quantum isomorphisms

Everything in this section is only used in this section. Quantum isomorphisms are not men-
tioned or used outside of this section.

Let By, Bs be finite-dimensional C*-algebras with faithful and positive linear functionals 1, 19
such that they are, respectively, of §; and &5 forms, i.e., mym} = 62 id and mam? = 65 id, for
some 0 < 1, 0s.

Definition B.47 (quantum function [9, Def 2.29], [12, Def 3.11, 4.3]). We say (H,P) is a
quantum function for a finite-dimensional Hilbert space H and a linear map P: (B1® H) —
(H ® Bs) when it satisfies the following:

1. P(®id) = (id®n),
2. (id®m)(P ®id)(id® P) = P(m ®id),

3. (Prm®id)(id® P* @ id)(id®m*y) = P,
equivalently, P* = (id ® n*m)(id @ P ® id) (m*n ® id).

We say a quantum function (H, P) is a quantum bijection if
1. [den*)P = (n* ®id),
2. (P®id)(id® P)(m* ®id) = (id @ m*)P.

Lemma B.48. A quantum function (H,P) satisfies (id@n*)P = (n* ® id) if and only if
P*P =id.
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Proof.
(=) Suppose (id®@n*)P = (n* ®@id). Then

P*P = (id®n"m)(id® P ®id)(m*n ®id)P
(iden*m)(id® P ®id)(id® P)(m*n ® id)
(ide (iden*)(id®@m)(P ®id)(id® P))(m*n ® id)
(
(

id® (id®n*)P(m @id))(m*n @ id)

id® (n* ®id)(m ®id))(m*n ® id)
((lden*m)(m*n ®id) ® id)

id® id) by A.9
=id

(<) Suppose P*P =id. Then we have,

([den’)P = (P(iden)" = (P"P(n®id))" = (n@id)" = (n" ®id).
u

Lemma B.49. A quantum function (H, P) such that (P®id)(id® P)(m*®id) = (id®@m*)P
has its adjoint as its right-inverse, i.e., PP* = id.

Proof.

PP* = P(id®@n*m)(id® P ® id)(m*n @ id)
idon*m)(P®id)(id® P ® id)(m*n @ id)

iden m)(P®id)(id® P)(m* ® id)(n ® id) ® id)
iden*m)(ide@m*)P(n®id) ®id)
iden*m)((id@m*)(id®n) ®id)

id® (id®@n*m)(m*n ®1id))

id® id) =id.

(
(
(
(
(
(

Proposition B.50 ([9, Lemma 2.34]). A quantum function (H, P) is quantum bijective if and
only if its adjoint is its inverse (i.e., PP* =id and P*P =id).

Proof. Using the above two lemmas, it remains to show that if we have P* is the inverse of
P, then it satisfies (P ® id)(id ® P)(m* ® id) = (id®@m*)P.

Suppose P* is the inverse of P. Then we compute,

(P ®id)(id ® P)(m* ®id) = ((m ®id)(id ® P*)(P* ®id))*

= (P*P(m ®id)(id® P*)(P* ®id))*

= (P*(id®@m)(P ®id)(id® P)(id® P*)(P* ®id))"
= (

P*(id®@m))" = (idom*)P.

Thus (H, P) is quantum bijective if and only if P* is its inverse. [ ]
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Definition B.51 (quantum isomorphism of quantum graphs [9, Def 2.35], [12, Def 5.11]).
We say quantum graphs (B, 11, A1) and (Ba,¢9, As) are quantum isomorphic if there
exists a quantum bijective function (H,P) with P: (B; ® H) — (H ® Bs) and with H
being a finite-dimensional Hilbert space, such that P(A; ® id) = (id® A3)P. In other
words, P(4; ® id)P* = (id® As). Using Proposition B.50, P being quantum bijective
means it is an isometry (in other words, PP* = id and P*P = id).

Proposition B.52. For any finite-dimensional Hilbert space H and quantum bijective func-
tion (H, P) with P: (B1 ® H) — (H ® Bs), we get
-1 iy e _ 03 -1
1. P((mm*)”" ®@id)P* = 5—2(1d®(mm ) ),
1
this says that the trivial quantum graph in By is quantum isomorphic to a scalar factor
of the trivial quantum graph in Bs.
2. P11 ®id)P = (id® [1)1]),
this says that the complete quantum graph in By is quantum isomorphic to the complete
quantum graph in Bs.

Proof. 1.

P((mm*)"" @id)P* = 072PP* = 67%id = 67 262(id @ (mm*) ™).

P(I1Y1] ® id)P* = P(i* ® id)P*
= (P(n®id))(P(n ®id))"
= (id®n)(iden)*
= (i[d@nn*) = (id @ [1)]1]).

B.X Graph gradient and degrees

In this section we summarize the notion of graph gradients and degrees that appear in [10,
Section 2].

Definition B.53 ([10, Definition 2.1]). Let V: B(B,9) — (B — B ® B) be the graph
gradient, given by
A— (A" ®@id—id® A)m*.

