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Abstract

In quantum mechanics, the connection between the operator algebraic realization and the logical
models of measurement of state observables has long been an open question. In the approach that is
presented here, we introduce a new mathematical structure called a cubic lattice. We claim that the
cubic lattice may be faithfully realized as a subset of the self-adjoint space of a von Neumann algebra.
Furthermore, we obtain a unitary representation of the symmetry group of the cubic lattice. In so
doing, we re-derive the classic quantum gates and gain a description of how they govern a system of
qubits of arbitrary cardinality. Evidently, this setup gives rise to a new empirical logical model of the
quantum measurement problem. We note that all previous attempts to construct an empirical logical
model for quantum mechanical measurement have failed. We conclude with a new generalization of
the cubic lattice relating to higher spin systems, which leads us to new operator algebraic structures

derived from its symmetry group.
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Outline

The intention of this thesis is to explore the mathematics of qubits from an axiomatic perspective.

Summary

1. Section 1 introduces the cubic lattice and outlines some necessary definitions from lattice theory.

2. Section 2 lifts the lattice theoretic properties of the cubic lattice into a Banach space structure,
and we introduce the notion of its dual space. The novel results are concentrated in sections 3,4,5,

and 6.

3. Section 3 demonstrates how one can move from a purely geometric version of the cubic lattice to

an operator theory based version contained in a Hilbert lattice.

4. Section 4 discusses the various operations one can perform on a cubic lattice embedded in a Hilbert
lattice and the outline for a potential logic. In particular, we discuss a unitary operator that agrees

in some sense with the (-) operation of the Hilbert lattice.

5. Section 5 deduces the standard set of universal quantum gates from the cubic lattice in the formal
context of operator algebras. By doing so, we extend these notions beyond the traditional finite
dimensional restrictions associated with such a set of standard quantum gates to vector spaces of

any cardinal dimension. We also lift the relations of the cubic lattice to quantum relations.

6. Section 6 generalizes the above results for the cubic lattice to the multi-cubic lattice.

This work may be of potential interest to a wide audience. Please review sections 1 and 2 per your
background. Of course, I would hope that everyone would find all of the sections of interest, however for
the respective communities, I would recommend the following. For those interested in operator algebras,
sections 3, 5, and 6 are of interest. For those readers interested in logic and quantum computations, I

would refer to sections 3,4, and 5.

Main Results

We create the first Hilbert Lattice realization of a cubic lattice.

Main Result 1 (Theorem [3.1.13)). Let H be a Hilbert space constructed as a tensor product of 2
dimensional spaces over an index set I. For the given Hilbert lattice HL of H, there exists a cubic
lattice CL such that CL C HL, and the atoms of CL are projections onto subspaces H forming an

orthonormal basis of H.



We consider the minimal von Neumann algebra containing C'L as well.
Main Result 2 (Theorem [5.2.8). The atoms of W*({s;}icr) are the atoms of CL.

We proceed to describe the algebra in our embedding of the cubic lattice.

Main Result 3 (Theorem . B(H) =W*({Us;U*}icr, {Si}icr)-

As a consequence, we generalize the Pauli matrices to infinite systems of qubits in our choice of matrix
units when considered as a representation of My(B) as opposed to M3(C), where B = I, ® B(H_;) for

an indexing set I.

0 1 1 0 0 1
Un, = , 8 = ,and is;Ua, =

1 0 0 -1 —i 0
We introduce a new structure, the critical multi-cubic lattice, and use it to generalize the operator

algebraic structure of the cubic lattice. One can view the critical multi-cubic lattice as the a generalization

of the reflection symmetries of a cube. In this sense, Aut(Zak+1) enforces this symmetry.

Main Result 4 (Theorem [6.2.19). Let M be an |I|-critical multi-cubic lattice over Zakyi. Then
Per gut(za141) (Orr) = Cs,, (Aut(Zogy1)1S1- Let Aut(Zayy1) be generated by {o:}k_ |, then Cs,, (Aut(Zog11)) =
N_1Cs,,(04), and Cs,, (03) =TT}, (Z5, 1 Sn,,).-

We highlight that this result reduces to the case of the cubic lattice when 2k + 1 = 3, and the group
reduces to an infinite version of the Coxeter group B,,. We also get a similar structure to the cubic

lattice when 2k + 1 is prime.

Main Result 5 (Theorem [6.4.10). B(H) = W*({Uup.Uj;}eecs {pc}ecc) if and only if 2k + 1 is prime.



1 Background and Definitions

1.1 Background

Quantum mechanics has its roots in Planck’s theory of black body radiation and the realization by
Planck that the quantized energy of the radiator could be derived by the equation £ = hv. In the
following decades the nature of quantum mechanics began to unveil itself with the progenitors of the
field such as Boltzmann, Planck, and Einstein. As experimental data accumulated, the theory began to
standardize into the two interpretations of Schrodinger and Heisenberg. The key physical characteristics
of a quantum mechanical system in either interpretation are the Hamiltonian describing the energy state
of the system, the states of the system such as position or momentum, and the observables representing
the action of measuring the system. Finally in the 1930’s, there was a unification of ideas beginning with
the study of operator theory under the guidance of Schrodinger, Pauli, Heisenberg, de Broglie, Dirac,
von Neumann, and Bohr and his school. To this end, the von Neumann axioms, sometimes referred to

as the Dirac-von Neumann axioms are given as follows:

1) The states of a quantum system are unit vectors in a complex Hilbert space, H.

2) The observables are self adjoint operators in H.

3) The probability that an observable, A, is in state ¢ is given by the inner product (¢, Ad).

There are some exceptions to these axioms in particular statement 1. In full generality, the observables
of a quantum system are self adjoint operators represented by their projection valued measures on their
respective spectra where the states are linear functionals. To be concrete, if A is an observable, and w
is a state of the system, then the expectation value of an observable, a random variable, A in state w is

given by w(A) :=

/ Adw(ey),
a(A)

where A — w(ey) is a cumulative distribution function, whose law is determined by the inner product
(w,w) acting on ey such that ||w|||2 = 1. By Borel functional calculus, we can obtain new observables f(A)
by applying a Borel function f to the projection valued measure of A. For our application, these Borel
functions will often be the indicator functions w(xg(A)), which is the probability that the observable A
will have a value in the set E when the system is in state w [2]. As indicator functions are projections
when viewed in a von Neumann algebra, we see that that the study of projection operators will be central
to our work.

The notion of a Boolean logic and its associated Boolean algebra for computation has become ubiqui-

tous as opposed to the inherent non Boolean nature of quantum mechanics. There has been and currently



is great interest in discovering the subtleties of the non-standard logic of quantum computation in or-
der to close the gap between the theory of quantum mechanics, computation, and the measurements of
entangled states using quantum mechanical systems. Perhaps most famously posed by Deutsch [6] and
Feynman is the ideal of true quantum computation systems derived from true quantized simulations. In
this vein, there is the traditional notion of quantum logic, which relies upon the notion of orthogonality.

However, as we will see there is much more to this story, which is currently mathematically incomplete.

Definition 1.1.1 ([I0]). An associative ortho-algebra (AOA) is system (L,+,0,1) where L is a set

0,1 € L, and + is a binary operation with domain D(+) satisfying the following four conditions:
i) If (p,q) € D(+), then (¢,p) € D(+) and p+q = q+p.

i) If (p,q), (p+q,7) € D(+), then (¢,7), (p,q+7) € D(+) and (p+q) +r=p+ (g+7).

i11) For each p € L there exists a unique q € L such that (p,q) € D(+) and p+ q = 1.

i) If (p,p) € D(+), then p = 0.

Example 1.1.2. Let H be a Hilbert space, L = L(H), 0 the zero operator, and 1 = I. Then the

orthogonal projection operators on the space, (L,+,0,1) form an AOA.

In physics, the notion of reflection symmetries is paramount as they reveal isometric invariants with
respect to a system of parameters. For a given space, the reflection symmetries under consideration
here can be represented as a subgroup of the unitary operators. However, isometry groups associated
with ortho-algebras and their symmetry groups have not been fully explored. This fact will be dis-
cussed and demonstrated to be in some sense contradictory. A goal here will be to develop a model in
which this apparent contradiction is eliminated thereby establishing a consistent set of structures for our

applications.

1.2 Lattice Definitions

The primary idea is to combine two distinct notions of quantum logic by considering their corresponding

lattices. We begin with a discussion of lattices.

Definition 1.2.1 ([9]). A lattice, L, is a partially ordered set in which every pair of elements a,b € L

has a greatest lower bound represented by a A'b and a least upper bound represented by a V b.

Definition 1.2.2. A lattice L is distributive if the following two properties hold for all x,y,z € L

rA(yVz)=(@Ay)V(xAz) (1)

xV(yAz)=(xAy)V(zVz) (2)



Definition 1.2.3. The complement of an element x € L is an element - such that x A x+ = 0 and

xValt=1.

Definition 1.2.4. A complemented lattice is a lattice in which all elements of the lattice have a com-

plement. Note that in general the complement need not be unique.

Example 1.2.5. Assume the ordering is induced vertically in the hexagonal lattice, so that the top vertex
has the highest order while the bottom wvertexr has the lowest order. Then there is a unique orthocom-
plement, which can be see as a reflection about the horizontal axis, and there is an order preserving

complement seen as a reflection about the vertical axis.

It is worth adressing that in our context, the notion of complement is far more general than the standard

Boolean notion. For example, De Morgan’s laws need not hold.
Definition 1.2.6. A orthocomplemented lattice is a complete lattice with an order reversing complement.

Definition 1.2.7. An orthomodular lattice is an orthocomplemnted lattice such that x < y implies

zV(ztAy)=zVy.

Orthomodular lattices and distributive lattices are two ideas one takes for granted in standard logic.
It is worth noting that distributivity forces an already orthomodular lattice to have a unique orthocom-

plement and is therefore Boolean [I7].

Definition 1.2.8. A lattice L is Boolean if L is distributive lattice, with a largest element 1 and a least

element 0, and has a unique orthocomplement.

As one may realize, a lattice having both of these properties is far too rigid to allow for quantum logic,
as quantum logic is much more general than standard Boolean logic. We need to consider a structure

that allows for a sufficiently more general logic.

Definition 1.2.9. An order ideal of a poset P is subset I C P such that if x € I, y € P, and y < =,
then y € 1. A principle order ideal of a poset P is denoted (x) = {y € P:y < z}. A lattice ideal of a

lattice L is I C L such that a,b € I impliesaNbe I, andifbe L,a €1, andb<a ,thenbe I.

Definition 1.2.10. An order filter of a poset P is a subset J C P such that ifz € J, y € P, y > x,
then y € J. A principle order filter of a poset P is denoted [x] = {y € P :y > x}. A lattice filter of

lattice L is J C L such that a,b € J impliesavVbe I and ifbe L, a € J, and b > a, then b € J.

10



Definition 1.2.11. Let L be a lattice with a minimal element, 0. An element x € L, x # 0 is an atom
if for ally € L such thaty <z, y =x ory = 0. Let L be a lattice with maximal element, 1. An element

y € L, y+#1is a coatom if for all x € L such that y < x, then x =y or x = 1.

Definition 1.2.12. An atomistic lattice is a lattice L where every element x € L may be written as the
join of atoms. A coatomistic lattice is a lattice L where every element x € L may be written as the meet

of coatoms.

Definition 1.2.13. A lattice L is atomic if 0 # x € L, then there exists an atom p € L such that p < x.

A lattice L is coatomic if 1 # y € L, then there exists a coatom q € L such that ¢ > x.

1.3 Common Approaches

The standard approach for approach for describing the spin states of n qubits is to consider a tensor
product of the form ®? ;C? creating of vector space dimension 2". In this setting each pure state is

represented by an orthonormal basis vector

Example 1.3.1. Using this system we have the classical notation and the Dirac Bra-ket notation. For
a quantum state in which the kth quibit has an up spin we let the first coordinate be a 1 and 0 if the
state is down. Thus, the 2 quibit state where both quibits have an up spin is reprented by 11) or [1111]¢

written without the normallization constant of % The remaining three pure states are the following:

01) = ,10) = , and 00) =

The observables in this setting act on the vector space and as such are self adjoint matrices of Man(C).

Definition 1.3.2. Let H be a Hilbert Space. We define the lattice of closed linear subspaces of H to
be the Hilbert Lattice henceforth referred to as HL. In this context, uV v = span{u,v}, and u A v =

span{u} N span{v}. For finite dimensional subspaces, the lattice rank coincides with the standard rank.

In some literature the Hilbert lattice is referred to as a standard lattice. The term is used because
this is the standard construction of lattice of projection operators of a Hilbert space, we refer the reader
to [21] for an in depth discussion. We will call the lattice HL.

The major issue with the above approach is that the geometry of the state space is not preserved

because the dimensionality is too large. There are many unitary transformations that violate physical

11



meaning, so we need a more restrictive symmetry group. The above construction has the following
corresponding lattice structure.

From the above realization, we next introduce the isometries of an n-dimensional cubic face lattice
and its dual in the category of posets, the octahedral lattice. This approach was developed by Dr. N.
Metropolis and Dr. G. C. Rota [I5]. The axiomatic structure was made correct by Dr. J S. Oliveira, and
its generalization to arbitrary cardinals corresponding to an infinite dimensional cubic Banach lattice,
was first considered by Dr. H. R. Fisher and then further developed by by Dr. J. S. Oliveira [7]. We
introduce the necessary structure:

The cubic lattice can be thought of as a lattice of the faces of an n-cube.
Definition 1.3.3. Let I™ denote the n-dimensional cube [—1,1]" embedded in R™.
1) The set I™ is a conver subset of R™ whose extreme points are the points x with x; = £1 for 1 <i <n.

2) The n-dimensional cube I™ is given by the closed convex hull of these finitely many extreme points, as
such it is a polytope in R™. One can also view this as an application of the well known Krein Milman

Theorem.
3) The cubic polytope may be obtained as the intersection of hyperplanes,
a) Hy ={z e R"|z; =1},
b) L ={z € R"|z; = —1}.
4) We next consider the corresponding half spaces,
a) HS ={zr e R"|z; <1},
b) Lf = {z € R*x; > —1}.
5) Then I" = (NP H; ) 0 (NP2 L)
Now then, let {€¢/}7 ; be the standard orthonormal basis of dual vectors.

Definition 1.3.4. We describe a face F C I" as follows: Let AT and A~ be subsets of {1,2,...,n}

such that x € F if and only if v € I" and €(x) =1 fori € AT and €(x) = —1 fori € A™.
Definition 1.3.5. The pair (AT, A™) uniquely determines the face F if At N A~ = 0.

Definition 1.3.6. If F', G are faces of I" such that F,G # 0, with F = (AT, A™) and G = (B*,B™),
then G C F if and only if AT C BT and A~ C B~.

Definition 1.3.7. Let F(I™) be the set of all faces of I™ ordered by the above notion, so that F(I™)

forms a complete lattice, where \V is the union of faces, and N is the intersection of faces.

12



We now tie together the geometric notion of the faces of the n-cube to the lattice of signed sets.

Definition 1.3.8. Let S = {1,2,...,n} a signed set on S is a pair x = (AT, A7) of subsets of S such
that At N A~ = (. The collection of signed sets is denoted by L*(S) is a poset with order relation <

defined by reverse inclusion x = (AT, A7) <y = (B*,B7) if and only if BT C AT and B~ C A™.

Definition 1.3.9. With the addition of a O element, L*(S) becomes a lattice denoted by L(S) where
for z,y € L(S), zVy = (AtNBY A NB~) e L(S) andx Ny = (At UBY, A= UB™) € L(S) if

BTNA==0=B"NA" orzAy=0¢€ L(S) otherwise.

Definition 1.3.10. Every lattice L(S), in addition to the operations V, A also admits a partially defined
operation A : L(S) x L(S) — L(S) defined by A(x,0) =0, and if 0 <z = (A*,A7),0<y=(B*,B7),
y <x, then A(z,y) = (AT U (B~ —A7),A" U(BT — A™)).

Now we are ready to provide a generalization of the lattice of faces of the n-cube to higher ordered

cardinals by defining the additional axioms of an infinite dimensional cubic lattice.
Definition 1.3.11 ([16]). A cubic lattice, C, is a lattice with 0 and 1 satisfies the following axioms:

1. For x € L, there is an order-preserving map A, : (z) — (x), (z) denotes the principal ideal

generated by ().
2. If0 < a,b <z, thenaV Ay (b) < x if and only if a ANb=0.
3. L is complete.
4. L is atomistic.

5. L is coatomistic.

13



Example 1 3.12.

T e

@,{2}) @,{1}) {1}, 0) ({2}.0)
0, {1,2}) ({11} {2}) {25 {1}) ({1,2},0)

\/

The face lattice of the 2-cube

({2}, 0)
{2 {1) ——— ({1,2},0)
@, {1}) @,0) ({1}, 0)
0,{1,2}) —— {11 {2})
©,{2})

Signed Sets of the 2-cube

We now have geometric realizations with their corresponding lattice realizations. New results will be

derived by the merging of these realizations and deducing additional properties.

