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LAPLACE AND DIRAC OPERATORS ON GRAPHS

BEATA CASIDAY, IVAN CONTRERAS, THOMAS MEYER, SABRINA MI, AND ETHAN SPINGARN

ABSTRACT. Discrete versions of the Laplace and Dirac operators haven been studied in the con-
text of combinatorial models of statistical mechanics and quantum field theory. In this paper we
introduce several variations of the Laplace and Dirac operators on graphs, and we investigate graph-
theoretic versions of the Schrédinger and Dirac equation. We provide a combinatorial interpretation
for solutions of the equations and we prove gluing identities for the Dirac operator on lattice graphs,
as well as for graph Clifford algebras.
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1. INTRODUCTION

The Laplace operator, or Laplacian, is a fundamental object of study in mathematics and physics.
In particular, the evolution of quantum-mechanical systems is controlled by the Schrédinger equa-
tion, which relies on the properties of the Laplace operator. Discretized versions of the Laplacian
have been implemented in order to study combinatorial models in quantum field theory |§|,.
Similarly, the Dirac operator (that can be understood as a square root of the Laplacian) is part of
the mathematical formulation of spinors. One of the purposes of this paper is to study different
versions of the Laplace and Dirac operators on finite graphs, and to analyze the (time dependent)
Dirac equation on graphs, which gives a graph-theoretic interpretation of spinors. The notion of
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spinor has its origins in particle physics: it first appeared around 1922 when Stern and Gerlach
realized that electrons can be catalogued into two groups or streams (“up” or “down”), depending
on a separation by a non-uniform magnetic field. It was later interpreted as a version of angular
momentum, so the spin of a particle is naturally associated to the notion of rotation. Mathemati-

1 .
0| can be seen as a spinor.

Spinors have natural linear transformations, which can be seen as rotations in R3. More generally,
it turns out that quaternions are useful to describe higher dimensional rotations, and therefore,
spinors.

From the point of view of quantum mechanics, the dynamics of a quantum particle can be
described in terms of the Schrédinger equation:

cally speaking, we can think of spinors as vectors in C2. For instance, [

1
o) = TAW), M)
where 1) is a state (a special type of function) and A is the Laplace operator:
A=V-V,
where V denotes the gradient. Dirac provided a way to include particles with spin in the equation:
me
- = 2
o) = @

where @ is called the Dirac operator, satisfying (}?2 = A.

A toy model of these equations is given in terms of the discrete Laplace and Dirac operators.
The key advantage is that the evolution of states in this toy model depends only on the spectral
properties of the graph. In particular, spectral graph theory analyzes the features of a graph in
relationship with the behavior of the (eigenvalues/eigenvectors of) matrices associated with that
graph.

Given the adjacency matrix A, and the degree matrix D, for a given graph I', the Laplacian
A(T") of the graph is defined as the following matrix:

A(T) = D(T) — A(T).

In Section 2 we introduce the even and odd graph Laplacian matrix, and the main results (Theorems
and describe the steady states for the even and odd versions of the graph Schrodinger
equations, in terms of the connected components and inependent cycles of the graph.

In Section 3 we introduce various versions of the Dirac operator on graphs, including the incidence
Dirac operator (Definition , inspired by the work of Knill [§8]. The main result of this section
(Theorem is a graph-theoretic interpretation of the powers of the incidence Dirac operator,
in terms of the number of certain walks on the graph.

A particular type of Dirac operators on graphs appears in the context of dimer models, following
the work of Kenyon [5], Cimasoni and Reshetikhin [1]. It turns out that the Kasteleyn matrix,
which produces the number of perfect matchings of lattice graphs, can be interpreted as a discrete
Dirac operator. We prove (see Theorems gluing formulae for different cases of
graph gluing of lattice graphs. On the other hand, spinors have an algebraic representation via
Clifford algebras. In Section 5 we follow the construction of Clifford algebras for graphs introduced
by Khovanova in [7]. There it is described how to assign Clifford algebras to graphs. The main
results (Theorems and provide an algebraic interpretation for the gluing of graphs in terms
of their corresponding Clifford algebras.