In other words,

Lemma B.54 ([10, Proposition 2.4(1)]). Let A € B(B,v). Then
V(A) =2(A")(n®id) — ®(A)(id®n).
Proof. Tt suffices to show this for A = |z)y| for x,y € B.
Let a,b,c € B and m*(a) = ), o; ® B; for some tuples (), (f;) in B. So then we compute,

(V(lzXyD(@)b ® ) = ((|2)y|" ® id —id ® [z)(y|)m" (a)[p ® c)
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= Z<(\y><$| ®@id—id @ |z)(y|)(; @ Bi)[b @ ¢)

= i(lyxml(ai) ® Bilb @ ¢) — (i @ |z)y| (i) ]b @ c)
= i<ai|$><y|b><5i|0> — (Bily)(clb) (z[c)

= i(ai ® Bilz © ) (y[b) — (e ® Bilb @ y){zlc)

= (m*(a)|z ®@ ¢)(y|b) — (m*(a)[b @ y)(z|c)
= (alzc)(y[b) — {alby)(zlc)
= («"a|e)(ylb) — (ao—1(y")[b)(z[c)
={y@ria—ao(y)@zbh®C)
= ((rmul(y) ® Imul(z)*)(1 ® a) — (rmul(y)” @ Imul(z))(a ® 1)[b® c)
= ((@(l2)yD)" (n @ id)r~" — @ (|2 )y[) (id @ n)> 7~ (a)[p@ c).
Thus V(A) = ¢(A")(n®id) — ®(A)(id®n) for any A € B(B, ). [ ]

If A is a real Schur idempotent, then we know ®(A) is an orthogonal projection. And so,
using the above, we get ®(A)V(A) = V(A), in other words, the range of V(A) is contained
in the subspace ®(A) projects onto.

Lemma B.55 ([10, Proposition 2.3]). Let A € B(B,%). Then
T 1 (V(A)(z)) = rmul(z) A" — Armul(z).
Proof. 1t suffices to show this for A = |a)b| for a,b € B. We compute,

TH(V(la)bl) (@) = T~ (2(Ja)d]) (1 ® z) — @(|a)bl)(z @ 1))
(@(la" Yo (b") (1 @ z) — @(|a)d])(z ® 1))

“Lemul(o_(6*)* (1) @ Imul(a*)(z) — rmul(b)*(z) ® Imul(a)(1))
oear—ro_1(b*)®a)
|a afo-1(b%)] — la)bo 1 («")]|
= [rmul(z)(a®) o1 (b")| — |a ><rm111(0 1(5U*))(b)|

= [rmul(z)(a*)o—1(b*)| — [aXrmul(z)"(b)|
= rmul(x)|a)b|" — |a)b| rmul(z).
Thus T~V (A)(z)) = rmul(z) A* — Armul(z) for any A € B(B, ). [ |

If A is real, then, by the above, we get YT=1(V(A)(x)) = rmul(x)A — Armul(z).
Definition B.56 ([10, Definition 2.5]).
e Let Dy, be the linear map B(B(B,©)) given by x — m(2®id)(n®id). In other words,

O

roo[s]
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o Let Doyt be the anti-linear map B(B(B, 9)) given by  — m(id ® *)(id ® ). In other
words,

Corollary B.57. Givenx € B(B,v), we get Diy(x) = Imul(z(1)) and Doy (z) = rmul(z*(1)).
Proof. Let a € B and compute,
Din(z)(a) = m(z ®id)(n ® id)(a) = m(z ®id)(1 ® a) = 2(1)a = Imul(z(1))(a).
Thus Dj, (z) = lmul(z(1)). We let a € B again and compute,
Doui(z)(a) = m(id®@ z*)(id®@n)(a) = m(id®z*)(a ® 1) = az* (1) = rmul(z*(1))(a).
Thus Do () = rmul(z*(1)), as desired. m
Proposition B.58. Given x € B(B,1), if symm(x) = z, then Diy(z)" = Doyt ().

Proof. Firstly, Di,(z)" = lmul(z(1))" = rmul(z(1)") = rmul(z*(1)). So then using Proposition
A.99, we have x* = 2", and so the result then follows. |

Lemma B.59. Let A € B(B, ). Then,
(i) (id@n")@(A)(n®id) = A™,

(i) (n* @id)®(A)(n ®id) = Din(A),

(iii) (id@n*)®(A)(id ®@n) = Doyt (A").

Proof. Tt suffices to show this for when A = |z)(y| for z,y € B.
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(i) Let a € B and compute,

(id@n")@(lz)yl)(n ®id)(a) = (id@7*)(rmul(y)” @ lmul(z))(1 @ a)
= (rmul(y)"(1) ® n*(Imul(z)(a)))
=n"(ra)o-1(y") = Y(z" a)o-1(y")

= lo—1(y")Na"|(a) = 2" No—1(y")]" (@) = |2)y[" (a).

With strings:

= = symm(A) = A™" by A.92.

(ii) Let a € B and compute,
(" @id)@(|z)y|)(n @id)(a) = (" @id)(rmul(y)” @ Imul(z))(1 @ a)
= 7" (rmul(y)" (1)) Imul(z)(a)
= P(oa(y"))za
= ¥(y")za = Imul(|z)y|(1))(a)
= Din(|2)yl)(a)-

With strings:

= by A.6.

(iii) Let a € B and compute,

(id ® 1) (2] (id ® n)(a) = (id @ ") (rmul(y)* © Imul(z))(a @ 1)
— " (Imul(2)(1))rmul(y)* (a) = ¥ (x)ao—i (y°)
= rmul((2™)o 1 (")) (a)

With strings:

by A.6
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= by A.8(i)

by A.6

=| [ar by A.92.

Lemma B.60. D;,(A; e Ay) = (AlAQT*) oid and Dy (A @ Ay) = id e (A5A17), in other
words,

Proof. Tt suffices to show these for when A; = |a)b| and Az = |c¢){d| for a,b,c,d € B. So then
we compute,
Din(la)b] & [eXd]) = Imul(|ac)bd|(1)) = (bd|1) Imul(ac)
= ((bd[1)]a)c"]) oid = ((blo—1(d"))|a)c"|) ¢ id
= (Ja}bllo—1(d"))c"]) o id = (a)blle)Xd]™) o id.
Thus Di, (A1 e Ay) = (A1 A5™") eid for any Ay, Ay € B(B, ).