In this setting, we have an n dimensional vector with notation similar to the n length Bra-ket. An
up spin for a quantum particle in the kth dimension is represented as a 1, a down spin is represented as
a 0, but in this case we also have indeterminate measurable states represented by an X. The geometry

of the observables of this system is an n-cube. The geometry of the state space is preserved allowing

14



for reflection symmetries to act in a natural way. However, it is shown in [I6] that orthogonality is not
well defined for these structures. Repairs are in order here as they will be demonstrated in the following

sections of this document.

Example 1.3.13.

1X))
101) 11))
X0J) XX|) X1]))
00l) o1l)
0X|)

Signed Sets of the 2-cube using Bra-Ket Notation

Lastly, we have introduced the poset dual of the cubic lattice, the octahedral lattice.

Definition 1.3.14. The octahedral lattice is the lattice derived by reversing the order of the poset cor-

responding to the cubic lattice.

It is worth noting a distinction between the cubic lattice and the cube. The cubic lattice is a purely
set theoretic object while the cube is a faithful geometric representation of the lattice as constructed via
an intersection of hyperplanes as discussed above. The notion of reflection symmetries of a lattice is in a
sense vacuous and only really has meaning when considering the cube as a Euclidean geometric object.
Although A is originally defined on the cubic lattice, we give a geometric interpretation as a reflection
of the cubic lattice about a plane in space.

We have now given a very terse description of cubic algebras. The focus of this thesis is to demonstrate
a faithful realization of the cubic algebra as an operator algebra. A large amount of technology must be
developed as we do not yet even have a linear space of operators with which to begin. Therefore we will
begin with a substantial amount of work in defining the proper notion of addition and multiplication for
a cubic algebra. We demonstrate that the logic induced by the lattice of signed sets and its reflection
symmetries have a locally Boolean structure and its relation to L, as in a Hilbert space, and how it
relates to this non standard Boolean structure. We the generalize this structure to critical multi-cubic

lattices, which will be defined in section 6.
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2 Analytic Properties of the Cubic Lattice

The ultimate goal is to show that the cubic lattice is the correct structure for quantum circuits with a
well defined automorphism group, quantum logic, and Feynman walks. The definition of a cubic lattice
is purely axiomatic, and in a sense algebraic, in order to talk about the above properties, we first need
to discuss the analytic properties of the cubic lattice. In order to talk about the analytic properties of

the cubic lattice, we will begin with a discussion of its dual in the category of posets.

2.1 Dual Space of Cubic Lattice

Definition 2.1.1. We define the octahedral lattice as the dual in the category of posets of the cubic
lattice. Equivalently, one obtains the octahedral lattice by reversing the direction of the partial order of

the cubic lattice.

For conciseness, we often times refer to the cubic lattice as C'L, and the octahedral lattice as OL.
While the construction of octahedral lattice is concise given a cubic lattice, we want to describe the
properties of the octahedral lattice in terms of A. Furthermore, we differentiate the cubic and/or

octahedral lattice from the geometric object of the cube, C, and the octahedron, O.

Definition 2.1.2. We denote A(.y and V(.y to be the operations in a lattice (-). In particular, AcrL, Vor,

and Nor, Vor are lattice operations of the cubic lattice and octahedral lattice respectively.

Definition 2.1.3. Let Ly, Ly be lattices. A lattice homomorphism h : Ly — Lo is a map such that for
all a,b € Ly, h(aAr, b) = h(a) AL, h(b), and h(aV, b) = h(a) VL, h(b), whenever these operations meet
and join are defined between a and b. A lattice anti-homomorphism is a map such that for all a,b € Ly,
h(a AL, b) = h(a) Vi, h(b), and h(a Vi, b) = h(a) AL, h(b), again when the operations of meet and join
are defined for a,b € Ly.

Definition 2.1.4. A lattice isomorphism is a bijective lattice homomorphism and a lattice anti-isomorphism

is a bijective lattice anti-homomorphism.

Proposition 2.1.5. Let ¢ : CL — OL be the natural poset dual map. Then ¢ is a lattice anti-

isomorphism.

We have now shown that the natural dual poset map, ¢, is in fact a lattice anti-isomorphism. In the
following sections, we create a topology defined on the cubic lattice. We then show that ¢ can in some
notion be extended in a reasonable way and functions as the dual map in this constructed topology.

Before continuing in this theme, we discuss consequences of the lattice anti-isomorphism.

16



Definition 2.1.6. Let A(b,a) denote the A with base a acting on b where a < b the order on the cubic

lattice. Then we define AC (b, a) := ¢(AC(¢~1(b), 97 (a))).

With this definition, many of the dual statements for axioms of a cubic lattice are easily shown for

A© on the octahedron.

Lemma 2.1.7. The following conditions hold for a <o b equivalently b <¢ a:
1. A%@a,b)Aob=a
2. A%(a,b)Vob=10
3. A%(a, A%(a,b)) = b (involution)

Proof. The results follow from the following computations.

1.
Ao(a,b) Nob=a
(A9 (¢ (a), 67 (b)) Ao b=a
S(A (67 (a), 6™ (b)) Ve 671 (b) = a
H(A(a,b) Ve b) = a
¢la) =a
2.

(A% (¢ (a), ¢ (b) Ac (b)) =0
(A (a,b) Ac b) =0
o(0) =0

17



A%(a,A%(a,b)) =b

A%(a, p(A%(¢7 (@), 07 (1)) = b

(A (¢~ (a), ¢~ 0 (A (¢ (a), ¢ 1(D)) =
$(A (a, A%a,b))) = b

¢(b) =b

O

Therefore for a given set of reflection symmetries of the cube, we can consider the dual notion of

reflections of the octahedron. In a very similar sense we get a geometric representation of the octahedron.

Example 2.1.8.
0

@, {1,2}) ({2} {1}) ({1,2},0)

@, {2}) @, {1}) ({1}, 0) ({2}, 0)

\\//

(0,0)

The face lattice of the 2-cube
We now have both a lattice realization and a geometric realization for both the cube and its dual the
octahedron. We have also shown that the group of reflection symmetries is the same for both geometric

realizations. We are now in a position to discuss a third realization of the cube and octahedron as Banach

algebras. At each step we grow closer to a physical notion, which will be discussed at the end of the

18



section. As will be seen in section 3, each instance of the cube and its dual add mathematical structure

necessary for the final results.

2.2 Operator Structure of Cubic Lattices

In [I6], it is mentioned that the cubic lattice is a base norm space and its dual is an order unit space. We
first present this argument in more detail from a geometric perspective. Next we add a more analytic
structure to the cubic lattice that in some sense generalizes its signed set structure and also its dual the
octahedral lattice. This gives us the above results as an immediate corollary. Also it is noteworthy that
we do not use any cardinality arguments assuming compact operators over a separable Hilbert space to
obtain this result, which allow us to potentially use the full result of the characterization of signed sets
which did not have a cardinality limitations. The algebraic and geometric perspective discussed here will
be combined with the analytic perspective to derive the desired results. Lastly, we discuss some of the
physical consequences of these new mathematical structures.

We first state the definitions following from [2].

Definition 2.2.1. An ordered vector space is a vector space V ordered by a proper cone V1 which
generates V, i.e. V=VT -Vt A subset K C VT is a base if K =Vt N H, where H is a hyperplane,

0¢ H, and for allv € V¥, v =Mk, where \ € Ry and k € K.

Definition 2.2.2. An ordered vector space, V, is a base norm space with distinguished base B = co(K U
—K) if K is a the base of V't and B is radially compact i.e. that {\: A\p € B} is a compact subset of

R for every 0 £ p € B. The norm on V is defined by the Minkowski functional relative to B.

Definition 2.2.3. A positive element e of an ordered vector space A is to be an order unit if for all
a € A, there exists A € Ry, such that —Xe < a < Ae. The order unit is called Archimedean if for all
a € A and for alln € N, na < e implies a < 0. If A has norm ||a|]| = inf{A>0: —Xe < a < Ae}, and
e is a Archimedean order unit, then A is an order unit space with distinguished order unit e henceforth

denoted by 1.

Definition 2.2.4. The Banach space [*°(S) is defined as the norm closure of the real linear span of the

extreme points of the cube with the supremum norm [7].
We note this fact this implies that the boundary of the unit cube has norm 1.

Definition 2.2.5. In [7], they define I*(S) to be the Banach space of the closure of the real linear span

of the extreme points of the octahedron equipped with the I* norm.

Again we note that the boundary of the octehedron has norm 1. However, while required for these

investigations, this realization does not lend itself easily to the operator theory based quantum mechanics.

19



Thus, we adapt the spirit of the arguments of [16] to apply to operators, as opposed to a purely geometric

object in Euclidean space.

Theorem 2.2.6. Let H be a separable Hilbert space. The space 1°°(S) is an ordered unit space with
distinguished order unit of the identity, 1, and its dual the Octahedron I*(S) is the base norm space with

distinguished base of the upper orthant denoted by K.

Proof. The proof follows from the more general case concerning C* algebras as a result of Proposition

2.2, 2.3, and 2.13 in [2). O

As an immediate result of this geometric case, one can observe that the extreme points of I*°(.5),
I*(S) are atoms in their respective lattice of subspaces of Euclidean space. In particular, the lattice
definitions from the original axioms lift to a more standard euclidean geometry in a Banach space. At
this point, for a n dimensional cubic lattice, we have an n dimensional euclidean cube.

A key property of quantum logic is the notion of orthomodularity. In particular, the perpendicular
operation, *, needs to be well defined. However, for the cubic lattice, there is no - operation. Although as
a Banach space, the euclidean cube has a notion of perpendicularity, the induced operations of the cubic
lattice fail to be orthomodular. One can see in [7] that orthomodularity of the lattice of a cubic system
of two dimensional subspaces fails. Consider a vector in the space distinct from the basis vectors and
take the complement of it’s join with any other given basis vector. The issue is that the dimensionality
of the space is too small given the size of the lattice.

We refer to the Hilbert lattice. It is worth noting that the above arguments had the cubic lattice
embedded in cardinality I space while the following embeddings are in 27 space using the constructions
mentioned in the introduction.

We now have a higher dimensional space, in fact exponentially so. Each vertex in the original
euclidean space is now represented by a vector in the new space. As an example of this coordinatization
given an ordering on the vector space, suppose a vector representing a spin up in every direction will
be represented by the one’s vector. For each position of the n vector there are 2 choices leading to 2"
possible vectors, one for each vertex of an n dimensional cube. Therefore a major goal is to have a space
with a reasonably defined notion of | while maintaining the notion of a cubic lattice.

In order to to so, we now provide a more traditional operator theory perspective. The key observation
is that [°°(S) can be viewed as the self-adjoint parts of a more general von Neumann algebras. We have
only shown that {°°(.S) is a Banach space and in particular an order unit space, but in the following
section, we show how [°°(S) can be viewed as subset of the standard construction defined above. This
will give us a von Neumann algebra realization, a substantially richer structure than we had originally

stated.
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We next present some intuition to the standard construction and its relation to the physicality of
quantum systems. Consider B(H), the bounded compact linear operators on a complex Hilbert space
H. To be concrete assume H = C*, as it will in general be built from tensor products of C2, this is
a reasonable assumption of the most general case for later purposes. Alternatively, B(C") = M, (C)
for finite dimensional vector spaces. Furthermore, given the norm of a normal operator x defined by

||z|| = supjeo(q) [Al the L norm or I°° norm for {A € o(x)}, conincides with our previous norm of

1°°(H).

Definition 2.2.7. Let .4 be a von Neumann algebra with unit denoted by 1. The state space K of a von
Neumann algebra is the set of continuous linear functionals of p € M* such that p(1) =1 and p(a) > 0

foralla e . #+.

Definition 2.2.8. Let K be the state space of von Neumann algebra. The normal state space K, is the

set of p € K such that p is weak* continuous.

Proposition 2.2.9. The self adjoint part M7} of the predual of a von Neumann algebra .# is a base

norm space whose distinguished base is the normal state space K, of M. [2]

Therefore, we can consider the normal state space as subset of .#." or its canonical embedding in
M.

Now we see that both [°°(S) and the self adjoint part of an order unit space share the same type of
Banach space. However, it still remains to show that there exists a von Neumann algebra over a specific
Hilbert space such that [°°(.S) is truly contained its self adjoint space and the atoms of the Hilbert lattice
agree with the atoms of CL. Let H be the Hilbert space over which L(S) is defined.

Definition 2.2.10. A convex subset F' of a convex set C is a face if for any x,y € C, if there exists

O<A<L Ax+(1—MNye€, thenx,y € F.
Definition 2.2.11. A face is of finite rank if it contains finitely many linearly independent elements.

Definition 2.2.12. For each positive operator a € B(H), we define the trace of a, tr(a) = > (a&y,&y)

where {4} is any orthonormal basis. For arbitrary a € B(H), we define ||al|1 = tr(|a]). [2]

Since, the unit ball in the dual is weak * compact, we did not need to make an additional compactness
assumption on the states. If one required separability, one can equivalently say that trace class operators
in a separable Hilbert space are compact, which is sometimes included in the definition of trace class,
and in general is easily derivable statement.

Furthermore, for our application of a von Neumann algebra, which will be defined as the bounded
linear operators over a specifically constructed Hilbert space, the linear combination of extreme points

in some sense tells the full story as we will have a type-I JBW algebra, see [2] for definition.
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Proposition 2.2.13. If A is an atomic JBW algebra, then its normal state space is the norm closed

convex hull of its extreme points. [1|]

We now present some physical terminology from the derived structures.

2.3 Relevant Physics Definitions

Definition 2.3.1. Let A € B(H) be a compact self adjoint bounded linear operator. Then A is an
observable of the system. We refer to the set of compact self adjoint operators as the observables. Note

that in some contexts the assumptions of compactness or even boundedness are waived.

Definition 2.3.2. Let ¢ be a linear functional on the space B(H) with ¢(1) = 1. ¢ is called a state. Let
h € H. Then h defines a dual map on B(H), by wy, € B(H)*, wp, := (Ah,h), and wy, is a state and in

particular a vector state.

Definition 2.3.3. Let H be formed by tensor products of Hilbert spaces {Hga}aer, I a typically finite
indexing set. The product states are the subsets projection operators associated with the simple tensors
in H. In some literature, product states are called separable states. Mathematically speaking they are the

stmple tensors in the respective basis.

Definition 2.3.4. A state is a pure state if and only if it is a vector state. One can also consider the

pure states as one dimensional rays of the unit ball.
Definition 2.3.5. A state is mized if it is not pure.

Example 2.3.6. Let H = C>®C? and {e;}?_,, {fi}?_, be the respective standard basis of each element
of the product. Then e; ® f1 = [1,0,0,0]" and ex ® fo = [0,0,0,1]" are both pure states and in particular

product states, but

SIS

[(e1 @ fil)(ler ® f1) + (e2 ® fal){le2 ® f2)] =

DN | =
o o o
o o o o
(e (@) (e (e
(an) (s (=)

N[

One can observe that p has trace 1, but p can not be written as projection operator onto a singe vector
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as otherwise it would have eigenvalues 1 or 0 as opposed to % For clarity observe that,

1 0 0 O
1 0000
5[(€1®f1+€2®f2)\><|(61®f1+€2®fz)]:

0 0 0 O

0 0 0 O

which can be seen to the projection operator on the vector state 3[(e1® f1+e2®@ f2)[){|(e1® f1+e2® f2)],

which is a pure state but not a product state.

One also now observes that the density operators associated with pure states are not equal to the full
dual space of B(H) as we only have rank one operators. We define the mixed states as the remaining
density operators in the space, i.e. linear transformations with rank strictly greater than 1 noting that
not all mixed states have a physical realization.

We have discussed how the closure of vertices of the geometric cube and octahedron form Banach
spaces with the same metric as self adjoint parts of a von Neumann algebra and its predual. However,
the atoms of the lattice of Hilbert space can not in general be viewed as the atoms of a cubic lattice.
Consider a Hilbert space on 3 dimensions, which is obviously not a cubic lattice as a finite cubic lattice

must have a 2" number of atoms.
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3 Embeddings of the Cubic Lattice and Octehedral Lattice

In this section, we build the necessary embedding to demonstrate that cubic lattices have a realization
as a von Neumann algebra. In addition, we discuss the algebraic structure and compare it to the poset
structure of the lattice. Lastly, we compare the dual spaces with respect to both spaces categories. We
show that there is, in a reasonable sense, a direct relationship between the dual of the poset and the

dual of the analytic structure.

3.1 Cubic Lattice as a subset of a Hilbert Lattice
We adapt the following definitions and proposition from [I9] to our notation.

Proposition 3.1.1. The Hilbert lattice is an atomic, (completely) atomistic, complete, orthomodular

lattice. [19]

For the following theorem, we will be constructing a Hilbert space from an infinite tensor product.
We do so in an established but non-standard way. We outline the necessary definitions for expository
purposes and use the results from [22]. Unless otherwise stated, when we refer to a Hilbert space formed
by infinite tensor products, we mean the following construction, not the standard construction.