1.1. Acknowledgments. This research project started during the 2021 SUMRY Program at Yale
University, which was supported by NSF (DMS-2050398). I.C. thanks Pavel Mnev for useful dis-
cussions during the early stages of this project.
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2. THE GRAPH LAPLACIAN AND THE SCHRODINGER EQUATION

The Laplacian describes the evolution of a quantum state over time for particles without spin,
as governed by the Schrédinger equation. We study graph theoretic analogues of the Laplacian [10]
and its interpretation in quantum mechanics [9]. We provide characterizations of the steady states
of the graph Schrodinger equation and give a result on the average of quantum states.

We begin by defining quantum states on a graph. In the continuum, a quantum state is an
assignment of a complex number to each point in space. We consider a graph theoretical model in
which a graph quantum state is an assignment of a complex number to each vertex and each edge
of a finite simple graph. This model can be considered as taking a ”sampling” of points from the
continuum and restricting our study to the evolution of this sample over time.

We next define several operators that are integral to our study of graph quantum mechanics.

Definition 2.1. Let I' = (V, E) be a finite simple graph. The incidence matriz of T, denoted I, is
the |V| x |E| matrix whose (i, ) entry is defined by
1 edge j ends at vertex ¢
[I]i; = ¢ —1 edge j starts at vertex i
0 otherwise.
We use the incidence matrix to define the even and odd graph Laplacians. These operators

act as discretized forms of the Laplace operator, and act on the vertices and edges of our graph
respectively.

Definition 2.2. Let I' = (V| E) be a finite simple graph. A vertez state assigns a complex number
to each vertex v € V. An edge state assigns a complex number to each edge e € E. A vertezx-edge
state assigns a complex number to each v € V' and each e € F.

Remark 1. When clear from context, we refer to these states as quantum states. In general, the
even and odd Laplacian and Dirac operators act on vertex states and edge states respectively, and
the incidence Dirac operator acts on vertex-edge states. We use the notation v to refer to a general
quantum state, and use v and e to denote vertex and edge states respectively.

Definition 2.3. Let I be the incidence matrix of a finite simple graph I'. The Fven Graph Laplacian
is defined as

A, =11

Equivalently, A4 can be defined as
AL =D— A,

where D and A are the degree and adjacency matrices of I' respectively.
Definition 2.4. The Odd Graph Laplacian is defined as

A_=TT.

We now give a concrete example of the even and odd Laplacians on a small graph.

Example 2.5. Let I' be the path graph with 3 vertices, and orientation given below.

(] £ g €a U3

FIGURE 1. Oriented path graph Ps.

Then the previously defined operators are given by:
-1 0
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-1 0 1 -1 0
Ay=II'=|1 1 [_01 1 _01]: -1 2 -1
0 -1 0 -1 1
-1 0
-11 0 2 1
A_:Itlz[ ] 11 :[ }
0 1 -1, 1 2

Remark 2. By definition, we have AL = D — A, so that the even Laplacian is independent of the
orientation of I'. In contrast, A_ does depend on orientation of the underlying graph, as shown in
the following example.

Example 2.6. Let I'1 and I'y be C3 with the orientations given below:

U2 U2
€1 = € ()
I )
U1 €3 v 1 €3

FiGURE 2. Two orientations of Cj.

3 v U3

A routine calculation yields

2 -1 -1
A_(T)=|-1 2 -1
-1 -1 2
2 -1 1
A_(Ty)=|-1 2 1|.
1 1 2

Remark 3. Eigenvalues of the odd Laplacian are independent of orientation. Indeed, for two
graphs I'1 and T’y of differing orientations, the odd Laplacians A_(I'1) and A_(T'3) are related by
conjugation, hence have the same eigenvalues.

With these operators in hand, we introduce the discrete Schrodinger equation.

Definition 2.7. Let I' be a finite simple graph with m vertices and n edges, and let ¢ : R — C™
(C™) be a function assigning a complex number to each vertex (edge) of I'. The discrete Schrddinger
equation is defined as

i
Onp = ﬁAﬂZ)-
Remark 4.
The following theorem [9] characterizes the solutions.
Theorem 2.8. Solutions to the discrete Schridinger equation are given by

b(t) = en®=tp(0).