Analogously, we compute,

Dot (|a)d] @ [e)}d|) = rmul([bd){ac](1)) = {ac|1) rmul(bd)
=id e ((ac|1)|d)(o—1(b")|)
= id e ({cla®)[d)(o—1(b")])

(b
b*
= id e ([d){ca")o-1(b")])

[

id e (le)d|"|a)bl") -
Thus Doyt (A1 @ Ag) =id e (A5 A7) for any Aj, As € B(B,v). [ ]

Proposition B.61 ([10, Lemma 2.6]). Given A € B(B,v), we get,
V(A)*V(A) = Dip(AeA") —AeA— A" e A* + D,y (A" e A).
Proof. We compute,
V(A)*'V(A) =m(A®id —id® A%)(A* ® id —id®@ A)m
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=(AA")eid—AeA—A"e A" +id e (A" A)
=D, (AeA")—AeA— A" e A" + Doy (A" @ A) by B.60.

Lemma B.62 ([10, Proposition 2.4(2)]). Given a real Schur-idempotent A € B(B, ), we
have V(A)(zy) = V(A)(z) +y+ 21 V(A4A)(y).

Proof.

V(A)(zy) =P2(A) (1@ zy) — P(A)(zy @ 1) =P(A) (1 @2y —2zy ® 1)
P(A)(1@2zy—2zy)+P(A)(zRy—zyx1)
P(A)((1®z-—201)+y)+2(A)(z1(1oy-—yx1))
PA)(1@r—z@l)ry+z12A)(1oy-—ye1l)
V(A)(x) ry+z1V(A)(y).
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C Single-edged real quantum graphs on B = M,

In this chapter, we study the possible isomorphisms for single-edged real quantum graphs over
a faithful and positive linear functional 1) on M,,. By single-edged, here, we mean a quantum
graph such that its projection projects onto a one-dimensional subspace (so is given by a
single element). For tracial functionals, the dimension of the projected subspace is equal to
its number of edges, so in that case, ‘single-edged’ does in fact mean a quantum graph with
one edge (see Proposition B.28).

Let us first summarise what we did before.

Firstly, we fix a faithful and positive linear functional ) on B, and let ) € B be the positive-
definite matrix such that ¢ is given by « — Tr(Qz). A linear map A € B(B, 1)) is a quantum
adjacency matrix when Ae A = A. We say (B, 1, A) is a quantum graph when A is a quantum
adjacency matrix operator on B. We let ¥ be the linear isomorphism from B(B, 1) to B® B°P
given by |z)Xy| — = ® 01/2(y)*0p. We have (B,v, A) is a real quantum graph if and only if
U(A) is an orthogonal projection. Applying (id ® T 1) makes it an orthogonal projection on
B ® B instead of on B ® B°P.

C.I Minimal projections

Definition C.1. We say a projection 2 € B(B) is minimal if there exists a one-dimensional
subspace V C B such that x projects onto V.

If x € B(B) is a minimal projection, then there exists a one-dimensional subspace V such
that « projects onto V, i.e., x = Py. So then let (v) be an orthonormal basis of V. Then we

1
can write = |v){v| by Lemma A.170. So then for any 0 # y € U, we get x = —=|y)(y|.

Then we can define a surjective map B \ {0} — {minimal projections in B(B)}, given by

1
Y= W|y)<y| Two minimal projections given by 0 # x,y € B are equal if and only if x and
Y

. . 1

y are co-linear, i.e., —s |y y| = —
lyll [ ]

A.19 (in other words, this map is “almost injective” — discussed more in the next section). So

then this map is bijective up to a scalar multiple (i.e., it is surjective and “almost injective”).

|z)z| if and only if 35 € C\ {0} : y = Bz by Proposition

Using Proposition A.190(iii), we get that all single-edged real linear operators on B that satisfy
Schur idempotence are given by,

Wt ,(ide TIM <|1”2|x><a:|> = ||1|| Il (2 Q) renul Q)
X X

for some = € B\ {0}. Recall M is the identification B(M,,) = Myxn = M, ® M, (Section
AIV).

C.IT Single-edged real quantum graphs

In this section we define a surjective function A from the set of non-zero elements in M, to
the set of single-edged real quantum graphs on M,,. Again, by a single-edged real quantum
graph (M, x), we mean a real quantum graph (M,,,z) such that its projection is given by a
single element.

Definition C.2. Let

A: M, \ {0} = {y € B(M,,v¥) : (M,,¢,y) is a single-edged real quantum graph}
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be given by 2 — —— Imul(zQ)rmul(Qz)".

In other words, A(z) = ¥ 1/2(1d®"|') ( oI |:C><:L'|>, where T: M, =, MSP is given by

T (;UT)OP with its inverse given by 2°P — 2T (see Proposition A.190(iii)). Recall, from
Section A.IV, M is the identification B(M,,) & M, xn & M, ® M,,.

Proposition C.3. Given any 0 # « € C and 0 # x € M,,, we have A(az) = A(z).

Proof. We quickly compute,
2
o]

A(azx) = % Imul(az@)rmul(aQz)” =

|| o 2P Imul(2Q)rmul(Qx)" = A(z).

The above proposition tells us that our map A is not injective. However, it is almost injective
(defined below).