For the following, I is an index set of not necessarily countable cardinality, H,, is a finite dimensional

Hilbert space for all a € I, and the norm on f, € H, is the norm of the Hilbert space.

Definition 3.1.2. [22]I,c;za, 2o € C, a € 1, is convergent, and a is its respective value if there exists
for every § > 0, a finite set Iy = Iy(6) C I, such that for every finite set J = {aq,...,a,} (mutually
distinct o) with In € J C I

|zalzoz_a‘S5

Definition 3.1.3. Il ¢z, is quasi-convergent if and only if Il er|zq| is convergent. It value is
1. the value of llyerz, if it is convergent
2. 0, if it is not convergent.

Definition 3.1.4. A sequence f,, a € I, is a C-sequence if and only if fo, € Hy for all a € I, and

Maerl|fall converges.

Lemma 3.1.5. If f,, a € I, and g, o € I are two C-sequences then Iy (fu,ga) is quasi-convergent.

22

Definition 3.1.6. Let ®(f,;a € I) be the set of functionals on the product MyeyH, which is conjugate

linear in each f, € I separately over C-sequences.
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Definition 3.1.7. The set of all such ® for any C-sequence will be denoted by II ®acr Ho. We note

that Il ©qecr Hy 4s a linear space, but it is not an inner product space.

Definition 3.1.8. Given a C-sequence f2, o € I, we form the functional ®(fu; ) = Haer(f2, fo) where

fo, a € I runs over all C-sequences. Denote such a functional by 11 @qer f2.

Definition 3.1.9. Consider the set of all finite linear aggregates of the above elements:

p
d = ZH®0¢€I fg,v

v=1

where p=0,1,..., p and fg)v, a € I is a C-sequence for each v=1,2,...,p. Denote the set of these ®

by I ®a€] Ha-

Definition 3.1.10. For ® = >"_ I ®e; f&v, U = ZZ:I IT ®qecr gg)u € Il ®qaes Hy we define the

inner product by:
P4

<(I)7 \II> = Z Z Hae](fgmv gg,u>'

v=1p=1
Lemma 3.1.11. Let ,V € II' ®uer Hy. The value of (P, V) is independent of the choice of their

respective decompositions. [27]

Proof. Tt suffices to prove that (®, ¥) is unchanged, if only for ®’'s decomposition is changed, or if only
U’s is unchanged. As (®,¥) = (¥, ®), (for the same decompositions), we need to show only the first
case only. Instead of comparing two decompositions of ®, we might compare their formal difference with
0. In other words: We must prove (®,¥) = 0 for & = 0. That is ®(f,; € I) = 0 for every possible

decomposition of this ®.

Now in this case:

p
(Z Ha€I<f2,v7 g?x,y))

M=

<(I)a \I/> =

\
1S
Il
-
@
Il
-

[
M=
NE

(

(I Qaer fa.)(Goui e € 1))

Il
—

v

b
Il
-

[
[M]=

@(ggyﬂ;a el)=0.

S
Il
-

O

Definition 3.1.12. Consider the functions ® € Qe H, for which a sequence ®1, ®a, -+ - € II'Qqer Hy

exists such that
1. ®(fo; €1) =limy00 D (fo; @ € I) for all C-sequences fo, a € I,
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2. 1ty s o0 || @y — B[ = 0

The set they form is the complete direct product of Hy, o € I to be denoted by Il ®qcr H,. Note that

Ir ®a€[ Ha g H®a€] ch g HGaGI Ha'

For our application, the convergence criteria of Definition [3.1.2] is acceptable. We will only be con-
cerned with forming the tensors of elementary basis elements of the respective H,, so all of our elements
are functionals derived from C-sequences as in Definition We can then consider their span in the

natural way.

Theorem 3.1.13. Let H be a Hilbert space constructed as a tensor product of 2 dimensional spaces
over an index set I. For the given Hilbert lattice HL of H, there exists a cubic lattice CL such that

CL C HL, and the atoms of C'L are projections onto subspaces H forming an orthonormal basis of H.

Proof. We begin with the standard construction of a basis over a tensor product of index I. Let e;r, e;
represent the 2 basis vectors for i € 1.

We now have that each elementary tensor is C-sequence as each element ||e;|| = 1, so we have a linear
functional of the form in Definition [3.1.8]in H, and it can be represented by its respective projection
operator. As these are projections onto 1 dimensional subspaces, they are atoms in H L, and in the cone
B(H)™T.

For each atomic elementary tensor described above, we use the notation, v = {A* A}, where
At ={i€l:v =¢f}and A~ = {i € I : v; = ] }. By the construction of v, we have that
ATNA™ =0,and AT UA~ = I. Now we observe that the all such v form the atoms of a signed set over
the indexing set 1.

We define CL = L(Sy), the lattice of signed sets generated by the closure of the above atoms under
the operations of meet and join from the definition of cubic lattices. Recall by Definition that
A L(S) x L(S) — L(S) can be defined on any signed set.

As we have a description of the atoms of the cubic lattice in .# T, we need to show that the atoms
are closed under V. Consider a,b € CLNHL, where a = {A", A~} and b= {B",B~}. Then aV¢cp b=
{A+ NBY A~ N B~}. We now have that a V¢r, b is the projection Py onto the subspace V = ®,¢c1V;
where V; = e fori € AN B*, V; =e; fori € A= N B~, and V; = span{e; ,e; } otherwise, so that
aVer b€ HL and Py € .# 7. Therefore CL C HL. In addition as any element of CL is a join of its
atoms by atomisticity, and 0 € HL trivially the result follows.

The atoms of C'L form an orthonormal system in H. For any distinct atoms a, b € C'L, we have that
there exists i € I such that a; # b;, so (a;, b;) g, = 0 which implies that (a,b)y = 0. Furthermore, these

vectors span I’ ®,ec; Hy, and therefore are dense in H. O
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Remark 3.1.14. The Hilbert lattice is not a cubic lattice. Suppose not, then there exists a signed
set realization of HL, L(S) [16]. Let r(-) denote the rank of a subspace. Consider the join of two
linearly independent atoms a = {AT, A=}, b = {B*,B~} such that |{A* — BT}| > 1, so r(aVc b) =
HATNBT)U(A " NB7)} >2. Then2=r(aVgb) <r((ATNBYU(A"NB7))=r(aVeb).

Definition 3.1.15. Let V = ®;¢;V; for some index set I over vector spaces {V;}icr. A generalized

simple tensor of V is a subspace of V of the form ®;c;U;, where U; is a subspace of V.

Corollary 3.1.16. The set of projection operators in .#™* that are in CL are exactly the operators

represented by generalized simple tensors in the orthonormal basis.

Definition 3.1.17. We say that CL C .4, where # = B(H) and H is constructed as in Theorem|3.1.135
to mean the set of orthogonal projections onto their respective closed subspaces of CL are in B(H). We

will use the notation: a € CL, and p, € B(H).

3.2 Ideals of Cubic Lattices and Ideals of von Neumann Algebras

Now that we have a Hilbert space constructed in Theorem [3.1.13] we can consider the von Neumann
algebra .«# = B(H). As our underlying Hilbert space is non-separable in full generality, we include a

standard fact to be applied later in the paper without reference.

Proposition 3.2.1. If X is a Banach space, then its dual X’ in the weak™ topology is a Hausdorff locally

convex topological vector space.

Since von Neumann algebras, their duals, and preduals are Banach spaces, we will freely use that a
von Neumann algebra and its dual space are locally convex Hausdorff spaces with their respective weak*
topology.

We are now ready to move forward with the geometric structure of the cubic lattice and the octehedral
lattice. In [16], there is a notion of an ideal in a lattice, and in [2] there is a different notion of an ideal

as the kernel of a state. We discuss the relations of these structures.

Definition 3.2.2. In a lattice, L, the principle lattice ideal generated by x € L denoted (x) C L is the
set of all y € L such that y < x. Specifically for x € C, the principle ideal generated by a face x is the

set of all sub-faces contained in x. We use the notation (x)r, < L.

Although not immediately relevant, it is convenient to describe the dual notion of an ideal to be used

in the future.

Definition 3.2.3. In a lattice, L, the principle lattice filter generated by x € L denoted [x] C L is the
set of all y € L such that y > x. Specifically for x € C, the principle filter generated by a face x is the

set of all faces that contain x as a sub-face.
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Definition 3.2.4. Let C be a cone. A face F' generated by b € C is the set of all all elements a € C

such that a < b.
The following two definitions are derived from [2].

Definition 3.2.5. Let M be an ordered vector space. A point p € M is an extreme point if for all

u,v € M such that 0 < A <1 and Au—+ (1 — X\)v =p implies p =u or p =v.

Definition 3.2.6. Let C be a convex set. An point x € C' is an exposed point if there exists a continuous

linear functional, | such that l(x) = « and I(y) < « for allx #y € C.

Definition 3.2.7. If a is a positive element in a von Neumann algebra .# , then the face generated by
a in the positive cone AT, denoted by face(a), consists of all b € M such that 0 < b < Aa for some

A€ RT.

One can see that the above definition is a specific instance of the general definition of faces in a cone.

To distinguish from our lattice definitions, we include the following:

Definition 3.2.8. An ideal in a von Neumann algebra A is the standard notion of an ideal when

considering M as a ring.
We first restrict the argument to extreme points in ..
Definition 3.2.9. Forp € .4, denote face(p) = span(p)>o = span(p) N A .

Lemma 3.2.10. If p € .47 is an exposed point of the unit ball of .4 with the order unit topology, then

p s a rank one orthogonal projection operator.

Proof. We use that the extreme points of of the unit ball intersected with .# ™ are projection operators,
see Proposition 2.23 [2]. As exposed points are extreme points, we have that the exposed points are also
projections. The full result follows since being an exposed point forces p to be an atom i.e. a projection

onto a closed one dimensional subspace and the result follows. O

We now have a relationship between extreme points, projection operators, and faces. Just as von
Neumann algebras are generated by their projections, cubic lattices are generated by the convex hull of
their vertices when considered as a geometric object. We proceed to formalize this relationship.

We are now in a position to discuss the relation between lattice ideals of C'L and ideals in .#Z. As a

direct application of [2):

Proposition 3.2.11 (Alfsen Theorem 3.13). There is a natural 1-1 correspondence between the o-weakly
closed left ideals 7 in a von Neumann algebra .4 and the o-weakly closed faces 9 of the positive cone

MY gvenby D= g1, and § = MD.
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Lemma 3.2.12. Let (a)cr be a principal ideal in CL and (a)g < .#7" be a face in the cone M, then

forallbe CL, b e (a)cr, if and only if b € (a)r.

Proof. We have shown that ordering of cubic lattice coincides with the ordering of the Hilbert lattice.

Therefore for all b € CL, b <y, if and only b <g a, equivalently b € (a)cr, if and only if b € (a)gr. O

Theorem 3.2.13. Let (a)cr be a principal ideal in CL and (a)g < .# be an ideal in the ring M , then
forallbe CL, b € (a)cr, if and only if b € (a)g.

Proof. We have already shown the correspondence between ideals in the cubic lattice and faces of the

cone, as direct application of Proposition [3.2.11] we conclude the result. O

We now have a direct correspondence between ideals in a cubic lattice, which can be viewed geomet-
rically as a face of the cube and its respective sub-faces, and the ideals of a von Neumann algebra that

are in bijective correspondence with the faces of a cone defined purely algebraically.

3.3 The Lattice Dual as an Algebra Anti Isomorphism.

In order to expand our discussion of CL and H L as sets, we would benefit from compactness. Therefore,

we consider the pre dual space .#, and dual .#* of .# .

Definition 3.3.1 (Definition 3.24 [2]). Let o,w € .4, where A is a von Nuemann algebra. We say
that o is absolutely continuous with respect to w, written as o << w, if 0(q) = 0 for all projections ¢ € M

such that w(q) = 0.

Theorem 3.3.2 (Theorem 3.27 [2]). If .# is a von Neumann algebra and w € M, then the norm

closure of the face generated by w € M consists of all o € M such that 0 << w.

Proposition 3.3.3. For a base norm space X with generating hyperplane K, there is an order isomor-

phism from the non-zero faces of X to the faces of K.

This is a standard fact, where the morphism is defined by a face F' in X induces a face FN K in K.
One can also see this as a map from 0 # z € X to z/||z|| assuming X is a normed space and observing

the induced facial structure.

Proposition 3.3.4. If F is a face in .4}, then there is an order isomorphism to faces in the normal

state space K.
Proof. A direct result of Proposition and Proposition [3.3.3 O

We use a direct application of [2] with slight abbreviation to avoid introducing notation that we will

not use. For the full statement see references.
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Proposition 3.3.5 ([2] Theorem 3.35). Let .# be a von Neumann algebra with normal state space K.,
and denote F the set of all norm closed faces of K., by & the set of all projections in M, and by ¢
the set of all o-weakly closed left ideals in A , each equipped with the natural ordering. Then there is an
order preserving bijection ® : p — F from & to ¥, and an order reversing bijection ¥ : p — J from &
to ¥, and hence also an order reversing bijection © = W o ®~1 from F to ¢ . The maps ®, ¥, and ©

and the final inverse are explicitly given by the equations
(i) F={o € Ki|o(p) = 1},
(ii) J ={a € #|ap =0}
(iti) J={a € #lo(a*a) =0alloc € F}, F ={o € K.|lo(a*a) =0 alla € J}

Definition 3.3.6. In the higher dimensional embedding, we lose the +1, —1 directionality to gain or-
thogonality. Therefore each i € S+ and j € S~ corresponds to a mutually linearly independent linear
functional for a total of 2|S| linear functionals. As an ezample let j € AT, and f; € {ef e}, and

17

DPscsf, Jor alli € S be the projection onto ®;esfi, then

€j (p®iesfi) =

and extend linearly.

Definition 3.3.7. Define ¢ : CL — F by ¢((AT,A7)) as the norm closed convex hull of the linear

functionals {€; :i € AT}U{ej:j€ A"},

As we will show the above ¢ will be the the analytic equivalent of our ¢ defined as a lattice anti

isomorphism, and it will agree on the corresponding lattices, so the reuse of notation is intentional.

Definition 3.3.8. We define a unitary operator denoted Up by linearly extending its action on the basis

of H, and letting Un act by inner automorphism on orthogonal projections of subspaces of HL.

Lemma 3.3.9. Let CL C HL as in Theorem with corresponding projections in B(H). Then the
restriction of the anti-isomorphism ©~': 7 — .F of Proposition to CL is equal to poUp : CL —

F.

Proof. Let J be the left ideal generated by a projection operator, p 4+ 4-), onto a subspace of (AT A7) e
CL C HL. In addition, Uapia+ a—\Ua = paca+ a-). For simplicity, we will assign (B*,B~) =
A(AT, A7) = (A=, AT).
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We claim that the face ¢(UapUa) in the normal state space, Fy, () = {0 € K. : 0 << ¢(UAPUA)}II !

is equal to ©~1(J). Firstly we have for any state w € ¢(UapUa), w(p) = 0 as supp(w) is orthogonal to
p. Therefore, Fyy, () € O™ (p).

Suppose Fy, () C ©7'(p), and there exists a state v € ©7!(J) such that ~ is not absolutely con-
tinuous with respect to Fy, . In particular, v is not absolutely continuous with respect to a subset
of Fy,,,,, namely the extreme points of Fy,  , consisting of {¢; : i € BT} U {¢; : j € B™}, so there
exists some projection a € .# such that 0 # a C (N;ep+ Ker(e;)) N (Njep-Ker(e;)) and y(a) # 0. By
construction, any projection in (N;ep+ Ker(e;)) N (Njep-Ker(e;)) is less than or equal to p, so y(p) # 0,

which is a contradiction. O

Theorem 3.3.10. For the normal state space K, of B(H) where H is constructed as in Theorem

there exists an OL such that the coatoms of OL are contained in the coatoms of K.

Proof. By Theorem [3.1.13] the atoms of the cubic lattice form an orthonormal basis of H, and the map
¢ : CL — OL as defined Lemma [3.3.9] is an order reversing map. As ¢ is the restriction of the map in

M whose facial structure is equivalent to K, we have our result. O

Example 3.3.11. The above results do not hold for the coatoms of CL. Referring back to FExample
we see that coatoms are rank 2 projection operators onto a given half space while the coatoms of

the respective Hilbert lattice must be rank 8 operators.
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4 The Logic of a Hilbert Lattice

We are now in a place to relate the importance of A to a general quantum mechanical system. Let ¢ be
a mechanical system potentially classical or quantum, which will be defined below.

For expository purposes, we reduce to a classical mechanical system, and then obtain a quantum
mechanical system as a generalization.

A classical mechanical system, (S, O) is a set of physical states or physically realizable possibilities
for objects in the system, S, and a set of observables or physical qualities of interest to the observer of

the system, O.