From now on, we will write ¢ (0) as ¢y or simply .
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2.1. Steady states. We now proceed to characterize steady states of the even and odd graph
Laplacians. These states are constant under the time evolution of the graph Schrédinger equation.
From these steady states, we can extract graph-theoretic information on the connected components
and independent cycles of our graph.

We show that steady states are in bijection with the kernels of the even and odd graph Laplacians,
and identify these kernels accordingly.

Definition 2.9. A quantum state g is a steady state if e%Aitwo =g for all £ > 0.

Theorem 2.10. Let A be an n x n matriz, g € C" be a quantum state, k € C be a nonzero
complex constant, and t a complex variable. Then "4y = 1 for all values of t if and only if

o € ker(A).
Proof. (<) Suppose g € ker(A), so Apg = 0. Then

kit o (RAD)"

ey = (Zo T)@ZJO

k2A%¢2 k3 A3
> + 3l + ...)%o

k2 A2 k3 A3¢3
= It + kAt + ——o + ——o + -

K2A20t2 kB AByot?
= Ipo + kAot + 211’0 + 3'%

E2A0)t2  E3AZ2(0)t3
:Iwo—i-k((])t—i- é ) + 3$ )

= T+ 0+0+0- = Iyy = .

— (I + kAt +

(=) Suppose eF4tyy = 1) for all values of t. Then %e“td}o = %wo. The right-hand side of this
equation equals 0 as g is constant for all . Now, considering the left hand side of this equation,
we obtain:

AT DTl
0 k2A%212 kB A3
_a(IJrk:AtJr 5t + - )o
0 0 0 k2A2 0 k3A3
— (=T 4+ — kAt + — 2 T 3.
<8t+8tk i s Uhtgr s U )0

k’?’Ag
= (0+kA+k2A2t+—2 2+ o
K2A%2 kA3

= kA(I + kAt + ST - Jbo
= kAeFAtyy.
By assumption, kAeF4t)y = k Ay, This means kAg = 0, so ¥y € ker(A). [ |

Since we have proven that steady states are in bijection with elements in the kernel of the
graph Laplacians, it suffices to find the kernels of the even and odd graph Laplacians in order to
characterize our steady states.

We now characterize the kernel of the even Laplacian. We begin with an intermediate lemma.
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Lemma 2.11. Let I" be a graph with connected components {1,2,...,bo}. A quantum state 1 is
in ker A if ¢» = 1 on the vertices of the ith connected component, and 0 on all other vertices, for
some i € {1,...,bg}.

We digress to provide a brief example, from which the general method of proof is clear.
Example 2.12. Let I" be the oriented graph below, with two cycles and two connected components.

vy

" €3 Usg V4 e U6

FI1GURE 3. Oriented graph with two cycles and two connected components.

The even Laplacian of I is

Let ¢ =

[2 -1 -1 0 0 0]
-1 2 =1 0 0 0
-1 -1 2 0 0 0
A= o 0 0 2 -1 -1
o 0 0 -1 2 -1
0 0 0 -1 -1 2]

be the quantum state with entries 1 on the elements of the leftmost connected

component of the graph, and 0 on all other vertices. We immediately see that

1
1
1
0
0
0

[ 2

-1

App = 01

0

0

-1
2
-1
0
0
0

-1
-1
2
0
0
0

0
0
0
2

—1
—1

0
0
0
-1
2
-1

0

0
0
-1
-1
2

so that 1 is in the kernel of A as was claimed in our lemma.

We now proceed to a formal proof of this lemma.