Definition C.4. Given C-vector spaces V1, Vo, we say that a function T: V1 \ {0} — V2 is
almost injective if for all 0 # v,w € Vi, if T'(v) = T'(w), then there exists some 0 # 5 € C
such that v = fw.

Lemma C.5. A: M, \ {0} — B(M,,v) is an almost injective function.

Proof. Let x,y be non-zero elements in M,, and suppose A(z) = A(y). Then we have

) = vt ae e[ )

As \Ila } /2 (id® T) and M are isomorphisms, we have the ket-bras are equal so using Propo-

01/2(1d®"|') (

sition A.19, we get ||y|| 2 = «||z| vy for some non-zero o € C. Thus x = ———y, and so the

function A is almost injective.

We have A(Q~1) is the trivial graph since,

AQY = % Imul(Q1Q)rmul(QQ 1) = id=Tr(Q ") 'id = (mm*)~L.

1
Q-1
Lemma C.6. If x € M, \ {0}, then A(z) is self-adjoint if and only if symm(A(z)) = A(z).

Proof. Since A maps non-zero elements to real single-edged quantum graphs, we can use
Proposition A.102(ii),(iii) to get A(z) is self-adjoint if and only if symm(A(x)) = A(z). W

C.I1.1 Conditions for self-adjoint-edness and (ir)reflexivity. So far, we know that
for any non-zero element = € M,,, we get A(x) is both real and satisfies Schur idempotence
(i.e., A(z)e A(x) = A(zx)). In this section we find the conditions we need to put on = € M, \{0}
to get A(x) is self-adjoint/symmetric and (ir)reflexive.

It turns out that we get A(x) is self-adjoint if and only if z is co-linear to some self-adjoint
element and commutes with Q. We define this property (i.e., being co-linear to some self-
adjoint element and commuting with Q) as being almost self-adjoint via restricted Q (see
below).
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Definition C.7 (almost self-adjoint). We say an element x € M, is almost self-adjoint via
restricted @) if there exists some a € C and a self-adjoint element y € M,, such that z = ay
and zQ = Qz.

Remark C.8. Let x € M, \ {0} be almost self-adjoint via restricted @, then x commutes with
@ and z = ay for some a € C and self-adjoint element y € B. Obviously, we also get y
commutes with Q. O

Lemma C.9. Letx € M,\{0}. Then A(z) is self-adjoint if and only if x is almost self-adjoint
via restricted Q).

Proof. We have the following equivalences,

A(x) is self-adjoint
& rmul(Qz)mul(zQ)” = Imul(zQ)rmul(Qz)"

& Imul(Qz*)rmul(Qz*)" = lImul(zQ)rmul(Qz)” by A.115(ii), (iii)
Qe Qx| = |+Q)Qx by A.190(3)
< Imul(Q)|z*¥a" | Imul(Q) = rmul(Q)|z)z| Imul(Q)

& o1la*¥a| = |e¥al.

Note that the last equivalence follows as Imul(Q) is invertible and o_; = Imul(Q) rmul(Q ).

(=) Suppose A(z) is self-adjoint.
Then, by the above equivalences, we have

o1fa" ) a"| = [e)z], (1)

which, by Proposition A.91(i), is exactly symm(|z)z|) = |z)z|. We then also get
symm’(JzXx|) = |x)Xz| by Corollary A.95. So then using Proposition A.91(ii), we get
|z*}x*| = |x)o1(x)|. By Equation (1), we also have |x*)}z*| = |o1(z))z|. So then we get

2
|x)Xo1 ()| = |o1(x)Xx|. And so o1(z) = ax where o = H‘71”/2(|3;)H' Clearly, 0 < o € R.
Then |z*)z*| = |/ax)Xy/azx|, and so, by Proposition A.19m, we get a non-zero € C
such that z* = By/ax. So then we have z = 3y/az* and x = ! o '2*, which means
0=2—a=(Bva—pB"Yya ")a* which is true if and only if [|3]|* & = 1. So there exists
some non-zero y € C such that 42 = By/a. Then ||y||> = 1 as this is true if and only if
[ = I8val® = 181" a = 1.

We have vz is self-adjoint since this is true if and only if ¥2* = vz, which is true if and
only if #* = 722 = By/ar. And we know this is true from before, so vz is self-adjoint.
Now let y = ~a, then we have z = ||7H2x = 7y. So z is co-linear to a self-adjoint
element.

Now from [z*)Xz*| = [z){o1(z)], we get |y)Xy| = aly)yl|, and so (1 — a)|y)(y| = 0 which
is true if and only if & = 1. Thus o1(z) = ax = z, which means x commutes with Q.
Thus z is almost self-adjoint via restricted Q.

(<) Suppose z is almost self-adjoint via restricted Q. So we have z commutes with @, and
we let a € C and y € M,, such that y* =y and x = ay. Then we compute,

o1 (@")Na"| = |2"Nz"| = aalyfy| = x)z].

And by the above equivalences, this means A(z) is self-adjoint, so we are done.
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For A(z) to be irreflexive, we need x to have trace zero. For it to be reflexive, x will need to
be co-linear to Q~'. So this means that there is only one single-edged reflexive real quantum
graph and that is exactly the trivial graph (M,,, 1, A(Q™1)).

Lemma C.10. Let z € M, \ {0}. Then
(i) A(x)eid =0 < Tr(z) =0,
(ii)) A(x)eid =id & Ja € C\ {0} :z =aQ'.