Definition 4.0.1. The observables of a classical system are real valued Borel measurable functions

f:S — R, and thus an experimentally verifiable question is if f~Y(E) = F for some Borel set F C S.

With implication acting as a partial ordering of the experimentally verifiable statements, and the
action of negation, we obtain a logic L(¥(S,0)). The logic of the state space is a set of subsets of S
and, as defined in [21], is then the set of experimentally verifiable questions one can ask of the physical

system. To be precise:

Definition 4.0.2 ([21]). Let L be a complete lattice with orthocomplementation, *, then L is a logic if
1. for any countably infinite sequence ay, as, ...of elements of L, Apan,Vya, € L.
2. if a1,a2 € L and a1 < asg, there exists b € L such that b < af and bV a1 = as.

In the classical case and our application, The orthocomplement creates an orthomodular lattice, but
this is not the case in full generality.

In the classical case, the notion of and, A, is always defined and commutative, and thus we obtain
a Boolean or o-finite Boolean algebra when considering the lattice of the logic. However, in a quan-
tum mechanical setting, one does not have perfect knowledge of the state space nor their respective
observables, due to the uncertainty principle, which can be seen as a consequence of non-commuting
operators. Therefore the issue comes down to the fact that A is not always experimentally verifiable. As
a consequence, we lose distributivity and retain some form of ortho-algebraic conditions. Thus, a logic of
a quantum mechanical system can be defined as a non distributive mechanical system. In other words,
it is the set of experimentally verifiable questions of a system with a natural partial ordering defined by

implication and some notion of ortho-complementation.

Definition 4.0.3. Let H be a Hilbert Space. We define the lattice of closed linear subspaces of H to
be the Hilbert Lattice henceforth referred to as HL. In this context, uV v = span{u,v}, and u Av =

span{u} N span{v}. For finite dimensional subspaces, the lattice rank coincides with the standard rank.
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One can directly observe that the Hilbert lattice HL satisfies all the criteria of a logic. Therefore, our
choice of embedding space in Theorem [3.1.13] has a logical realization. In order to tie things together:
the observables are self adjoint linear operators in the von Neumann algebra B(H), and the states S are

considered as vector states in B(H)*.

Definition 4.0.4. Let A be a Hermitian operator and 0 # X € R, then A({\}) = span{h € H : Ah =
Ah}, so that X is in the point spectrum of A if 0 < A({\}) € L(H). [21)]

For compact Hermitian operators we have that the point spectrum gives the full picture, and this is

sufficient to describe our general case up to a tolerable approximation error.

4.1 Merging the implication structures of a Cubic lattice, a Hilbert Lattice,

and a von Neumann Algebra

We now have an order embedding of the poset of ideals of the cubic lattice to the poset of faces of a
von Neumann algebra. In particular, all of these maps can be shown to be well defined for addition
and multiplication in the von Neumann algebra. Both structures have a fairly diverse set of operations.
This section explores how the cubic lattice operations Ac, Vo, and A, the orthomodular Hilbert lat-
tice operations, Ay, Vg, and +, and the von Neumann algebra operations +, -, and Jordan algebra
multiplication,o, relate.

The first question is can we lift lattice structure of the lattice of signed sets L(S) to the algebraic
structure of the SA(A#). = (M ,+,0), where .# is a von Neumann algebra. The answer is partially
yes, and utilizes a standard result from logic and computing.

We first use a standard result of von Neumann algebras.

Proposition 4.1.1. The self adjoint operators of von Neumann algebra form an order unit algebra where

multiplication is the Jordan product induced by the multiplication of the von Neumann algebra.

However, this order unit algebra is not unique to the given von Neumann algebra. There are many
possible associative products defining many distinct von Neumann algebras that are consistent with a
single underlying Jordan product. For more information, see a discussion of global orientations and
Hilbert balls [2].

We now demonstrate the value of choosing an orthonormal basis. Of course, orthogonal projection

operators need not commute even in the finite dimensional case.

Lemma 4.1.2. Let H be a Hilbert space with an orthonormal basis #B. If F, G C $, then PpPg =
Ppnc = P Pr.
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Proof. We show the equality for a given element h € H. By definition we have Pp(h) = > fe s

h>f7Fb(h>::§:geG<m}wg7and-PFﬁGZZEZfEFﬂG<f7hXﬂ Now,

PgPp(h) = (g, Prh)g

geG

=> g, Y (£Mfg
geG fEF

= > (g > AN+ D (g, Y (£ f)g
geEGNF  fEF geG—F  feF

= > @D EmhHa+ Y. D (FR)g. fg
geGNF fer geG—F feF

= > (g > (EmhHg+ DY, D (Fmo
geEGNF  fEF geEG—F feF

= > g, Y (fi))g+0

geGNF fEF

Z (9, Prh)g

geGNF

= > (Prg,h)g

geGNF

= > (g,h)g

geGNF

= Prng(h)

By symmetry, we have PrPg(h) = Ppng(h) = PoPr(h), and as h was arbitrary, we conclude the

result.

O

Definition 4.1.3. Let P be the set of projections in .#* onto a fized orthonormal basis . The binary
operation XOR denoted by @ : P x P — P is defined by A® B = B*A+ A+ B.

We have already discussed that C'L can be embedded in .#Z as a set of projection operators, in partic-
ular idempotent operators. Now we have a binary operation from projections onto subsets of a fixed
orthonormal basis, A, B defined by AVyg B = A® B @ AB where @ is the symmetric addition (XOR)

defined above, and A A B = A o B is the Jordan product.

Lemma 4.1.4. Let A, B € B(H) be projection operators onto different subsets of the same orthonormal
basis of H. Then ANy B = A+ B— Ao B, where +, — are the standard addition and subtraction induced

by the von Neumann algebra.

Proof. By Lemma AB = AAyg B= B Ay A= BA by commutativity, and now we can also freely

34



use associativity. Since we are dealing with projection operators, we also have that all operators are

idempotent. Now the result follows by a standard computation.

AVyB=A®B& AB
= (A®B)® AB
—(A(1-B)+B(1-A)& AB
—(A+B-2AB)® AB
=(1—(A+ B —2AB))(AB) + (1 — AB)(A+ B — 2AB)
— AB—AB— AB+2AB+ A+ B—2AB — AB — AB + 2AB

=A+B—-AB

Now we have everything to finish the final major result of the subsection:

Lemma 4.1.5. For a proper principal lattice filter of the cubic lattice, F C CL C HL, Ay : F x F —

HL = N¢ : F x F — F. Equivalently the join of and ideal OL agrees with meet of the Hilbert lattice.

Proof. Let a,b € F. By definition we can write a, b as the joins of atoms that are members of the
orthonormal basis constructed in Theorem |3.1.13] so we can write a Ag b in the same orthonormal basis
as well. Therefore, we have the same relevant set of atoms for both HL and C'L and reduce to this case
implicitly for the remainder of the proof.

If o is an atom of CL C HL such that o < a and a < bthen a < aAcband a < aAgb. In addition,
these are the only atoms in the commutative Boolean sub-lattice of HL that are less than or equal to
a Ac bor aAgb. By atomisticity of the cubic lattice and the Boolean sub-lattice of the Hilbert lattice,
aNcb=Vce{a:a<aand a <b},aAgb=Vg{a:a <aand o <b}.

As the ordering of C'L is inherited from HL, aVy B =inf{c€ HL:c> a, c¢> B} <inf{c€ CL:
¢ > a, ¢ > f}. Therefore, a Ay b < a A¢ b. Now by reversing the above argument, a Ay 8 = sup{c €

HL:c<a,c<p}>sup{ce CL:c>a,c>p},and aAgb>aAich. O

Remark 4.1.6. The subtle and key part of this proof is that one does not lose atoms when finding
lattice meets in the cubic lattice i.e. all atoms that are contained in both subfaces remain. However,
when we consider joins of two subfaces, one gains atoms that were in neither subface. One can also not
substitute the argument with co-atomisiticity as the set of co-atoms of HL and C'L are not the same. In
the finite dimensional case, one can view that the intersection of two subfaces contains all common lower

dimensional subfaces, but the next largest subface containing both may include additional vertices.
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Theorem 4.1.7. For a principal lattice filter of the cubic lattice, F C CL C HL, A\¢ : F x F — F is

equal to the Jordan product and associative product of B(H).
Proof. The theorem follows as a result of Lemma and Lemma O

In many standard arguments, XOR is taken to be addition modulus 2, so we present the explicit
computations for demonstrating that distributivity of the ring is equivalent to distributivity in the

Boolean algebra.

Lemma 4.1.8. Let # be an orthonormal basis of a Hilbert space H and A, B,C be projections onto
subsets of AB.

(1) Ag distributivity and multiplicative distributivity are equivalent.
(2) Vi distributivity and XOR distributivity are equivalent.

Proof. We first demonstrate the Ay distributivity and multiplicative distributivity are equivalent using

Lemma 1.4

ANy (BVy C) = A(B +C — BC)
= AB + AC — ABC

=(AAg B)Vy (AAg C)

In order to prove (2), we first use a simplification that A® B = (AVyg B) — (A Ay B):

A®B=AB*+ + BA*
=A(1—B)+B(1-A)
=A-AB+B—- AB
=(A+B—-AB)—- AB

= (A\/H B)—(A/\H B)

Then,

A®(BC)=(AVyg (BAg C))—(AAg (BAg C))
= ((A/\H B) Vi (A/\H C))—(A/\HB/\H C)
:(A/\HB)@(A/\HC)

= (AB) & (AC).
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O

Theorem 4.1.9. The lattice of projections onto subsets of a fized orthonormal basis, L(NV g, Ag), form

a Boolean algebra.

Proof. By [4.1.2] we have shown L when considered as ring L(@®, -) is firstly closed under -, and secondly
commutative. A ring of commutative idempotents is Boolean, so L is a Boolean ring. Then L is
distributive as a ring, so we have L is distributive as a lattice by Lemma[4.1.8] As L is an orthomodular

sublattice of HL, we have that L is a Boolean algebra by [14]. O

Theorem demonstrates that the cubic lattice and the Hilbert lattice share a common meet
described by the product of a von Neumann algebra. However the join structure of the lattices is very
different. One can view this as a different question asked of the system. The join of two observables in a
Hilbert lattice asks the minimum subspace where all events are observable. The join of two observables
in a cubic lattice asks for the minimum subspace where both observables are entangled.

Theorem shows a Boolean algebra containing the cubic lattice when embedded as in Theorem
3.1.13] However, the Boolean complement is order reversing and inherently irreconcilable with the
unitary propagation of a quantum system. In addition, the Boolean structure is in a sense too rigid and

well defined to fully encode the entanglement of a quantum system as stipulated by requirements in [17]:
1. Completeness
2. Atomicity
3. Superposition principle: (atom ¢ is a superposition of atoms a and b if ¢ # a, ¢ # b, and ¢ < a Vb.)

(a) Given two different atoms a and b, there is at least one other atom c¢ that is a superposition
of a and b.
(b) If the atom c is a superposition of the distinct atoms a and b, then a is a superposition of b

and c.

4. Unitary Operators: Given any two orthogonal atoms a and b in H L, there is a unitary operator U

such that U(a) = b.
5. Infinite Orthogonality: H L contains a countably infinite sequence of orthogonal elements.

One can see that the Hilbert lattice satisfies these criteria while the Boolean lattice defined above
fails the the superposition principle. The following subsection discusses a notion of order preserving

complementation of cubic lattice and its Boolean subalgebras.
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4.2 A Unitary Negation

Of course one’s interest in physical systems involves more than their states and their experimentally
verifiable questions. One also wants to know how a state changes over time based on its current state up
to one’s ability to observe the state experimentally. In the classical setting, if one observes the states of
the system at a time, ¢y, and we have perfect knowledge of some dynamic law U(t) of the system, then
we can predict the states of the system at time tg +¢. However, in a quantum mechanical system, we will
not have such predictive power, but we still have a dynamic law U(t) represented by a unitary operator
as discussed in the axiomitization of quantum mechanics stated in section 1.

A major issue that immediately occurs is that the notion of orthocomplementation of the logic is
order reversing, while unitary operators are order preserving. Therefore, these two structures, which
are necessary for the understanding of a quantum mechanical system, are, at some level, irreconcilable.
We have discussed in the previous subsection that our embedding space is consistent with the modern
literature. Now we will show that A when represented as a unitary operator may help bridge the gap to
a unitary negation in some sense.

As we have discussed the basic operations A and V in the respective lattices, we want to discuss
the relation between the remaining operations: - and A. We first need to introduce some additional

definitions. For additional context, see [2].

Definition 4.2.1. A symmetry in a von Neumann algebra is a Hermitian involution. An e-symmetry in
a von Neumann algebra is a Hermitian element s such that s> = e, where e is an orthogonal projection.

When the specific projection e is not relevant, we will just say partial symmetry [2].

Definition 4.2.2. A projection in a von Neumann algebra is halvable if it is the sum of two Murray-von

Neumann equivalent projections.

Definition 4.2.3. A partial symmetry s in a von Neumann algebra .# will be called balanced if it has

a canonical decomposition s = p — q, and p ~ q where ~ denotes Murray-von Neumann equivalence. [Z]

Proposition 4.2.4 (Proposition 7.7 [2]). If e is a projection in a von Neumann algebra .4, then the

following are equivalent:

i) e is halvable

it) there exists a Jordan orthogonal pair of e-symmetries
iii) there exists a balanced e-symmetry.

Theorem 4.2.5. There exists a unitary representation of Aut(L(S)) on B(H) where H is constructed
in Theorem [31.13
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Proof. As the Hilbert lattice is a atomic and atomistic lattice, and the atoms C'L form an orthonormal
basis of H, an automorphism on the atoms of C'L defines a permutation of the atoms of H L. Therefore,

lattice automorphism of C'L embed into the permutation group in B(H), in particular they are unitary.

O

Note that in the original representation of automorphisms of CL are reflections of the half plane or
permutations of a basis of size | S|, specifically the representations are embedded in the orthogonal group.

One can view this difference as choice in matrix representation.
Proposition 4.2.6. An involution U in a von Neumann algebra is Hermitian if and only if U is unitary.

Proof. Let U € B(H) involution. Suppose U is unitary, then

U?=1
Ut =U*
(UrU)U =U*
U=U*

If U is Hermitian, then for any h € H

(U?h,h) = (h,h)
(Uh,U*h) = (h,h)
(Uh,Uh) = (h,h)

U = [IA]]

Therefore, U is an isometry, and as U? = I is surjective, so U must be as well. O
Corollary 4.2.7. The unitary representation of A, Un on B(H) is a symmetry.
Proof. A is an involution by definition, so the result follows from the above arguments. O

As a symmetry, we have the a canonical decomposition of Un = & — 1=Uawhere s and

1-Ua
2

are orthogonal projection operators.
Proposition 4.2.8. The symmetry Ua is a balanced symmetry of B(H).

Proof. We need only consider coatoms of ¢, A(c) € C'L with associated projections p., pa(c), and let Ua

be the unitary representation of A. Then we have the action of the unitary symmetry Uap.Ua = pa(c)-

39



Now let s = p. — pa(c)- Then,

UasUa = Ua(pe — pace))Ua

= PA(e) = Pc
=—s
Therefore,
Uas = UasUZ
= (UasUA)Ua
= —SUA.
. o . 1+ Ua
The result follows by [4.2.4, Explicitly the symmetry similarity transformation, s, takes to
1-0,
5 A, and unitary similarity implies Murray-von Neumann equivalence. O

Of course the choice of coatom was arbitrary in the above proof, so we have the following slightly

more general result.
Corollary 4.2.9. For any given coatom c € CL, the symmetry s = p. — pa(c) anticommutes with Ua .

Theorem 4.2.10. The action of - on HL on the coatoms of CL is a symmetry and coincides element-

wise with the unitary symmetry associated with A.
Proof. The result follows as for all c € CL, pt =1 —p. = Pa(e) = UapcUa. O
Corollary 4.2.11. Let ¢, A(c) € CL be coatoms, then the lattice operations of CL and HL coincide.

Proof. Consider ¢, A(c) € CL and the associated projection operators p. and pa (), which project on a
generalized simple tensor u of the form w; = V; for all ¢ € I — {j} and for exactly one j € I, u; = v,
v € V;. By lemma we need only show that p. Vg pa) = Pe Vo Pa(e)- Further, we reduce to
showing p. Vi pa(e) = Pe Vo Pa(e) by the argument in the proof of Lemma

Now by Theorem [4.2.10, p- = pac, 50 pe VH PAc = Pe + Pac = 1 > pac Ve pe, where orthogonality is

implicitly used in the first set of equalities. O
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Example 4.2.12. Let H = C2?, and Ua, s be constructed as above for the standard basis.

0 1

UA = )
1 0
1 0

s = ,
0 -1
0 —
iUAS =

i 0

We recognize these matrices as the famous Pauli matrices!