Proof. Let I" be a graph with n vertices. Let vy, vo, .

of T.
Let

OO O =

.., U, be the vertices of a connected component
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and let
17

0

. 1 1<i<k
be the column vector with values [¢];1 = , )
' 0 k<i<n

Multiplying by the even Laplacian, we observe that
[ Ay l+ -+ A T+ A1 0+ +A1,-0 7 T A+ + A ]

App— Agp-l+ o+ D 1+ D10+ +Agp -0 I AV SRR PAVAS
+ — pr—

Agprg -1+ + A1 1+ D1 p41 -0+ +App1, -0 IAVEE T RERE PAVEE S

An,l’1+"'+An,k'1+An,k+l‘0+"'+An,n’0 _An,1+"'+An,k_

Recall that Ay = D— A, where D and A denote the degree and adjacency matrices of I" respectively.
Thus, for all A;; with @ > j and j € {1,2,...,k}, we have A; ; = 0, as vertices ¢ and j are in
different connected components of I'. Thus, we have

[ A+ A T A+ + A
AV SRR AV Apa+-+ Dgp

A = e
+¥ A1+ Dk 0

An,1+"’+An,k_ 0

Note that both D(v;) and Z§:1 A; j count the number of edges incident to the vertex v;, hence
are equal. Thus, we obtain our desired result, as by definition we have A; 1 + -+ A; p = D(v;) —
Z?ﬂ A; j =0, so that A1) =0 as desired. |

Lemma 2.13. A quantum state is in the kernel of the even Laplacian if and only if it is constant
on each of the connected components of the graph.

Proof. From (3], we know that dim(ker A;) = by. Label our connected components {1,2,...,by}.
Let 1); be the vertex state with the value 1 on the vertices of the ith connected component, and 0
on all other vertices. By the above lemma, each of these v; is in the kernel of A, . Furthermore,
each 1; is linearly independent, and we have one ; for each connected component, so these 1;
must span ker A as desired. |

Corollary 2.14. A vertex state i is steady if and only if ¥ is constant on each of the graph’s
connected components.

Proof. Combining results[2.10 and 2.13] we see that a vertex state is steady if and only if it is in the
kernel of the even Laplacian if and only if it is constant on a graph’s connected components. W

Corollary 2.15. The vector space of steady vertex states is isomorphic to C.
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2.2. Average of quantum states. We now proceed to characterize quantum states (both vertex
and edge states) which have a constant average under the Schrodinger equation.

<1

22
Definition 2.16. Let v = | . | be a vertex state of a graph. We define the average of 1 to be

Zn

Z1t+z+--+z
uw) = - =

Definition 2.17. Let A4 denote the even and odd graph Laplacians. The partition function of
A1 is defined to be

i

Z(t) = end+t,
Remark 5. The even Laplacian is a real symmetric matrix so it is Hermitian.

Lemma 2.18. The partition function of a Hermitian matrix is unitary. In particular, the partition
function of the even Laplacian is unitary.

Proof. Let A be a Hermitian matrix; that is, A = A", We want to show ¢4 = T +iA+ @ +

(ié!)g + ... is unitary; that is, eTAT = e~*4, There are a few linear algebra facts that will be useful
in this proof:

(1) A+B =4 +B"

(2) (A7) =(4")

(3) iA=1i A= —iA.
The proof consists of a string of equalities:

T
T A .A 2 'A 3
Y IJrz’AJr—(Z ) +—(Z ) +
2 3!
T T
1 GAP AP
= I1+iA
+1A4 + 5 + 3]
—T —T
L i A 2 i A 3
- pyiAl A AT
2 3!
—T —T
—1r (—=iA)? (—iA")3
= I+ —iA
+ —1A + 5 30 +
(AR | (A
= I+ —iA
+ oAt
= e,
|
Theorem 2.19. For a vertex state 1, the average (o) = p(1y) for all t > 0.
21
22
Proof. Let g = | . | be a vertex state on a graph. The average of ¢y can be given by the inner
Zn

S-S =

product (v, 1), where v = . The partition function Z(t) = en+t of the even Laplacian is

Sl= e
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unitary, hence preserves inner product. From this, we have

p(tho) = (v, vo) = (Z(t)v, Z(t)tho) = (v, ¥r) = (i),

where the equality Z(t)v = v follows as v is a steady state (constant on all vertices), and Z(t)yo = 14
simply denotes a solution to the Schrodinger equation over time. Thus the average is constant as
desired. |

Having characterized the steady states of the even graph Schrédinger equation, we now turn our
attention to the odd graph Schrodinger equation.