Proof. By applying our linear equivalence ¥y ;o and Propositions A.180(iv) and A.189(iv),
we get

Uo.1/2(A(x) @id) = \I/o 1/2(A(2)) W 1 /2(id)

ol ” ——(id® T)M(Jz)z])(id @ TIM(|Q7XQ™!|)

e ” —(ide T)M(|z)z||Q™ XQ™|)

z|Q7) _

(i) Equation (1) equals 0 if and only if <z|Q*1> =0or |z><Q*1| = 0. And we know |a:><Q’1|
is non-zero since both z and Q! are non-zero. So this is true if and only if < |Q* >
Obviously, expanding this, we get 0 = (z|Q ') = Tr(Qz*Q ') = Tr(z*) = Tr(z), wh1ch
is true if and only if Tr(z) = 0, so we are done.

(ii) Note that we have (z|Q~') # 0, otherwise we get Tr(z) = 0 and so A(z) e id = 0 by
Part (i). Using Proposition A.189(iv), we get Equation (1) equals ¥ ;/5(id) if and only
it (z]Q )|z XQ | = ll=)* Q' X@ |-

<x‘Q_1>x - ||xH2Q_1><Q_1‘ = 0, which is then true if and

only if (z|Q")a = [|z[|* Q" The result then follows as (z|Q~') # 0

This is true if and only if

C.III Describing isomorphisms on single-edges

In this section, we study when we get (M,,, A(x)) = (M, A(y)) for non-zero elements =,y €
M,,. Theorem C.14 is one of the main results in this thesis, and is a classification for single-
edged real quantum graphs.

Corollary C 11. Let f be an isometric *-automorphism on My, and let x,y € M,. Then
ola)yl o f =[f~( >< “y)|-
Analogously, olzXylo f7 = [f(@)Xf (W)l

Proof. This is done using Lemmas A.17(i),(ii) and A.135. [ ]

Lemma C.12. Let x € M,, and f be an isometric *-automorphism on M,. Then
J7toAlx)o f=A(f ().
Analogously, fo A(z)o f~r = A(f(z)).

Proof. Let U € M, be the unitary such that f is given by x — UxzU* (see Proposition A.128).
Then, as f is an isometry, we use Lemma A.137 to get UQ = QU, and also U*Q = QU*.

By Lemma A.144, we know M(f) =U @ 0_1,2(U). Also note M(f~') = M(f)".
Using Lemma A.137 again, we get ||z[| = || f~!(2)]|-
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Then we compute,

M(f7 A(2) f) = M(F~HM(A(2))M(f)

= (Va0 020) (2@ a12(@n)) (U 7-12(0))

]
— | 1|2 (U*xQU®Q*I/QU*Q1/2Q*l/QQxQ1/2Q1/2UQ,1/2)
T
= || 1|2 (U*xUQ®Q71/2U*Q$QUQ*1/2)
T
= ||$1|2 (f_l(x)Q®Q_1/2QU*33UQQ—1/2)
- o (@ e @)
1 B . )
= 1@ (f "(2)Q ®01,2(Qf 1(1;))) — MA(F (2)).
Thus £~ A(e)f = A(f7'(2): .

We finally come to our main result. The following tells us that any two single-edged real
quantum graphs (M,,v, A(x)) and (M,, v, A(y)) given by non-zero elements z,y € M,, are
isomorphic if and only if there exists a non-zero f§ € C and a unitary U € M, such that
x=U(By)U* and UQ = QU.

Definition C.13. We say an element © € M, is almost similar via restricted Q to y € M,
if there exists a unitary U € M,, and 8 € C\ {0} such that x = UyU* and UQ = QU.
Equivalently (see Lemma A.140), x is almost similar via restricted @ to y if there exists a
non-zero 5 € C and an isometric *-automorphism f on M, such that x = f(Sy).

Theorem C.14. Let v be a positive and faithful linear functional on M, , where we endow
M,, with the inner product {a|b) = 1(a*b) = Tr(Qa*d) for all a,b € M, where Q € M, is the
unique positive definite element such that ¥ (a) = Tr(Qa) for all a € M,,. Let z,y € M, \ {0}.
Then

x and y are almost similar via restricted @

& (M, ¢, A(x)) = (M, 1, A(y))-

Proof.

(=) Suppose there exists some non-zero 8 € C and an isometric *-automorphism f on M,
such that x = f(By). Then by Propositions C.12 and C.3 we get

FHA@) f = A(f (=) = A(By) = Aly).
Thus (M, ¥, A(x)) =2 (M, ¥, A(y)).

(<) Suppose we have an isometric *-automorphism f on M, such that A(z)f = fA(y). Then
by Proposition C.12 we get A(f~!(z)) = A(y). And as A is an almost injective function
(see Lemma C.5), we get that there exists some non-zero complex number « such that
f~1(x) = ay. This means we get = f(ay). So then we are done.

C.IV  Describing isomorphisms of single-edges on tracial functionals

A nice corollary to Theorem C.14 is that when we have v is tracial, then (M,,v, A(x)) is

isomorphic to (M,, ¥, A(y)) if and only if x and Sy, for some € C, have equal spectra (see
Corollary C.22).
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C.IV.1 Some properties for almost self-adjoint elements. We first quickly recover
some easy well-known results for normal matrices, but instead apply it to almost self-adjoint
matrices.

Lemma C.15. Let x € M,, be an almost self-adjoint matriz. Then
T s upper-triangular < x is diagonal.

Proof. As x is almost self-adjoint, we let « € C and y € M,, such that y is self-adjoint and
x = ay. Now ay being upper-triangular means that for any 4, j € [n], if j < ¢, then ay;; = 0.
And ay being diagonal means that for any i, j € [n], if ¢ # j, then ay;; = 0.