Corollary 4.2.13. The operators of Corollary[{.2.9 give an explicit construction for the generalization of
Pauli matrices to a cubit system up to arbitrary cardinality, w. Furthermore, as a computational device,
we can use our original lower dimensional matriz representation to perform these matrix computations
on a O(w) vector space as opposed to the exponentially larger O(2) vector space used in the standard

construction.

We now have an order preserving lattice isomorphism of HL, Ua, and an order reversing lattice
anti-isomorphism, +, that agree on certain subset specifically the coatoms of C'L. Furthermore, we have
that for pairs of coatoms which half the identity, we have that the canonical symmetry associated with
the pair anti-commutes with the action Ua, and therefore the action of ~ when we consider the action
element wise. However, Up is distributive on the difference of the projections while * is not except on
a principle filter. In essence, we now have a linear distributive operation that agrees element-wise with
+ on the coatoms of C'L.

As we move forward, this relationship will become more relevant. The lattice automorphisms of C'L,
permutations of coatoms of C'L that commute with A, and the commutant of A are all intimately related

in a way that will be discussed. The above section shows that in some sense this relationship holds with

L on the Hilbert lattice as well and the reader should keep this in mind.
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5 The Necessity of the Cubic Lattice

Throughout this document, we have created a sufficient structure to characterize the algebraic relations of
an n-qubit system when considered in an analytic space. However, we now raise the question, what other
structures suffice? Is there perhaps an entire set of such objects and what is the underlying characterizing
feature? We now demonstrate that the symmetries required for an n-qubit system in fact require a cubic
lattice structure. Furthermore, we show that these algebraic relations are in fact measurable in the sense
of [24]. We also show which von Neumann algebras contain a cubic lattice of a given cardinality up to
*-isomorphism.

We will think of the commutant of Ux is in some sense generated by the automorphism group of the

lattice of signed sets. We will discuss this more in the following section.

5.1 The Symmetry Group of the Cubic Lattice and Quantum Relations

In the finite case, the automorphism (symmetry) group of the cubic lattice is the Coxeter group B,

otherwise known as the hyperoctahedral group O,,.

Definition 5.1.1. Let Per(C) be the group of permutations of coatoms of CL, Pera(C') be the centralizer

of A in Per(C), and L(S) the lattice of signed sets over S.

Theorem 5.1.2. For a cubic lattice of cardinality R, L(S), Aut(L(S)) = Pera(C) = Zs ! Sx, where

denotes the unrestricted wreath product. [7]

For explicit details, we refer to [7]. As a brief sketch, for each cubic lattice over a signed set .S, we have
an order 2 involution, which is a reflection about the respective axis. We also have the permutation action
of each index of 9, leading to a a semi direct product on the n-fold direct product S, with S,,. Then
[7] extends this to a general infinite case. However, their choice of embedding space is a Banach space
of dimension equal to the indexing set S, as opposed to our exponentially larger Hilbert embedding. We

now generalize these arguments to von Neumann algebras over the Hilbert space constructed in Theorem

B.II3
Proposition 5.1.3. The C* algebra generated by Ua is a von Neumann algebra.

Proof. Since Upa is a self adjoint unitary operator, we have that o(Ua) C {—1,1}. In particular the
spectrum of Ua is a finite set. Therefore, we have a *-isomorphism: C*(Up) = C(0(Ua)) = C(K),
where K is a finite set. Now we apply that C'(K) is a reflexive, as K is finite. Then C*(Ua) is a finite

dimensional C* algebra, so it is a von Neumann algebra. O

Lemma 5.1.4. Let ’ denote the commutant. Then W*(Ua) = Z(W*(Un)').
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Proof. As W*(Ua) is an abelian unital W* algebra, W*(Ua) € Z(W*(Ua)’). Since W*(U,) is also
a von Neumann algebra, we have that Z(W*(Ua)') C W*(Ua)” = W*(Ua), where the last equality

follows by the double commutant theorem. O

We now have a large amount of insight into the structure W*(Ua). There are three views to consider,
firstly as a finite dimensional abelian von Neumann algebra W*(U,a) is isomorphic to an [*°({1,2,...,n})
for n € N. On the other hand, we know that W*(Ua) as a unital commutative Banach algebra, so
W*(Ua) is also isomorphic to C'(K), and lastly that W*(Ua) is isomorphic to p(Ua), which as A is an
involution, is a two dimensional C vector space. Of course, this all ultimately follows from the general
principle that continuous maps over a finite space are a vacuous concept and devolves to a map from a

finite set to the complex numbers. We describe this in general in the following statement.

Proposition 5.1.5. Let A € B(H) be a normal operator such that A™ = I for some n € N, then C*(A)

is a von Neumann algebra and equal to the center of its commutant.

Before further discussing W*(Ua)’, we introduce some theory about the automorphism groups of
the Hilbert lattice and the cubic lattice. To begin, the embedding of L(S) in H(L) as constructed in

Theorem [3.1.13]is minimal in a fairly strict sense.

Theorem 5.1.6. Let f : L(S) — HL where the atoms of L(S) are contained in the atoms of HL, and f

is an injective order morphism. Then there exists an unique injective order morphism i : ﬁ(L) — HL,

where H(L) is the embedding, j of Theorem such that poj=f

Proof. First we show existence of such an f. We only need to use that the Hilbert lattice is atomic and
complete by Proposition [3.1.1} Therefore, if we have two Hilbert lattices, we have an injective order
morphism if we have an injective mapping of orthonormal bases to the Hilbert spaces of the respective
Hilbert lattices. Then we have 1) = foj~!. Now we see that uniqueness follows as j is a bijection between
the orthonormal basis of H(L) and the atoms of L(S), so if there exists another map p satisfying our

criteria, then poj = f implies p = foj~1 = . 0

Definition 5.1.7. A conjugate linear operator is a linear operator except for scalar multiplication is

treated as conjugate scalar multiplication.

Definition 5.1.8. Let H be a Hilbert space and consider ® : B(H) — B(H). ® is said to be implemented
by a (conjugate) unitary if there is a (conjugate) unitary map U : H — H such that ®a = UaU* for all
a € B(H). [2]

Lemma 5.1.9. Let g € Aut(H(L)), then there exists a unitary or conjugate linear unitary operator

Uy : H — H such that g is implemented by U,.
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Proof. It g € Aut(H (L)), then g is a unital order automorphism, so by [2, Proposition 4.19], g is a Jordan
automorphism. If g is a Jordan automorphism, then g is either a #-isomorphism or *-anti-isomorphism
by [2], Proposition 5.69]. If g is a *-isomorphism then g is implemented by a unitary, and if g is a *-anti

isomorphism then g is implemented by a conjugate unitary by [2, Theorem 4.27]. O

Definition 5.1.10. Let A € .# be invertible, then Ads : M — M is defined by Ads(-) = A(-)A~L.

Equivalently, one can view Ad as the inner automorphism induced by A on M. [2]

Definition 5.1.11. We say that the action of two unitary operators commute in a von Neumann algebra

A if their action by inner automorphism commutes.

Theorem 5.1.12. Let g € Aut(H(L)), then Ad, € Aut(L(S)) if and only if the action of g commutes
with the action of Un on W*(L(S)) where H is constructed in the manner of Theorem|3.1.15

Proof. By Lemma, we know that g can be implemented by a unitary or conjugate unitary operator,
U. Without loss of generality, we assume that U is a unitary operator as this affects the associative
multiplication consistent with the Jordan algebra of the Hilbert lattice, but it does not affect the action
as an order automorphism.

Assume that the action U commutes with action of Ua on L(S). It is sufficient to show that

Ady € Pera(C). Now ¢, A(c) be coatoms in L(S). Then
A(g(pc)) = UAU(]pCU;UA = U‘]UAPCUAU;' = g(A(pc))

We have that g maps to coatoms to coatoms in some isomorphic lattice to our original L(S) in
particular an order isomorphism, so Ad, € Aut(L(S)).

Now for the converse. If the inner automorphisms do not commute on L(S), then there exists ¢ € C
such that A(g(p.)) # g(A(pe)). As g € Aut(L(5)), g(c)t = A(g(c)) by Theorem Therefore

9(A(pe)) # g(pe)™, but by linearity g(A(pe)) + g(pe) = g(A(pe) + pe) = g(I) = I, which leads to a

contradiction. O

One can observe that there are many more unitary transformations, and therefore, automorphims
of the Hilbert lattice, then there are automorphisms of the cubic lattice. Now that we know that
Aut(H(L)) are unitary or conjugate unitary transformation, we deduce exactly which unitary operators
are automorphisms of the cubic lattice.

We see that we have a choice of equivalence class when we represent Aut(L(S)) by its action on L(S),
as there are automorphisms acting as the identity on L(S) that to do not act as the identity on HL.
Namely in the abelian von Neumann algebra, W*({p.}.cc), the symmetries associated L(S) are such an

example.
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Due to this ambiquity, we choose to define a group representation of Aut(L(S)) up to group isomor-
phism acting on H as opposed to inner automorphisms acting on HL. From another perspective, we
have for U € Aut(L(95)) the action Uh)(Uhy — hg){hs on the lattice of orthogonal projections, HL, and
we are instead considering the action Uhi) — ho) for any hq,ha € H. One can see that any action in
Aut(L(S)) on HL can be induced by the action on H and vice versa, but we have removed the ambiguity

of the representation. We make this more formal below.

Lemma 5.1.13. There exists a unitary representation p : Aut(L(S)) — B(H) such that U, € W*(Una)’
for all g € Aut(L(S)).

Proof. When considered as an automorphism group acting on the orthonormal basis constructed in
Theorem we have a group representation of Aut(L(S)) contained in the permutation group over
H, so we conclude that the group representation is a unitary representation.

Now we apply Aut(L(S)) = Pera(C), the permutations of the coatoms that commute with A to see
that A C Z(Aut(L(S)). As commutativity of the group implies commutativity of its representation, we

conclude the result. O

Proposition 5.1.14. Every complete Boolean algebra, B, corresponds to a unique Stonean completion

o/ whose set of projections is equal to AB. [11]

Proposition 5.1.15. If &/ < B(H) is an atomic abelian von Neumann algebra whose lattice of projec-
tions form an atomic complete Boolean algebra, which is maximal in the Hilbert lattice of H, then < is

a maximal abelian algebra.

Proof. From Proposition we know that Boolean lattice of projections correspond to abelian sub-
algebras of a von Neumann algebra. Let A be the atoms of &, and p € &' — & be a projection.
Furthermore, we can assume that p is orthogonal to every a € A, otherwise let p = p — (Vaecap A a).
Then p commutes the atoms a € &/, so a > aAp >= ap = 0 as a is an atom. The Hilbert lattice is
atomic by Proposition so let b < p be an atom and by the above a A b < a A p = 0.Therefore, the
lattice containing Z and b is an atomic complete Boolean lattice strictly containing 2, contradicting
maximality. Therefore &/ and &/’ contain the same projections and must be equal. The result follows

as abelian von Neumann algebra equal to its commutant is maximal. O

Lemma 5.1.16. Let CL C HL as in Theorem|3.1.15 and U € W*(A)' be unitary. There exists a unitary
V € p(Aut(L(S))) such that Ady = Ady : CL — CL and U =V S for S € W*({pe}ecc) NW*(Ua)'.

Proof. 1t U € W*(A)', then Ady € Aut(L(S)) by Theorem [5.1.12] Now let V = p(Ady) € W*(Ua)'.
Then Ady- = Ady', so Adyy-

cr, = Adj|lecr. As the action of inner automorphism stabilizes C'L,

Uv* e W*({pc}CEC)/ and W*({pC}CEC)/ = W*({pC}CEC) by PI‘OpOSitiOD
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Therefore, there exists S € W*({p.}cec) such that U = V'S. Furthermore, S = UV*,s0 S € W*(Ua)

as well. O

The above representation when considered as an action of inner automorphism on B(H) can be seen

to be identical to our previous notion where we fix S = I.
Theorem 5.1.17. W*(Ua) = W*(p(Aut(L(S))), W*({pe}, Un)')-

Proof. We use the above lemmas, to show both von Neumann algebras have the same set of unitaries
for an appropriate representation of Aut(L(S)). In particular any unitary in W*(Ua)’ is a product of
the two algebras W*(p(Aut(L(S)))) and W*({p.},Ua)’. Now we use that von Neumann algebras are

generated by their unitaries, see Proposition 1.4.9 in [20], so the result follows. O
Corollary 5.1.18. W*(Ua) = Z(W*(p(Aut(L(S))))).

Proof. Follows immediately from the result Z(Aut(L(S)) = {1,A} in [7], the definition of p, and the

spectral theorem. O]

We have extended the purely group theoretic ideas of [7] to the more general von Neumann algebra
setting. Now that we have a legitimate and well understood von Neumann algebra, W*(A), and some
insight into its commutator, we can finally discuss the quantum relations that A induces. We demonstrate
that the relations specified by the cubic lattice are natural and measurable in the sense of [24]. We first

define a standard relation:

Definition 5.1.19. Let X be a set, then a binary relation is a set of ordered pairs (a,b) € X x X, where

a,b € X. In some literature, the notation aRb is used to describe a set with a relation R, denoted (X, R).

The obvious issue with the classic notion of a relation is that when one considers a non-atomic
measure, these finite relations become vacuous. In [24], they generalize this notion to a measurable

relation.

Definition 5.1.20. A measure space (X, u) is finitely decomposable if X can be partitioned into a
(possibly uncountable) family of finite measure subspaces Xy such that a set S C X is measurable if and

only if its intersection with each X is measurable, in which case p(S) =, p(S N Xy).

As pointed out in [24], a measure space (X, u1) is finitely decomposable exactly when L>°(X, i) is an

abelian von Neumann algebra. A full explanation can be seen in [4].

Definition 5.1.21. Let (X, 1) be a finitely decomposable measure space. A measurable relation on X is
a family R of ordered pairs of nonzero projections in L (X, ) such that (Vpx,Vqs) € R if and only if

some (px,qx) € R for any pair of families of nonzero projections {pr} and {q,}.
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Equivalently, we can impose the two conditions
p1<p2, 1 < q2, (p1,q1) € R= (p2,2) € R
and

(Vpa, Vas) € R = some (pr,qx) € R. [Z4]

Of course we are dealing with a more general not necessarily abelian structure. In [24], they define a

quantum relation on a von Neumann algebra.

Definition 5.1.22. A quantum relation on a von Neumann algebra # C B(H) is a W*-bimodule over

its commutant A’ i.e., it is weak® closed subspace of V. C B(H) satisfying M'V.#' C V.

Now we argue from the reverse perspective. If we a priori argued that a quantum logic must respect the
symmetry group of a possibly infinite dimensional cube, the infinite hyperoctahedral group, Aut(L(S)),

we could consider the von Neumann algebra generated by Aut(L(S5)).

Proposition 5.1.23. Let B be the basis of atoms on L(S) constructed in Theorem then W*(Ua)

acts transitively in AB.

Proof. If u,v € A, then we consider the composition of Zs actions on each disagreeing index, which is

contained in W*(Ua) by construction. O

Geometrically in the finite dimensional case, we can observe that the Coxeter group, By, is the group

of rigid motions of the cube and must be able to permute any 2 vertices.

Corollary 5.1.24. The quantum relations associated with W*(Ua) are weak™ closed subspaces V' satis-

fying W*(Ua)VIW*(Ua) C V.

We now have that the operator systems discussed above, i.e. the ideals of C'L are have well defined
quantum relations. Furthermore, by presupposing the lattice, we have re-derived both A, and the
invariant subspaces of the cube.

From an experimental setting, this invariant subspace is a natural requirement, as one can rotate the
axis for detection of a spin % particle, but we still need cubic symmetry as the experiment takes place
in Euclidean space. Therefore, our notion A can be viewed as a necessary condition of relations in the
experiment. In addition, these symmetries can be verified by the single relation A as opposed to the
(infinite) hyperoctahedral group.

Furthermore, our original lattice based definitions of the cube are now seen to be measurable in a
much more general sense.

As the principle ideals of a cubic lattice are again cubic lattices, we can further infer that the principle

ideals form von Neumann subalgebras and therefore operator systems.
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Definition 5.1.25. An operator system is unital *-closed subspace contained in a unital C* algebra.
To be precise we present the following theorem.

Theorem 5.1.26. Let p, € CL C HL as in Theorem and # = B(H). Then pg#p, forms a

von Neumann sub algebra, and [a]c forms a Boolean lattice.

Proof. The fact that p,.#p, < .4 is a standard result. We refer to [I6] for the construction of the

complement °(-) = a Vo AA(+, a) making [a]c a Boolean algebra. O

Therefore, an element in a cubic lattice can be seen as a dividing line between a Boolean algebra and
a von Neumann algebra. This echoes back to our notion that the projection operators of a cubic lattice
detect the minimum entangled state containing the respective atoms and above that level of detection,

elements have become disentangled and therefore Boolean.
Corollary 5.1.27. Let (p) be a principle ideal in CL. Then C*(Ap) is a von Neumann algebra pDp.

Proof. This follows as the principle ideals of cubic lattice are themselves cubic lattices. O

5.2 Operator Algebras containing a cubic lattice
We can see that the above results can can be generalized in a straightforward manner.