Definition 2.20. Recall that the first Betti number by is equivalent to the dimension of the cycle
space of a graph. Let cj,co,..., ¢, be the independent cycles of a graph I'. To each independent
cycle ¢;, we define the independent cycle edge state a; to be the edge state with value 1 on all edges
with clockwise orientation on ¢;, —1 on all edges with counterclockwise orientation on ¢;, and 0 on
all edges not in c¢;.

Theorem 2.21. An edge state ¢ is steady for the odd Schridinger if and only if ¢ represents a
linear combination of independent cycle edge states.

Note that this theorem is not independent of orientation; that is, two orientations of the same
graph may admit two different spaces of steady states of the odd Laplacian.
Let us consider C3 with the same orientations as in Example The theorem above tells us

1
that the leftmost graph has steady states ker(A_) = span ¢ [1| p, while the rightmost graph has
1
1
steady states ker(A_) = span 1 . With this example in hand, we now prove the theorem
-1

in general.

Proof. By [2.10] it suffices to show that the kernel of A_ is spanned by linear combinations of
independent cycles. To this end, we show that every vector representing an independent cycle is in
the kernel of the incidence matrix.

We first consider the action of the incidence matrix on a single edge ey; that is, on the edge state
with value 1 on the edge ej, and value 0 on all remaining edges. By definition, we have

—1 edge e; begins at vertex v;
]i; =91 edge e; ends at vertex v;
0  otherwise.

Let v, ; and v, ¢ denote the initial and final vertices of ej respectively. By the above definition,
using a slight abuse of notation, we see that Iey = ve, f — ve,,i (Where here, ey, ve, ;, and ve, ;
represent the edge and vertex states with value 1 on ey, v, ;, and v, ; respectively and 0 on all
other edges and vertices).

We now consider the action of I on an independent cycle edge state. Let a; be an independent
cycle edge state. We many decompose «; into a sum of its individual edges a; = €; 14+¢€;14 - -+e€; k-
Without loss of generality, we may assume the final vertex of each edge e; ; is the initial vertex
of the edge e; j+1 and the final vertex of e;, is the initial vertex of e;1). By linearity, we obtain
Toj=1e;1+Iejo+---+ Ie;,. Combining this with our previous consideration of the action of I
on individual edges, we know

Teiy +1leig+ -+ Tegp; = (Uel,f — Vey,i) + (v627f — Vep,i) T F (Ueki:f - ,Uekivi)'
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Since we have chosen our independent cycle edge states to have value 1 on clockwise oriented
edges and —1 on counterclockwise oriented edges, and our edges are assumed to be consecutive, we
see that

(/Uel7f_vel7i)+(/0627f_v8277:)+. ’ '+(,U€ki7f_/vek7,'7i) = (/Uelvf_veki’f)—i_(/Uerf_’Uel:f)—’—' ’ .+(/Ueki7f_veki717f)'

This sum telescopes to the zero vector as desired.
From this, we see that all independent cycle edge states are in ker(A_); indeed, for an indepen-
dent cycle edge state «, by the above we have

A_a=1TI"Ta=0,

so that o € ker(A_) as desired.

Lastly, recall that dimker(A_) = b;. Each independent cycle edge state is linearly independent,
and moreover, we have precisely by of these states, so that the kernel of A_ is equal to the span of
independent cycle edge states. Thus by Theorem we see that a state is steady if and only if
it is a linear combination of independent cycle edge states as desired. |

3. THE GRAPH DIRAC OPERATOR AND THE DIRAC EQUATION

3.1. Matrix representations of graph Dirac operators. We now proceed to consider the graph
Dirac operators. These operators can be viewed as formal square roots of the graph Laplacians.
Note that both the even and odd Laplacian are real symmetric matrices, hence are diagonalizable.

Let Q+D+Q;1 and Q_, D_, Q™! be the diagonalizations of the even and odd Laplacians respec-
tively. Let v/D+ be the matrix given by taking the square root of each diagonal entry. The graph
Dirac operators are defined as follows.

Definition 3.1. The Even Dirac operator is defined as ), = QJ’»\/DJFQ;l.
Definition 3.2. The Odd Dirac operator is defined as Ip_ = Q_/D_Q_".
To see that the above operators serve as formal square roots of the even and odd Laplacians,

note that we have
(P1)? = Qiv/D1Q1'Qe/D1Q1' = Ay,

as desired.