(=) Suppose that we have oy is upper-triangular, i.e., for any 4, j € [n], if j < ¢, then ay,;; = 0.
Let i,j € [n] such that ¢ # j. We assume i < j, otherwise this is exactly our hypothesis
when j < ¢. Then by our hypothesis we know ay;; = 0. We assume « # 0, otherwise
this is trivial. So then yj; = 0. And since y = y*, we get y;; = y;; = y;; = 0. Thus
ayi; = 0.

(<) If it is diagonal, then it is already upper-triangular.
[ |

Definition C.16. We say that two elements z,y € M, are similar if there exists some
unitary U € M,, such that UzU* = y.

Proposition C.17. Given two diagonal matrices D1, Do € M,, such that they have the same
diagonal entries with the same multiplicities, then there exists a permutation matrixz that
transforms one into the other, i.e.,

dP € U, : Dy = PD,P*. |

Lemma C.18 (Schur decomposition [7, Theorem 2.3.1(a)]). Let A € M,,. Then
U eU,)(DeM,): A=UDU"* and D is upper-triangular. |

Lemma C.19. Let Ay, As € M, be almost self-adjoint. Then
Ay, As have equal eigenvalues with the same multiplicities < Ay, Ao are similar.
Proof.

(=) Suppose Aj, As have equal eigenvalues with the same multiplicities. Since they are
almost self-adjoint, we let oy, s € C and y;,y2 € M, such that y,ys are self-adjoint
and A; = ayy; and Ay = asys.

Using the Schur decomposition Lemma C.18, we write Ay = Uy D1U; and Ay = Us DolU5
where D1, Dy are upper-triangular matrices and U;,Us are unitary matrices.

Claim: We have Dy = U{ AUy and Dy = U3 Asls are almost self-adjoint.
We have Dy = Uf A1l = cldfy1Uy, and similarly Dy = aoldyysls. As this
is a *-inner automorphism, we get

(Uflh)" = UTyiUy = UTinlh

Analogously, (Usyalds)™ = Usyals. Thus Dy and Dy are almost self-adjoint.

Now, by Lemma C.15, we know an almost self-adjoint matrix is upper triangular if and
only if it is diagonal. So Dy and D5 are diagonal.

Since Aq, A have equal eigenvalues with the same multiplicities, we know Dy = PD; P*,
where P is a permutation matrix (so is unitary) by Proposition C.17. We then compute,

Ay = Us Dolly = Us(P Dy PHU
= (Us P) Dy (U P)*
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= (U P)(U; A1) (U P)*
= (U2 PUT) A (Us PUT ).
Obviously, Us PU; is unitary since (Us PUT) (UL P*Us) = 1 = (U P*US) (U PUT). Thus,
we have shown that there exists a unitary matrix U = Uy PU; such that UA,U* = As.
(<) Suppose UA,U* = Ay for some U € U,,. Then the result follows from Proposition A.25.
[ |

Definition C.20.

o We say that two matrices x, y have almost equal spectra if there exists some 0 #£ € C
such that x and By have equal eigenvalues with the same multiplicities.

e We say that two matrices x,y are almost similar if there exists some 0 # 8 € C such
that x and Sy are similar.

By definition, we have that Lemma C.19 corresponds to the following.

Corollary C.21. Let z,y € M, be almost self-adjoint. Then
x and y have almost equal spectra < = and y are almost similar. |

Now we are ready to state the corollary to Theorem C.14 for when B = M,, and % is tracial.

Corollary C.22. Let z,y € M, \ {0} such that they are both almost self-adjoint. Then
(M,,, Tr, A(x)) is isomorphic to (M, Tr, A(y)) if and only if x is almost similar to y (equiva-
lently, by Corollary C.21, if x and y have almost equal spectra,).

Proof. By Proposition A.45 we get Q@ = al for some 0 < o € R (this is positive and real since
Q is positive definite). This means any matrix will obviously commute with @. So the result
then follows from Theorem C.14. ]

C.V  Isomorphisms on M, for tracial functionals

In this section, we continue working on tracial functionals, so by Proposition A.45, we get
Q = al for some 0 < a € R (positivity and realness of « follows from @ being positive
definite). Note that this means we get (M, Tr, A(1)) is the trivial graph. Section C.V.2
contains the remaining main results of this thesis, and are classifications for certain types of
quantum graphs.

C.V.1 Isomorphisms on Ms. The following result shows that all single-edged irreflexive
quantum graphs on My are isomorphic. This has already been done in [6, Theorem 3.11] and
[9, Theorem 3.1], but we give an easier proof.

Proposition C.23. All single-edged self-adjoint (ir)reflexive real quantum graphs on Ms are
isomorphic.

In other words, for any almost self-adjoint matrices x,y € Ms \ {0} that have zero trace, we
get (Ma, Tr, A(z)) = (Ma, Tr, A(y)).

Proof. By Theorem C.14 it is enough to say that the matrix x is almost similar to y (or,
equivalently, by Corollary C.21, that they have almost equal spectra).

For a two-by-two matrix to be have zero trace, it would need some a € C and —a to be its
eigenvalues. This means that any almost self-adjoint matrix that has zero trace has almost
equal spectra to any other almost self-adjoint matrix that has zero trace. Thus we are done. H
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C.V.2 Isomorphisms on M, for n > 2. Now recall that for any non-zero, almost self-
adjoint matrices z,y € M, that have zero trace, we get (M, Tr, A(z)) is isomorphic to
(M, Tr, A(y)) if and only if there exists some non-zero § € C such that x and By have equal
eigenvalues with the same multiplicities (Corollary C.22). When n > 2, there are infinite
possibilities of non-similar matrices z,y, which means there are infinite possibilities of non-
isomorphisms for single-edged self-adjoint, irreflexive, and real quantum graphs on M, for
tracial functionals.