Definition 5.2.1. Let C' be the co-atoms of CL. Then for each ¢ € C, we get a symmetry in the

canonical form of p. — pa.. We denote the set by {s;}ier-

10
Importantly, ith coordinate in the tensor product is equal to the matriz s =
0 -1
Lemma 5.2.2. With our previous choice of representation, p : Aut(L(S)) — B(H), the mutual com-
mutant of Ua, s; is equal to W*(W*(p(Z2 2 S1-3)), W*({pcteec) N W*(Un)'), again by ! we mean the

unrestricted wreath product.

Proof. By Lemma we already have an explicit definition of the unitaries that commute with U,
so we only need to consider the subset that also commute s;.

We consider the elements of Pera(C), that fix p.,, pac;. They are the permutations fixing the ith
coordinate that commute with Ua, so we have that it is again the infinite hyperoctahedral group but on
one less coordinate or Zs ! Sy, where |J| = |I| — 1 or elements of W*({pc}tcec) NW*(Ua)'.

Now the result follows by taking the WOT closure of the algebra generated by its unitary operators,

which fully defines the von Neumann algebra again by Proposition 1.4.9 [20]. O

Theorem 5.2.3. Let H be constructed in the manner of Theorem then B(H) = My(B), where
B=IL,® B(H[,,L)
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Proof. Let Ua, be the tensor product whose ith index is equal to Ua’s ith index and I, elsewhere. We

claim the following form matrix units for B(H).

e11 =
11 9
(I + SZ)UA,
€12 =
2
Una,(I + ;)
€21 =
2
I— S;
e =
22 9

We can directly compute that e11+e22 = I, e12 = €3, and e;jex; = dj,e;5. Therefore, B(H) = My (B),
where B commutes with all of the matrix units, see Lemma 4.27 of [1].

Now we show N = W*({ei;}ijeq1,2y) = W*(Ua,, si)-

Firstly, Un € N,

UA@' + S,’UAi - SiUAi + UAi

Un, = 7
_Ua, +5iUa; +Un;8; + Un,
N 2
= +
2 2
=e12 + €21
Secondly, s € N
g = ———
2
. I+ s; I—s;
2 2
= €11 — €22

Therefore W*(Ua,s;) € N. For the reverse containment, the generators of N are in the algebra
generated by Ua, s;, so they are in the WOT closure of the algebra.
Now we apply that M>(C); ® It—; = W*(Ua,,si), so that N’ = I, ® B(H;_;), where Hj_, =

®je(1—i)C? in the manner of Theorem [3.1.13 O

Example 5.2.4. We see that in our choice of matrix units, we again obtain that

0 1 1 0 0
Up = , 8 = , and is;Un, =
1 0 0 -1 -1 0
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This is considered as a representation of Ma(B) as opposed to Mz(C). Of course if we reduce to the

single qubit case, we have that the B = C and only one choice of index for s;, so our result is consistent.
We relate the above construction to a more familiar general object.

Definition 5.2.5. [2] A Cartesian triple is a set of operators r, s, t in a von Neumann algebra such

that
1. ros=sot=tor=0.
2. Ad,Ad;Ady = 1.

Corollary 5.2.6. For any s; € S, the set Ua, s;, and iUas; form a Cartesian triple in B(H).

Proof. Given our representation, the result follows from standard facts about Pauli matrices. O
We can consider another von Neumann subalgebra of B(H). Namely, W*({s; }ier)-

Lemma 5.2.7. Given our representation of A, the coatoms of CL, C, are exactly a generating set of
projections of W*({s; }ier)-

].:l:SZ‘

Proof. We have that C' = { } generates {s;};cr and vice versa. Therefore, W*(C) generates
iel

the unitaries of W*({s;}icr), and therefore generates all of W*({s;}icr)- O
Theorem 5.2.8. The atoms of W*({s;}icr) are the atoms of CL.

Proof. We have shown that the coatoms of CL are in W*({s;};es), by Lemma[5.2.7 By coatomicity of
CL, and Lemma we have that the atoms of CL are contained in W*({s;}icr)-

Now for the reverse direction, we consider the complete lattice of projections L generated by the
canonical projections of {s;};cr. Here we mean complete in the sense of lattice theory not necessarily
complete with respect to the norm and generated in the sense closure of meet and joins. As the canonical
projections of {s;};er are exactly the coatoms of C'L, we have that the atoms of L are exactly the set
of atoms of C'L by Lemma 4.1.5] and in addition, L is a complete lattice generated by an orthonormal
basis and therefore Boolean.

In our specific application of Proposition the atoms of L form a maximal set of mutually
orthogonal projections, and the subalgebra of bounded operators of &7, C*(L), is abelian, so we have
that C*({s;}ier) = C*(L) is a von Neumann algebra [I1, Remark 10.8] whose atoms are the atoms of

the cubic lattice. O

Therefore, we now have a minimal von Neumann algebra containing the CL = L(S) for a given |S].

Furthermore, we have shown that W*({s;}icr) < B(H), where H is minimal as in Theorem
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Example 5.2.9. When reducing the one qubit case, we see that W*(Ua, s) contain the Pauli matrices,
which are a W* algebra over C generating all of Ma(C), which is a well known result, as required.

Furthermore, we have a unitary matriz T € M2(C),

which is a unitary similarity sending s to Uan. We recognize this as the normalized Hadamard matriz.
Definition 5.2.10. We define U = ®;¢T.
Theorem 5.2.11. B(H) = W*({USiU*}iej, {Si}iej).

Proof. We only need to show that W*({Us;U*}icr, {si}tier) = W*({UsiU*}ier) N W*({si}icr) =
Z(B(H))=CI.

Suppose that V' is a unitary operator commuting with Ua, then by Lemma Ady € Aut(L(S)),
when considering its action by inner automorphism on L(S). As V commutes with each co-atom of L(.5),
V acts trivially on the co-atoms of L(S), so by coatomisticity of L(S), V acts trivially on L(S). Then
V € W*({s;}icr). By symmetry, V € W*({Us;U*}icr).

Consider canonical projections p; of Us;U* and ¢; € s; for some fixed index ¢ € I. Then p; A ¢; =
lim,, 00 (Pigipi)™ = limn_m)(%pi)" = 0. By construction, any atom a € {Us;U*}, a is bounded by a
canonical projection of Us;U*, so we assume without loss of generality that a < p, and by symmetry
we assume b < gq. Then a Ab < p A g = 0. Therefore the atomistic Boolean lattice of projections
associated with {Us;U*};cr and {s;}icr have distinct sets of atoms. By atomisticity, W*({s;}icsr) and
W*({Us;U*}icr) are abelian von Neumann algebras whose only common projections are 0 and I, so

their intersection is CI by Proposition [5.1.14 O

As we have demonstrated now, that not only is the Hilbert Lattice we originally embedded CL into

minimal, the von Neumann algebra as a whole is generated by two copies of CL with orthogonal atoms.

Corollary 5.2.12. Let L(C') be the meet semi lattice generated by the C the coatoms of the cubic lattice

adjoin 1. Then the meets and joins of L(S) are exactly CL C B(H).

We can see that our generation of B(H) is therefore a generalization of the single qubit case to
arbitrary cardinals.

Now we have shown that B(H) is generated by A, C'L directly. We also see that B(H) is a minimal
structure containing both, and as such is a necessary structure if one considers an operator algebraic

structure of the cubic lattice under the conditions [I7] detailed at the conclusion of section 4.1.
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5.3 Phase Rotations

So far we have re-derived the Pauli and Hadamard gates, referred to as the X, Z, and H gates in
the literature, and their respective role in the underlying von Neumann algebra. As shown this von
Neumann algebra is over a Hilbert space constructed in the standard manner and generalized to arbitrary
cardinals. The question now becomes what types of observables can we obtain as functions of our already
constructed observables? We will show that continuous functional calculus can be used to construct

universal quantum gates in the sense of the Solovay Kitaev theorem, [12].

Definition 5.3.1. Let Ua, s be represented in Ms(C), then

0 cos <0) —isin (0>
iU =
R()=¢ "2 = 2 5
—181n (2) cos (2>
0 0
0 z Caim( —
Unser cos | 3 sin( 2)
Ry(e) =€ = . 0 0
sin 3 cos (2>
il
is— e 2 0
RZ(G) =€ = 0
0 65

We will discuss group theoretic properties that can be shown directly from a computation in the case

of M3(C), but we highlight a more general technique to extend these results.

Proposition 5.3.2. Let A be a normal operator in a C* algebra, of. Then for any f € C(c(4A)), and
unitary U € o, U f(A)U* = f(UAU™).

Proof. Let p(1) =1, p(z) = A be the standard continuous functional calculus on A. Let v = UpU*, and
let 7(1) = I, 7(2) = UAU*. As a transformation by unitary similarity does not change the spectrum of
A, our mappings v, and 7 both have the same domain C(c(A)). We have v(1) = Up(1))U* = UIU* =
I =7(1), and v(2) = Up(2)U* = UAU* = 7(2), and the result follows for any continuous function by

the uniqueness of the continuous functional calculus. O

For the interested reader, we note that the above result can be generalized without much additional
effort; however, we are only concerned with the continuous functions for the remainder of the section.
In summary, the embedding of the continuous functions over the spectrum of an operator into its C*
algebra is independent of its concrete representation. However, if we were to extend the result to the
bounded Borel measurable functions on o(A), By(c(A)), the underlying Hilbert space becomes relevant.

If W*(A) < o < B(H), where H is separable, then the map By(c(A)) = W*(A) is a *-isomorphism, and
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the associated measure spaces are o-finite. If H is non-separable, then the map is just a *-homomorphism
whose measure space need only be finitely decomposable. Recall that our constructed Hilbert space in
3.1.13] is either finite dimensional or non-separable, but never separable and infinite, so this distinction
is relevant. As we are only concerned with the continuous functions, we leave the technical details to a

discussion in Section 9 of [5].

Lemma 5.3.3. Let U be a unitary operator and A be a normal operator in a C* algebra such that

UA= —AU. Then for anyt € C, UetAU* = e t4.
Proof. We apply Proposition to see that UetAU* = etVAU™ = oA, O

Now we can use the above lemmas to immediately deduce that the action of unitary similarity of any
member of a Cartesian triple acts as inversion of rotation of any other member of the same Cartesian

x

triple. Explicitly, e*e™® = 1 when considered as standard continuous functions over C, and we have an
algebra homomorphism for the respective operator valued functions. Furthermore, the action of unitary

similarity of any normal element on its own exponent function is trivial.

Theorem 5.3.4. Let G = (Ua, €27%). Then G = Dy, for some n € N, if 0 is a rational or Doy if 0

is an irrational.

Proof. We recognize from the above discussion that Uax embeds to the automorphism group gener-
ated by €2™%i as inversion, so we take the semidirect product. With the presentation (Ua,e27%si :
Upne?™0i5iJ5 = e72™%%) " and we see that the isomorphism type of the group follows by the order of

e2m%%si which is finite if @ is a rational and infinite otherwise, so the result follows. O

Corollary 5.3.5. Let G = (U, e 2ier 27i5i)  Then G = Dy, for some n € N if § = 1 for all but

finitely i € I and 0; € Q for finitely many i, or G = Dy, otherwise.

Proof. We need only apply the previous theorem to each s; and use that continuous functions of com-
muting operators commute by functional calculus. If there are only finitely many rational 6 not equal to

one, then we can consider the lem of their respective orders to obtain a finite n satisfying the claim. [J

Corollary 5.3.6. Let & = C*(Ds,), 3 < n € N in the representation © : G — B(H), where H is
of Theorem and % be the reduced C* algebra of Do, with left reqular representation X : G —
B(I?(G)). Then </ is a nontrivial quotient of 4.

Proof. We start with n > 4 and assume that 6, = 1 for all but exactly one k € I. Without loss of
generality, we assume k = 1. As D,, is a group extension of discrete groups, Do, is amenable, and we

have that the reduced C* algebra and the universal C* algebra are isomorphic, so we only need to show
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that ||m(a)|| < ||A(a)|| for some a € 7. Let us consider the group ring C[G] and restrict to elements over
the cyclic subgroup Z,, = (r) in each representation.

Then A(Z?;()l ¢jr?) # 0 for any choice of ¢; € C as the r; are linearly independent. However,
7(r) = R® (®ie{r—1y12), for an appropriate rotation matrix R € M>(C), and as a vector space, C*(R)
has dimension at most 3 because Ua ¢ C*(R) as Ua does not commute with R and C*(R) is an abelian
algebra. Therefore, W(Z?;Ol ¢jr?) = 0 for some choice of ¢; € C.

Now let n = 3, we can directly compute that m(a) = I + R+ R?> = 0, so 7(a) = 0 < ||\(a)||, again
using linear independence.

We have shown the result for a single coordinate of the tensor product, and if we extend to the
multi-coordinate tensor case, we have for some element a € &7, 7(a;) < A(a;), so the same must be true

for the product of the norms across the indexing set. O

Remark 5.3.7. We want to highlight that this behavior is quite different when considering the relation
of anti-commutativity of the product of s;. Ua and Il;c; s; anti commute exactly when J is odd, and
the relationship is non-obvious when J is infinite. This is because -1 factors through the tensor product,
and we get a term (—1)" as a leading coefficient. However, as described above this does not occur when

we consider exponentiation of the respective product.

We conclude having demonstrated that many of the “classical” quantum gates are a direct conse-
quence of our construction of the cubic lattice as an orthomodular lattice of orthogonal projections. Due
to our construction we have another natural choice of representation in a more geometric view as a cube
in dimension |I| as opposed to the larger 21 which may have interesting application on its own. In
addition, we have shown a number of group theoretic properties of their respective algebras, and that
the remaining gates can be naturally constructed as functions of the already constructed gates both in
a direct sense via the exponential map, and in a more general sense as an observable constructed of a
continuous or Borel function over the spectrum of a Cartesian triple using the spectral mapping theo-
rems. From a physical perspective, we have given a mathematically formal description of the lattice of
observables for a system of spin —% of arbitrary cardinal. Furthermore, the gates I, De, /s, U, or more
standardly I, X, v/Z, H combined with classical circuits generate a set of universal quantum gates. In

the following section we look to generalize the previous results to more general spin systems.
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6 A generalization to Multi-Cubic Lattices

6.1 Introduction to the Multi-Cubic Lattice

We have demonstrated that a cubic lattice has a realization within a von Neumann algebra over a
specific Hilbert space, namely the tensor products of C2. We now have the question, are there other
similar lattice embeddings into a Hilbert space? The case of the cubic lattice was seen to be similar
to the spin % system of qubits, so it is natural to consider higher order systems. In order to do so, we
must first generalize the notion of a cubic lattice. We are fortunate that such a structure already exists,
namely the multi-cubic lattice. It is worth noting that to our knowledge, no attempt of any analytic
structure has been attempted on the multi-cubic lattice, much less something as strong as an embedding

into a von Neumann algebra.

Definition 6.1.1. Let @ = {1,2,...,n}. For each i € Q, let M; = {-n;,...,0,...,n;} be a finite Z-
module of odd size. We define ¥ = II'_, M;. Elements of ¥ will be denoted by v with the i*" component

(¥)i. Note also that M; being of odd size is equivalent to the property 2m = 0 implies m = 0. [3]

We have now described the set ¥ over which our lattice will be defined. We begin with defining the

poset on 7.

Definition 6.1.2. For A C Q define X4 = (e;|i € A), the submodule generated by the standard basis
indezed by the set A. We now have a poset P = ({@+ Xald € ¥, A C Q},Q), henceforth P will be

known as a multi-cube. [3]

To be clear, when we say the ordering is determined by C, we mean as the poset of the submodule,
G+ Xa<b+Xgifandonlyif ACBandb—adec Xg.

We now make P into a join lattice and meet semi lattice. We define the partial meet as follows:

Definition 6.1.3. Let P be a multi-cube and define (@ + X4) A (l;—i— Xp) =+ Xanp if there exists

ce (@4 Xa)N(b+ Xp) and undefined otherwise. [3]

Definition 6.1.4. Now let us define (55756 = {i € Q|b; # a;}, this is analogous to a support function as

6545 = {i € Qla; # 0}, precisely the non-zero coordinates of d. [3]

Definition 6.1.5. We can now turn P into a join lattice by defining join as (@ + X4) V (5—1— XB) =
a+ XAUBU5@¢5' For a given indexing set, I, and odd k € N, we say that M is a I-multi-cubic lattice

over Zi, when M 1is the lattice constructed from the multi-cube P for ¥ = ;e Zy. [3]

Hence M when considered as a lattice is only complete under the join operation but not meet. The

operation of A was critical in the definition of the cubic lattice, and we have gone on to define the
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generalization without a notion of A. Therefore, this is the next natural discussion. We first present the
notion of A applied to a multi-cube as it was originally defined. We then redefine it for purposes that
will become clear later.

We first need to define a notion of a critical element.

Definition 6.1.6. Let M be a multi-cubic lattice. A vector © € @+ X4 is critical if x; # 0 implies that

e; ¢ Xa. We denote the unique critical element of x € M as T'(a). [3]

We leave the proofs of uniqueness and existence of the critical element to [3]. We need to show the

full decomposition of the an element into its critical element and minimal submodule.

Definition 6.1.7. Let M be a multi-cubic lattice and a € M. Then define o(a) to be the subset of Q

i ¢ o(a) if and only if a; # 0.
Now we are ready to define A.

Definition 6.1.8. Let M be a multi-cubic lattice and a,b € M and a < b. Then A : M x M — M is
defined by A(b,a) = 2T'(b) — T'(a) + Xo(a)-

To see that this A defined over multi-cubic lattice functions in a similar way to the A defined as

reflection symmetries over signed sets, we cite the following proposition.
Proposition 6.1.9. Let M be a multi-cubic lattice, a,b € M. Then the following hold. [3]
1. Aa,a) =a
2. ifa <b, then A(b,a) <b
3. if a < b, then T(A(b,a)) = 2I'(b) — I'(a)
4. if a < b then A(b,A(b,a)) =a
5. if a < b <cthen Alc,a) < Ae,b)
6. if a <b, then A(b,a) =0b if and only if T'(a) = T'(b)
7. if a < b, then A(b,a) =b or A(bya) Vb=10]

We can see that A is order preserving (2,4,5), and it acts as the identity on the diagonal elements
(1) of the product. In addition, it retains a notion of a local complement (6,7).

By the definition of A, one can directly see that it utilizes the Z module structure of the MCL.
However, we can abstract A by only focusing on its action and define it in the context of a multivalued

signed set of the MCL. This will allow us to generalize the ideas proven for the cubic lattice.
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6.2 Introduction to the Critical Multi-Cubic Lattice and its Automorphisms

In order to have the multi-cubic lattice be a true generalization of the cubic lattice, we will need to
make some slight modifications. We create generalized the notion of a signed set from a three valued set
{-1,X,1} to an 2n + 1 valued set {—n,—n —1,...,-1,X,1,2,...n — 1,n}. With the mild change of
definition, the 0 of the original multi-cubic lattice is now referred to as X. The importance of this will
become clear as we move from a Cartesian product of Z modules to a tensor product of Z modules as
the algebraic structure in terms of scalar multiplication, addition, and multiplication will be of course
different, but more importantly consistent with an embedding into a von Neumann algebra of similar
structure to the previous sections.

With the above discussion, we remove the ambiguity of non-critical elements.

Definition 6.2.1. We define a critical multi-cubic, M, lattice as a multi-cubic lattice, M, modulo the
equivalence relation where for any m,n € M, we have m ~ n if and only if T'(m) — I'(n) € Xo(m) and
Xo(m) = Xon). From this point forward, we also allow a critical multi-cubic lattice to be a potentially
infinite direct product of Z. algebras. If M is a critical multi-cubic lattice indexed by a set I over a ring

Zok+1, we say that M is an |I| critical multi-cubic lattice over Zogi1.

For a critical multi-cubic lattice, M, if we let n = I'(m) + Xo(m), We see that with this new notion
of equality, all elements are critical. In addition, we have the property that for m,n € M, m # n, then
I'(m) —T'(n) # 0.

One can view a critical multi-cubic lattice as a mixture between a direct product of finite Z alge-
bras, and the lattice of submodules defined by the closure of {{Ze;};cr,0} under meets and joins. By
reducing to the equivalence class we lose addition of the product ring, preserve to some degree both ring
multiplication and Z scalar multiplication, and gain a structure of a non-zero valued outcomes with an
additional indeterminate value seen in the cubic lattice.

Before going forward we show that our preserved operations are well defined. The essential concept
is that two elements in a multi-cubic lattice map to the same equivalence class in a critical multi-cubic

lattice if their value of the indices which are neither 0 nor X are equal.

Proposition 6.2.2. Let M be a multi-cubic lattice over Zoy,1. Then the operations of scalar multi-
plication by units in the base ring and ring multiplication by units are independent of equivalence class

representative in the corresponding critical multi-cubic lattice M.

Proof. Let P : M — M be the natural projection map, and m,n € M such that P(m) = P(n). Since
P(m) = P(n), m; = n; for all m;,n; # 0. For all m; = 0, P;(m;) = X, and similarly for all n; = 0,

Pj(nj) = X. As we assumed that all non-zero entries of m, n are identical, we now have that P(m) and
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P(n) have identical nonzero entries and all other values as X.

For nonzero divisor scalar multiplication, ¢ € Aut(Zayy1). We have c-m = c-Ijcr—g(m)mi + Xo(m) =
Mici—o@mycmi + Xo@m), Mi € Zogt1, and c-n = c - licr_omyni + Xo(n) = Iicr_gmycni + Xo(n),
n; € Zok+1. Then em; = en; for all m;,n; # 0, so cP(m) = P(em) = P(cn) = cP(n) as nonzero divisor
scalar multiplication does not change which indices had 0 values.

Similarly we show multiplication of units is well defined. Let p € M, and further all nonzero induces
of m and p are units in Zsp1. As m; = n; for all nonzero entries, we have m;u; + Xo(myvo(n) =

nipti + Xom)ue(n)- Then P(mu) = P(np) as they agree on all nonzero entries. O
As in the case of the cubic lattice, the atoms and coatoms will play a significant role in our results.

Example 6.2.3. Let M be a 2 critical multi-cubic lattice over Zs. The atoms of M are of the form
{a,b} where a,b € {—2,—1,1,2}. This generalizes the two dimensional cubic lattice case, where atoms
are of the form (A=, AT), |[ATUAT| = |S| = 2. We assign each index in S to a either the set A~ or the
set At. We can equivalently assign each index in S to either value —1 or the value 1, and see that this
is the reduction to the 2 critical multi-cubic lattice over Zz. In general, an |I| critical multi-cubic lattice

has (2k)1 atoms of the form Wicra;, a; € Zogyq — {0}.

Example 6.2.4. Let M be a 2 critical multi-cubic lattice over Zs. The coatoms of M are of the form
{a,b} where exactly one a,b € {—2,—1,1,2} and all others are assigned to X. This generalizes the two
dimensional cubic lattice case, where atoms are of the form (A=, AT), |[ATUAT| = [1|. We assign ezactly
one index in S to a either the set A~ or the set AY. We can equivalently assign exactly one index in S to
either value —1 or the value 1, and see that this is the reduction to the 2 critical multi-cubic lattice over
Zs3. In general, an |I| critical multi-cubic lattice has 2k|I| coatoms of the form I;c;V, where V.= X for
all but exactly one i € I and V' € Zopy1 — {0} otherwise. One may find it helpful to think of X as the

submodule Zog+1 on each index.

The fact that the atoms and coatoms in the 2 critical multi-cubic lattice of Z3 are the same as the 2
dimensional cubic lattice is not a coincidence. We show that the case of the cubic lattice is just a specific

case of the critical multi-cubic lattice with an automorphism.
Theorem 6.2.5. Let M be a |S|-critical multi-cubic lattice over Zs. Then M is a cubic lattice.

Proof. We need only show that M = L(S) as lattices. For each m € M, we have that m = Il;c;_s(m)a: +
Xo(mys i € Z5 = {—1,1}, is mapped to an element a = (AT, A7) € L(S) defined by i € At if a; = 1
and i € A if a; = —1, so that AT N A~ = (). We denote this mapping by f : M — L(S), and one can

see that f is a bijection.
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It remains to show that we have an order homomorphism. If m < n, f(m) = (AT,A™), and
f(n) = (B*,B7), then m —n € X,(,), which implies that B* C A% and B~ C A~. Therefore,
f(n)=(BT,B7) C (AT,A™) = f(m). As order homomorphism induce lattice homomorphism we have

that f is also a lattice homomorphism. O

We are now in a position to readdress the definition of A in the context of a critical multi-cubic

lattice. We first define A purely in terms of its action on the multi-cubic lattice.

Definition 6.2.6. Let M be a multi-cubic lattice and a,b € M, a < b. Then we define A : M x M — M

by

—a; aiGXabfoa
A(b, a); = (b)—o(a)

a; otherwise
foralliel.

We have that this new definition of A induces the same action on the multi-cubic lattice M, so the
results of Proposition hold. As a quick justification, we note that both actions flip the sign of a;
if and only if I'(a); is nonzero and I'(a); € X, (). Another phrasing is that if a and b are critical with
a < b, then the coordinate, i, will change sign exactly when ¢ € {B — A}. However, this action defined

on product Z modules will be defined as just another module homomorphism when b = 1.

Definition 6.2.7. Let M be a critical multi-cubic lattice over Zoy11. For allm € M, we define Aps(n,-)

as multiplication by 2k on the respective ideal (n).

Lemma 6.2.8. Let M be a critical multi-cubic lattice, n € M. Then Ap(n,-) is always exists, is well

defined, and has properties of Proposition [6.1.9

Proof. For any odd k > 3, Ay is just scalar multiplication by 2k which exists by construction and is
well defined by Proposition Let m € M, such that m < n. As multiplication by 2k mod 2k + 1
is equivalent to multiplication by —1 mod 2k, and the action of Ays(n,m) on the multi-cubic lattice
only applies to the nonzero indices of m that are not equal to n, we see that our notion of As(n,-)
on the corresponding critical multi-cubic lattice must also have the same properties as the properties of

Proposition hold when restricted the critical elements of a multi-cubic lattice. O]

The fact that such a map factors through the projection should not be surprising as the original

definition operated on on the equivalence class representatives.

Theorem 6.2.9. Let M be a critical multi-cubic lattice such that M = L(S) for an indexing set S for

the lattice isomorphism f of Theorem m The action of Apr(n,m) on M is equal to the action of
A(f(n), f(m)) on L(S).
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Proof. As the cubic lattice atomistic, we need only show that the claim holds for the atoms of the
respective ideal. By the proof of Lemma we have a well defined Ay;(n,m) that is equivalent to
multiplication by —1 on the ideal (n).

When considering the action of the pushforward on L(.S), foAs(n, m), we swap all nonzero indices of
m € o(n) that are not equal to 1 to —1 or vice versa. If we let (B, B™) = f(n), and (A7, A") = f(m),

then the pushforward is equal to (B~ U{A"* — BT}, Bt U{A™ — B~ }) = A(f(m), f(n)). O

We have shown many similarities between cubic lattices and multi-cubic lattices, we now highlight
that they are in fact a weaker object as general critical multi-cubic lattices do not meet the axiomatic

definition of cubic lattices.

Proposition 6.2.10. Let M be a critical multi-cubic lattices over Zax+1, k > 2. Then M does not meet

aziom 2 of Definition[1.3.1]]

Proof. Let ¢ be any order automorphism of M. Then for any coatoms a,b € M such that a Ab =0
implies a,b € {aje; : aj € Zog41} for some fixed i € I. Since ¢ is an order automorphism, ¢(b) is a
coatom as well, and a V ¢(b) < 1 implies ¢(b) = a because the join of any two distinct coatoms is equal

to 1. Then for a fixed a, ¢(b) = a for all b € Zaky1 — {a,0}, so ¢ is not injective. O

In summation, the failure of a general multi-cubic lattice comes down to the fact that |Zog41—{a, 0} >

1 for k > 2.
Proposition 6.2.11. Let M be a critical multi-cubic lattice. Then M is a coatomistic.

Proof. As M is a critical multi-cubic lattice, for all m € M, m; € Zog+1 — {0} or m; = Zak11. Therefore,
for any m € M, we have that m = I;cr_(m)@i + X5(m) Where a; € Zogy1 —{0}, so m = Ajesci(a) where

¢i(a) denotes the coatom in the ith index equal to a. O

Therefore, any homomorphism of a critical multi-cubic lattice, which is also an order homomorphism
of a critical multi-cubic lattice must map coatoms to coatoms in addition to preserving the scalar module
multiplicative. With this new definition of a critical multi-cubic lattice, we will show that in addition
to A, there exists a whole family of central automorphisms. We formalize the above in the following

definition.

Definition 6.2.12. Let k € Z, Iy, Iy be indexing sets, and M be a critical |I| multi-cubic lattice over
Zoj+1 with coatoms Cyr, and N be a In-multi-cube over Zoj+1 with coatoms Cn. A map ¢ : M — N is
a critical multi-cubic homomorphism if ¢ is a multiplicative group homomorphism over the units of M
considered as a ring, and a scalar homomorphism over the units of the base ring such that ¢(c) C Cn or

¢(c) =0 for allc € Cpy. In particular if N = M and ¢ is a Z module automorphism, then ¢ € Per(Chy).
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Both conditions are necessary, as coatomistic lattices, any lattice homomorphism must map coatoms
to coatoms or 0, and any homomorphism preserving the modified Z algebra structure must be a Z
scalar and multiplication homomorphism. Sufficiency follows as we are guaranteed to keep the Z linear
structure and as a function of coatoms between coatomistic lattices, we have an order homomorphism,
which is necessarily a lattice homomorphism as well. We have shown that this notion is a generalization

of A of the cubic lattice.

Definition 6.2.13. Let k € N and M be a critical multi-cubic lattice over Zog11. We define Aut(M)

as the automorphism group of M.
We show by example that the homomorphism conditions are not equivalent.

Example 6.2.14. Let M be a I-critical multi-cubic lattice over Zs i.e. a cubic lattice. Now we demon-

strate that there are Z module automorphisms that are not order automorphisms.

Al0,1) = [1,1]* ¢ Cpr, so A is a Z linear transformation that is not even a permutation of coatoms and
therefore not an order homomorphism.

We will show that there are order automorphisms that are not Z module automorphisms. Let N be a
2-critical multi-cubic lattice over Zs. The atoms of N are the standard basis. Let P;; denote the projection
onto the sum of standard basis vectors e;, e;, so that Cn = {Pi2, P13, P13, P34}, and with this ordering let
o= (1234) € S4 = Per(Cn). We claim that o is not representable as an invertible linear transformation.
Recall that permutations act on the lattice of projections by inner automorphism. Then o(Pi2)o~! = Py3,

and (T(P34)0'71 = Plg, but O'(P12 +P34)O’71 =glo~ =1 7£ P53+ Pigy = 0P120'71 +O’P34O’71.

With this view in mind we have a new and equivalent notion of the poset of a critical multi-cubic

lattice.

Definition 6.2.15. Let I1; be the coordinate-wise projection onto the ith index and Il be the projection
onto the J C I coordinates. Implicitly, if m = I'(m) 4+ Xo(m), we define Iy as I}, J™ C I — o(m)

where J™ = J — o(m).

Proposition 6.2.16. Let M be a critical multi-cubic lattice and m, n € M such that m < n. Then

there exists Iy, J C I — o(n) such that I1;(m) = n.

Proof. Recall that m < n, then m —n € X,,), so let J = a(n) — a(m). O
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Because we fix a generating set of the Z algebra, we can view critical multi-cubic homomorphisms
as an automorphism composed with a projection as defined above. With the importance of the critical

multi-cubic automorphisms now highlighted, we proceed to classify them as a generalization of [7].

Definition 6.2.17. Let Per gut(z,,.,)(Can) be the permutations of coatoms of M that commute with the

action of Aut(Zak+1) defined by c — ac for ¢ € Cpyy and a € Aut(Zog41).
Lemma 6.2.18. Let M be an |I|-critical multi-cubic lattice over Zog 1. Then Aut(M) = Per gy4(z,,..)(Chr)-

Proof. By definition, we have an injective group homomorphism 4 : Aut(M) — Per(Cys) where ¢ is
inclusion map. We want to show the range of i is strictly contained in PerAut(szH)(CM). Any ¢ €
Aut(M) is a Z module homomorphism of Z£k+1, so we have that for any a € Aut(Zag41), a induces
an automorphism on Zsg1 by multiplication. Now by the property of module homomorphisms over
commutative rings for any m € M, ¢(a) o ¢(m) = ap(m) = ¢(am) = ¢(ma) = ¢(m) o ¢(a). Thus,
Aut(M) < Per aut(z,,.1) (Cnr)-

For the reverse direction, we show that any ¢ € PerAut(Z%H)(C’M) defines a critical multi-cubic
automorphism. Firstly, it is a permutation of coatoms of M by definition, and thus bijective. Secondly,
for the linearity condition, let ¥, be multiplication by a € Aut(Zaogy1). Then ap(m) = ¥, o Y(m) =

Y o e(m) = Y(am).

O

Theorem 6.2.19. Let M be an |I|-critical multi-cubic lattice over Zoyy1. Then Pergyi(z,,,.)(Car) =
Cs,, (Aut(Zok+1))1S1. Let Aut(Zaky1) be generated by {o;}5_,, then Cs,, (Aut(Zay11)) = NE_,Cs,, (04),

and Cs,, (0;) = Hé‘i:1(Zji VSN, )-

Proof. Any ¢ € Peruy(z,,.,)(Cn) is determined by the image of its coatoms. Note that for any
two distinct coatoms their meet is empty if and only if they are of the form, ae; and be; for distinct
a,b € Zop+1 — {0} and some i € S. By Lemma ¢ defines a critical multi-cubic automorphism, so
we have that for any ¢ € S and distinct a, b € Zog11 — {0}, 0 = ¢(ae; A be;) = Pp(ae;) A ¢p(be;). Hence,
for all a € Zog1 — {0}, ¢(ae;) = Baej for some B € Zagy1 — {0} and a fixed j € S.