Theorem C.24. For n > 2, we get infinitely many non-isomorphisms for single-edged self-
adjoint, irreflexive, and real quantum graphs on M, for tracial 1 = Tr.

Proof. Let z,y € M,. Propositions C.9 and C.10(i) tell us that we get A(x) and A(y) are
self-adjoint, irreflexive, and real quantum adjacency matrices if and only if x and y are almost
self-adjoint and have zero trace.

Then by Theorem C.14 we have (M, Tr, A(z)) % (M, Tr, A(y)) if and only if x and y are
not similar (or, equivalently, by Corollary C.21, do not have almost equal spectra).

As the trace equals 0 for both « and y, this means that their eigenvalues add up to 0. Since
n > 2, we do not necessarily get that they are almost equal.

For example, over M3, if we have the spectrum of x equals (—2,—1,3) and the spectrum of y
equals (—2,1,1). Then there does not exist a 8 such that (-2, —1,3) = (=28, 8, 5). |

Corollary C.25. For n > 2, we also have infinitely many non-isomorphisms between self-
adjoint reflexive and real quantum graphs on M, with 2-quantum edges.

Proof. Given A; € B(M,,, Tr) is a self-adjoint irreflexive and real quantum adjacency matrix,
we get A(1) + A; is a self-adjoint reflexive and real quantum adjacency matrix by Proposition
B.40. Clearly, if A; is single-edged, then A(1) + A; has exactly 2-edges. Given another
single-edged self-adjoint irreflexive and real quantum adjacency matrix As € B(M,,, Tr), it is
then clear that we get (M, Tr, A(1) + A;) is isomorphic to (M, Tr, A(1) + A3) if and only
if (M,,, Tr, Ay) is isomorphic to (M, Tr, As). So, it then follows from Theorem C.24 since we
know there are infinitely many non-isomorphisms for single-edged self-adjoint irreflexive and
real quantum graphs. |

Corollary C.26. Forn > 2, there are infinitely many non-isomorphisms between self-adjoint
irreflexive and real quantum graphs on M,, with n?> — 2 edges.

Proof. Similarly to the previous proof, this follows directly from the fact that two self-adjoint
irreflexive and real quantum graphs are isomorphic if and only if their irreflexive complements
are isomorphic; in particular, see Proposition B.41 and Theorem C.24. |

Corollary C.27. Forn > 2, there are infinitely many non-isomorphisms between self-adjoint,
reflexive, and real quantum graphs on M, with n?> — 1 edges.

Proof. Similarly to the previous proofs, this follows directly from Proposition B.39 and The-
orem C.24. [

This means, for n = 3, so far, we know that there are infinitely many non-isomorphisms for
quantum graphs with 1, 2, 7, and 8 edges.
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C.V1 Adding single-edges

In this section, we discuss adding single-edged self-adjoint and real quantum graphs (M,,, 1, A(x))
and (M, v, A(y)). As expected, this only works when x and y are orthogonal.

Proposition C.28. Given self-adjoint real quantum graphs (M, ¥, A(z)) and (M, ¥, A(y))
for non-zero x,y € M,,, we get (M,,v, A(x) + A(y)) is a self-adjoint and real quantum graph
if and only if (x|y) = 0.

In other words, given almost self-adjoint via restricted Q) elements 0 # z,y € M,, we get
(M, ¥, A(z) + A(y)) is a self-adjoint and real quantum graph if and only if x is orthogonal to
y, ie., (aly) = 0.

Proof. Let x,y € M, \ {0} be almost self-adjoint via restricted Q. So let a, € C and
a,b € M, such that a and b are self-adjoint and x = aa and y = Bb. So then we also have a
and b both commute with @. This means we get,

(a]b) = Tr(Qa*b) = Tr(Qab) = Tr(aQb) = Tr(Qb*a) = (bla).
Obviously, (z]y) = 0 if and only if (alb) = 0 as «, 5 are non-zero. So it suffices to show that
Equation (1) is equivalent to (a|b) = 0.
We have A(z) + A(y) is Schur idempotent if and only if
A(z) e Ay) + A(y) » A(z) = 0. (1)

Now, applying our linear isomorphism ¥ ; /5 to Equation (1) and using A.180(iv), we get,
Wo,1/2 [A(z) @ A(y) + A(y) ® A(x)]
=Wo,1/2(A(2))Wo,1/2(AY)) + Vo,1/2(A(y)) Yo,1/2(A(z))

N ||x||21|y||2(id @ T)M([x )| lyXyl + ly)yllz)z])

_ W(id@T)M(\aXbl +[bXal)-

2 2
[l [yl

So Equation (1) becomes,
(alb)(|a)bl + [b)al) = O. (2)
So we need to show that Equation (2) is equivalent to (a|b) = 0.
(=) Suppose we have Equation (2). Then we get (a|b) = 0 or |a)b| + [b)}a| = 0. If (a]b) =0,
then we are done. If, on the other hand, |a)b|+|b)a| = 0, then we have (b|c)a+(alc)b =0

{alb)

for all ¢ € B. This means we get ||b]|>a + (a|b)b = 0, and so a = TE b. So then we

compute,

2(a|b)
0= |aXb b¥a| =
)0l + el = 55

Which is true if and only if (a|b) = 0, so we are done.

b)(b|.