We now need only consider ¢ for each individual index. Aut(Zaxy1) acts on the coatoms of fixed
index, C; = {a € Zaky1 — {0}} by left multiplication, so by relabeling, we consider the action on
{a:1 < a <2k}, Let Perau(z,,,,)(Ci) denote the permutations of C; commuting with the action of
Aut(Zagy1). We observe that Per gy (z,,.,)(Ci) is isomorphic to the centralizer of Aut(Zag11) in Sap.
Thus, ¢ € Cs,, (Aut(Zak+1)) 1St

For a given o € S,,, with a standard cycle decomposition consisting of N; cycles of length j, we use
that Cg, (o) = Hé»:l (Zj1SN,). As the centralizer of subgroup is the intersection of the centralizer of its

generators, and we conclude our result. O
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It is known that the hyperoctehedral group can be represented as the signed permutation group. We

have used this terminology to inspire our generalization.
Definition 6.2.20. Let M;(-) be the (-) valued matrices indexed by I.

Definition 6.2.21. Let the Aut(Zok+1)-value permutation group of degree I be a generalization of the
elements of the permutation group in My(Zoky1) where each nonzero element can take any value of

Aut(ngH) .

Proposition 6.2.22. Let M be an |I| critical multi-cubic lattice over Zoy11 for k € N. Then there exists
a group representation p : Aut(Zog+1) 1St — M1 (Zog+1) as the Aut(Zogi1)-value permutation group of

degree 1. Furthermore, when considering as the base ring Aut(Zok+1) C Z(p(Aut(Zak+1) 1 S1)).

Proof. We have that the standard basis vectors {e;};c; form a generating set of Zék 41 as a Z module.
Now Aut(Zak+1)1Sr can be represented as the Aut(Zag+1)-value permutation group by considering the
action e; — a;e, (i) for a given (X;cra;,0) € Aut(Zok+1) 1 Sr, which we define as p. As a commutative
base ring, Z3; . € Z(M;j(Zag+1)), which are in the Aut(Zayy1)-value permutation group by definition

and in Z(Aut(Zak+1) 1 S1) because p is a multiplicative group representation. O

Lemma 6.2.23. Let M be an |I| critical multi-cubic lattice over Zogy1, and p be defined by Proposition

6.2.29. Then p(Aut(Zag+1) 1 S1) < Aut(M).

Proof. We claim that p(Aut(Zag41)1Sr) < Aut(M). We have a bijection, f : {ae; : a € Zog+1 — {0}, i €
I} — C, where e; denotes the standard basis vector, and C' is the coatoms of the form specified in
Example and f is defined by ae; — Il;c;Vj, Vi = a, and V; = X for all j # i. Then we have that
p(Aut(Zog11) 1 Sy) defines a permutation of the coatoms by its action on {ae; : a € Zog11 — {0}, i € I'}.
We have already shown in Proposition that p(Aut(Zag41) 1 .S;) commutes with the action of Z

scalar multiplication of units on {ae; : @ € Zagy1 — {0}, ¢ € I'}, so we conclude our result. O

Theorem 6.2.24. Let M be an |I| critical multi-cubic lattice over Zogy1. Then Aut(Zop+1) ! Sr <

Aut(M) = PeTAut(szJrl)(CM).

Proof. As a result of Lemma [6.2.23] and Lemma [6.2.18, we have Aut(Zok+1) Sy is isomorphic to a

subgroup of Pergyt(z,,,.)(Cor)- O

We have now rederived the group theoretic results of [7] and shown it in much more generality. We
highlight the cyclic case below as the operator algebraic structure will be most similar to the results of

Section 5, and identical if k = 1.

Corollary 6.2.25. If 2k + 1 is prime, Zox 1 S; = Aut(M) = Per guy(z4,,,)(Cor)-
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Proof. By Theorem [6.2.19, Per gy (z,,,,)(Cym) = Cs,, (Aut(Zagy1)) 1 Sr. If 2k + 1 is an odd prime, then
Aut(Zogy1) = Zog, and Cs,, (Zax) =2 (e X €) X (Zay X €) =2 Zoy, where e denotes the group consisting of

only the identity. O

6.3 Logic of the Critical Multi-Cubic Lattice

In a manner similar to the previous section, we now consider the analytic structure of a critical multi-

cubic lattice. Firstly, we proceed to generalize Theorem |3.1.13|to our more general object.
Lemma 6.3.1. A critical multi-cubic lattice is atomistic.

Proof. Let M be an |I| critical multi-cubic lattice over Zogy1, and icr—g(m)ai + Xom) = m € M,
a; € Zogy1 — {0}, Then m =V cy(m)m;, where m;, = m; for all i € I —o(m), m;, = —1, and m;, =1

for all i € o(m) — {j}. We have that each m; is an atom of M, so the result follows. O

Theorem 6.3.2. Let H be Hilbert space constructed using our previous motion of the infinite tensor
product for vector spaces of dimension 2k, k € N over an index set I. For the Hilbert lattice HL, there
exists a critical multi-cubic lattice M such that M C HL, and the atoms of M are projections onto

subspaces H forming an orthonormal basis of H.

Proof. The proof is similar to Theorem [3.1.13

We see that each simple tensor ®;cra;, a; € Zogt1 — {0}, is a C-sequence. We again have a linear
functional of the form Definition and we represent it by a respective projection operator. We use
the notation II;cra; to define an element m forming the atoms of M an |I| critical multi-cubic lattice
over Zog+1-

Let Vs denote join in M and i : M — HL. We need only show that for all a,b € M, i(aVab) € HL.
Let a = I;ecra; and b = ;erb;, then aVa b =icya; + Xy, where J = {i € I : a; = b;}, and i(a Vr b)
be the projection V = ®;¢;V;, V; = a; for i € J and V; = C?*, i € J. By atomisticity of Lemma i
is an order homomorphism and therefore a lattice homomorphism.

The set of simple tensors are all rank 1 and therefore atoms in B(H)*. The proof that this set of

projections form an orthonormal system with norm dense span is exactly the same as Theorem[3.1.13] [

To relate to our previous notation, we can see that for all @ € M, a can be considered as an element

of p € HL by the coordinatization p; = 1czr for ¢ € o(a) and p; = p,, otherwise.

Remark 6.3.3. We want to highlight that the lattice homomorphism defined in Theorem[6.3.3 is defined
on the lattice M considered as a subset of HL and not a a lattice homomorphism from M to the lattice

HL.
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We have seen that we can embed a critical multi-cubic lattice to a Hilbert lattice in much the same
way the cubic lattice to the Hilbert lattice. From an analytic perspective these objects have been shown
to share many of the same qualities. However this is where the similarities stop for the most part. By
the arguments of the previous section, we have removed the cardinality constraints of [3], and defined
and abstracted multi-cubic auotomorphisms.

One of interesting characteristics of the cubic lattice is that we had an order preserving complemen-
tation, A. In fact, the action of A on the coatoms of cubic lattice embedded in the Hilbert lattice exactly

matched the action of negation on the same coatoms. However, we lose this in the general case.

Proposition 6.3.4. The action of * on a critical multi-cubic lattice over Zoy1, k > 2, M, embedded
in Hilbert lattice, HL, in the manner of Theorem[6.3.9 does not define a permutation on C, the coatoms
of C of M.

Proof. We can show that - does not map coatoms to coatoms. Fix a a coatom ae; = ¢ € C, then

et = VbeZows1—{a,0 D€, Which is not even in M. O]

6.4 Operator Algebras of a Critical Multi-Cubic Lattice

We can see that the results in section 5 can can be generalized in a straight forward manner.

Definition 6.4.1. For each coatom of C'L, we consider the projection operator onto the space denoted

Pc; -

Proposition 6.4.2. Let M be |I|-multi-cubic lattice over Zogy1. Then there exists a unitary represen-

tation p : Aut(M) — B(H) where H is constructed in Theorem |6.3.2]

Proof. For any ¢ € Aut(M), we associate ¢ € Per gy (z,,,,)C. We use coatomicity of the critical multi-
cubic lattice to define an action on the atoms which form an orthonormal basis of H and extend the
map linearly. As p(¢) sends an orthonormal basis to an orthonormal basis, we have that it must be

unitary. 0

Proposition 6.4.3. Let M C HL as in Theorem and U € W*(Aut(Zak+1)" be unitary. There
exists a unitary V € p(Aut(M)) such that Ady = Ady : M — M and U = VS for S € W*({pc}ecc)' N
W= (p(Aut(Zok+1)))'-

Proof. It U € W*(p(Aut(Zak+1))’, then Ady € p(Aut(M)) by Lemma [6.2.18 Now let V = p(Ady) C
W*(Ua)'. Then Ady- = Ady", so Adyy+

M = Ady|p. As the action of inner automorphism stabilizes
M, UV* € W*({pc}eec)', so there exists S € W*({pc}eec)’ such that U = V' S. Furthermore, S = UV*,
and we conclude that S € W*(p(Aut(Zak+1))) as well. O
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Proposition 6.4.4. W*(Aut(Zaxt1)) = W*(p(PerAut(Z%H)C), W*({pe}ecc) NW*(Aut(Zog+1)))-
Proof. This proof is a direct application Proposition [6.4.3] O
Corollary 6.4.5. Let M be a critical multi-cubic lattice over Zog11. Then Z(p(Aut(M))) = p(Aut(Zag+1))-

Proof. We only show one containment in Proposition [6.2.22] The reverse containment follows by Propo-
sition and that p(Aut(M)) N W*({pe}ecc) = 1. O

We now reconstruct the relevant matrix unit structure of B(H) in terms of multi-cubic lattice auto-

morphisms.

Lemma 6.4.6. Let M be an |I|-critical multi-cubic lattice over Zogy1, Co be the coatoms of M for a
fized index o € I, and H be constructed in the manner of Theorem then B(H) = My (B), where

B is the mutual commutant of a set of matriz units.

Proof. Let (-) denote the respective element in the permutation group contained in May(Zs) represented

in the standard basis. Now we claim the following matrix units form matrix units of B(H). For i € Cl,:

€ii = Dc
ei; = €;i(i7)

€ji = (ij)eii

We can directly compute that Ziecm ei; = I, e;j = e}; as permutation group is subgroup of the
unitary group, and e;;jex; = d;xeq. Therefore, B(H) = Moy (B), where B is the commutant of the matrix

units, see Lemma 4.27 of [I]. O

Lemma 6.4.7. With the conditions ofLemma W*(p(Cs,, (Aut(Zog11))), {pc, }2*,) C W*({eij}fﬁ-:l).

Proof. We claim W*(p(Cs,, Aut(Zar11)), {pc, }i£,) € W*({ei}7%_).

The projections onto the appropriate coatoms are the diagonal elements by construction. In place
of A enforcing the conditions to be a cubic lattice, we have that the module conditions of the critical
multi-cubic lattice must be preserved.

We identify ¢ € Cs,, (Aut(Zag+1))), where p is defined in Proposition with oy € S, C Moy (Zs2)

represented by the permutation group. Thus, any element of p(C's,, (Aut(Zak+1))) is a linear combination

of matrix units. O

Note that our previous results of section 5 only fully generalize to a particular subset of critical

multi-cubic lattices.
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Lemma 6.4.8. With the conditions of Lemma B = W*(p(Cs,, (Aut(Zog+1))), {pc, }2%,) if and

only if 2k + 1 is prime.

Proof. It is sufficient to consider when W*({eij}fﬁ:l) C W*(p(Aut(Zag+1)), {pc,; }#*,), which is equiv-

2k
i,j=1"

exactly when Csg,, (Aut(Zzr+1)) acts transitively on Zgp+1 — {0} with our relabeling of Theorem [6.2.19

alent to the case when the action of p(Cs,, (Aut(Zak+1))) on {e;i}?*, generates {e;;} This occurs

Let e # 0 € Aut(Zag+1). Consider Cg,, (o) = Hé»zl(Zj ! Sn;). The action of Hé»:l(Zj !SN,) on o
must preserve the cycle type of o. Let 1 < i < j < 2k, then the action of Hé»:l(Zj ! Sn,) can map i
to j only if ¢ and j are both in cycles of the same length. Thus, if Hé.:lzj ! Sn; acts transitively, o
must have a cycle decomposition of m cycles of length % where m divides 2k. On the other hand, these
cycles are the orbits of the action () on Zsgi.y disregarding the orbit of e € Zoyy1. For a € Zogy1, if
la| = 2k + 1, then |orb(a)| = ¢(a), where ¢ denotes the Euler totient function. If |a| < 2k + 1, then
lorb(a)] = ¢(2k + 1)/¢(d) for some 1 < d|(2k +1). As 2k + 1 is odd, d > 2 and ¢(d) > 1. Therefore,
o2k +1)/p(d)) # ¢(2k + 1), so 2k + 1 must be prime.

Conversely, if 2k + 1 is prime, recall that Csg,, (Aut(Zag+1) = Cs,, (o) = Zor, whose action as a 2k

cycle in Soy, is transitive on {a: 1 < a < 2k}. O

We generalize the Hadamard matrix for a critical multi-cubic lattice. Let M be an |1| critical multi-
cubic lattice over Zogi1 where 2k + 1 is prime. Let Zor = Cop(p(Aut(Zaog+1))) be generated by the
unitary Xop. As X is unitary, there exists a unitary Uy such that UspXopUs, = D, where D is the
diagonal matrix of the roots of 2k roots of unity in counterclockwise order. In the case where 2k +1 = 3,

AXglc:)(7 and UQkZH.

Definition 6.4.9. Let M be an |I| critical multi-cubic lattice over Zok11 where 2k + 1 is prime. Define

U = ®icrtUsg-
Theorem 6.4.10. B(H) = W*({UupcUj;teec, {pcteec) if and only if 2k + 1 is prime.

Proof. We need only show that the mutual commutant of {Ugp.Uj;}cec, {Pc}ecc)} is CI. By Lemma
we know the commutant of W*(p(Cls,, (Aut(Zak1))), {Pe,, }3%,) must fix the coatoms for each
index ¢ € T if and only if 2k +1 is prime. As they must also commute with p(Aut(Zzog+1)), any unitary in
W*({pc}eeo, p(Aut(Zayy1))) must be in Per,(aui(z,,,,))C and fix all coatoms, so must be in {pc}cec)
and by symmetry be in {Ugp.Uj;}eec-

Consider a coatom in p; € {Up.U*}ccc and ¢; € {pc}eec for some fixed index ¢ € I. Then p; A q; =
lim,, 00 (Pigip:)™ = limnﬁoo(Q—lkpi)” = 0. By construction, any atom a € W*({Up.U*}.cc), a is bounded
by a co-atom for all i € I, so we assume without loss of generality that a < p;, and by symmetry

we assume b < ¢;. Then a Ab < p A q = 0. Therefore the atomistic Boolean lattice of projections
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associated with {Us;U*}ier and {s;}icr have distinct sets of atoms. By atomisticity, W*({p.}.cc) and
W*({Unp:Ujs teec) are abelian von Nuemann algebras whose only common projections are 0 and I, so

their intersection is CI by Proposition O]

Corollary 6.4.11. Let M be an |I|-critical multi-cubic lattice over Zogy1. The action of Aut(M) acts

transitively on the atoms if and only if 2k + 1 is prime.

Proof. As Aut(M) = Cs,, (Aut(Zak+1)) 1 S1, we need only show that Cs,, (Aut(Zar+1)) acts transitively
on the coatoms on fixed index 7 € I. As the action is just standard modular multiplication, we apply
Cs,, (Aut(Zak+1)) acts transitively on Zag1 — {0} if and only if 2k + 1 is prime. By coatomisticity of

the multi-cubic lattice, we conclude the result. O

We have shown a logic of observables of a quantum system and re-derived a universal set of quantum
gates in the sense of the Solovay—Kitaev theorem. These observations were derived from a purely ax-
iomatic view of our original cubic lattice. In addition, we have shown how to adapt these classic ideas to
an infinite dimensional setting. We then proceeded to generalize these ideas to the critical multi-cubic
lattice. However, in order to do so we have lost the Boolean-adjacent properties of the cubic lattice
namely axiom 2, and therefore a nice characterization of the logic that followed. An interesting future
pursuit would be a logic that is more than 3 valued for the critical multi-cubic lattice. Another pursuit
is to discover an intermediate structure between the generality of the critical multi-cubic lattice and the
Boolean-like logic of the cubic lattice. From an applications perspective, physical interpretations of a set
of universal quantum gates represented in an exponentially smaller space would also be a novel pursuit

in the field of quantum computation.
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