(«=) Suppose (a|b) = 0. Then we obviously get Equation (2).
|

Corollary C.29. Given a tuple (x;) in M, such that each (M, ¥, A(x;)) is a self-adjoint
and real quantum graph, then
(My, v, %, A(x;)) is a self-adjoint and real quantum graph
& Vi,j € n]i# j= (x;|x;) =0. |
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Remark C.30. It is clear that we can only add up to n self-adjoint and real quantum graphs
which satisfy the orthogonality requirement. Otherwise, we would not get orthogonality (and
so it would not be a self-adjoint and real quantum graph by the above corollary). O

Definition C.31.

e We say a tuple of elements (z;) in M, is simultaneously similar to a tuple of elements
(y;) in M, if there exists an isometric *-automorphism f on M, such that each
x; = f(y;). We denote this by (x;) ~g (v;)-

e We say a tuple of elements (z;) in M, is simultaneously almost similar to a tuple
of elements (y;) in M, if there exists a tuple of non-zero complex numbers (3;) such

that (2;) ~q (Biy:)-

Lemma C.32. Given tuples (x;) and (y;) in My, if Spectrum(}_, z;) # Spectrum(>_, v;),
then (z;) »~q (y;).

Proof. We show its contrapositive statement. So suppose (z;) ~¢g (y;). Then there ex-
ists an isometric *-automorphism f on M, such that for each z; = f(y;). And so we get

Spectrum(}, z;) = Spectrum(f(>_, v;)) = Spectrum(; ;). |

Corollary C.33. Letx,y,z,w € M, \ {0} such that (M,,v, A(x)+ A(y)) and (M,,v, A(z)+
A(w)) are quantum graphs. Then
(z,y) is simultaneously almost similar to (z,w)
= (My, 9, A(z) + A(y)) = (M, 9, A(2) + A(w)).

Proof. Suppose (x,y) is simultaneously almost similar to (z,w). Then we let f be an isometric
*-automorphism on M,, and we let o, 8 € C\ {0} such that z = f~(az) and y = f~(Bw).
Then we have

A(z) + Ay) = A(fHaz) + A(fH(Bw))
= A(af™H(2)) + ABfH(w))
= A(f7H(2) + A(fH(w)) by C.3
= fHA(2) + A(w)) f by C.12

Which is what we needed. |
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E String diagrams

In this chapter, we list a summary of the language of our string diagrams, and operations one
can use to manipulate said diagrams.

All diagrams are to be read from bottom to top. All diagrams have outputs (denoted by
labelling the top of the diagram) in a space.

Let A, D, E, F be C-vector spaces. The alphabet of our string diagrams consists of variables
z,y,... in our spaces, and functions f,g,.... We can concatenate appropriate diagrams to
create new diagrams. We can also tensor the diagrams to create new diagrams. In particular:

D
e a linear map f: A — D is given by
A

A

e inputting x € A is given by 8@

A A
e We let the identity map id: A — A be given by =: .

A A

e We can concatenate a linear map f: A — D with an element z € A, i.e., we can draw
f(x). This is done by placing the string diagram representing f on top of the diagram

representing x:
D
D
) @
@

e When we concatenate two diagrams that represent linear maps, then this is simply the
composition of the maps. In particular, for f: A - D and g: D — E, we have,

E
n E
=lgof
A

A

e We can perform planar isotopies on our diagrams. So we can stretch, compress, and
move the strings around.

e To apply a tensor product of z € A with y € D, i.e., z ® y, we place the diagram of y
to the right of the diagram of x:

A®D

S
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e Similarly, to apply a tensor product of linear map f: A — D with g: E — F, we place
the diagram of g to the right of f:

D F D®F
(5]~ [7e4
A E AQE

e We can overlap the strings. For x € A and y € D, we get,

o &

Note that the different colours here are meant to only highlight the fact that they are not
intersecting, but overlapping (either way). Generally, we neither need nor use colours.

o Recall that we defined s4 p to be the tensor swap-map on A®D, i.e., »: AQD =2 D®A
and is given by z ® y — y ® x. In strings, this is given by,

D®A
poa PO
>< = | XA,D

{
4D A®D

Obviously, »4 p(z ®y) is exactly the preceding point.

e We can move strings under/over other strings (also known as the Reidemeister IT move
(RID)):
D A D A

D A D A

e We can also perform Reidemeister III moves (RIII):

A D E A D E
E D A E D A

e We can apply the adjoint to a diagram representing a bounded linear map by vertically
reflecting the diagram. So for f € B(H1,Hz) for Hilbert spaces Hi, Ha, we have

*

Ho H1

Hi Ho
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12

m @ (mul_assoc) (co-mul_assoc)

m(m ®id) = m(id ® m) (p®id)p = (id @)
(i\ ~ |~ (LE (unit_id) KT) ol ij (co_unit_id)
m(n®id) =id = m(id®n) (w@id)p = id = (Id @w)u

Table 1: algebraic and co-algebraic structures in string diagrams

Now let A be an algebra and a co-algebra, with multiplication map m: A ® A — A, co-
multiplication map p: A — A ® A, unit map n: C — A, and co-unit map w: A — C. In

strings, we define these as:

A A A A A A
AR A A A A A
A A C C
bl 8]
C C A A

When m is composed with @, then we draw this as

¢ C
wom:(l\:m.
A A A A

Similarly, when composing 1 with p, we have

A A

A A
MOW_KT)_M'
C

C

The algebraic and co-algebraic properties of A are given by the following,

The above table gives us more operations to use when manipulating diagrams.
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