Definition 3.3. The Incidence Dirac operator is defined as IP; = (?t é)

The incidence Dirac operator also serves as a formal square root of the Laplace operators, as we

have
A 0
2 _ +
In this section, we study the linear algebraic properties of the graph Dirac operators. In partic-

ular, we prove ker D = ker Ay and ker [D; = ker D, @ IP_. Additionally, we prove a relationship
between the nonzero eigenvalues of I); and the nonzero eigenvalues of A.

Proposition 3.4. ker I' = ker A™ and ker [ = ker A~

Proof. We prove the first equality; the second follows analogously. We first show ker I* C ker A .
Indeed, suppose v € ker I'. Then A v = I(I'v) = 0, so v € ker A,. Conversely, suppose v €
ker Ay. Then A,v = II'v = 0, so that v'(II') = (I'v)!(I'v) = ||[I'| = 0, so that I'v = 0 as
desired. |

Proposition 3.5. ) and ID_ are non-negative definite matrices, ker ID, = ker Ay, and ker )_ =
ker A_.
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Proof. We first claim that I) is non-negative definite. Let QDQ~! be the diagonalization of A .
Since A is non-negative definite, all entries in the matrix D will be non-negative, so that all entries
in the diagonal matrix v/D of D, = QVvDQ~! will be non-negative. Thus, the eigenvalues of D,
are non-negative, so I) is non-negative definite as desired.

We next claim that ker ), = ker A;. To this end, we show that ker ), C ker Ay, and
dimker ), = dimker A .

To see the first of these claims, let v € ker ). By definition ) v = 0, so that Ajv =
D, (Ip,v) =0. Thus we have v € ker A, as desired.

We now demonstrate the second claim. Let A1, Ao, ..., A, be the eigenvalues of A . By definition,

we see the eigenvalues of D, are /A1, vAg, ...,V An.
Recall that dimker A is precisely the geometric multiplicity of the eigenvalue 0. From the

above, we see that the algebraic multiplicities of 0 for A, and lD+ are equal. Each of these
matrices are diagonalizable, hence the geometric multiplicities of 0 for A} and ), are equal, so
that dimker A, = dimker ), as desired.
Similarly, I)_ is a non-negative definite matrix and ker I)_ = ker A_.
|

Remark 6. We know that ker A, =2 C% and ker A_ = C", so by the above we have ker [P, = Cb
and ker [p_ = Cbr.

Proposition 3.6. ker ); = ker AT P ker A~.

Proof. We first prove that ker [); = ker I @ ker I. Let v = [ﬂ where 2 € CIVl and y € CI®l. By

vEkerlh; — [Iot ﬂ B] =0 < [{tyx} = [8]

Thus we see v = [ﬂ €kerl); <= x €kerI® and y € ker I so that by proposition we have

definition, we see

ker D; = kerlt@kerl = kerA+@kerA_.

Proposition 3.7. The eigenvalues of ID; are independent of orientation.

Proof. Let T and I be two orientations of the same graph. Let v be a vertex state on this graph,
€1

€2

and let e = | . | be an edge state on this graph. Without loss of generality, assume I' and T
€n

differ on edges e1,--- ,e,. Suppose IP;(T) (2) = A <Z>, so that A is an eigenvalue of I'. Then

I(T)e = M and IY(T)v = Xe. By definition of the incidence matrix, for each i < k, we have

col;(I(I")) = —col;(I(T')), so that I(T") ;ﬁ =I(T)e = \v.

€n
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Because I'(T)v = Ae, we know from the relationship between their columns that I*(T")v =

. v v
1 —e1 —e1
—e ' ' . .
A . 1. Thus, D;(T") | —ex | =X | —ex |, so X is an eigenvalue for I§;(I”). [

k+1

) Ck+1 Ck+1

e

" en en

Corollary 3.8. The non-zero eigenvalues of ID; are —/ A1, VA1, —vV A2, VA2, -+, =V An, VAn, where

A, -, Ap are the non-zero eigenvalues of Ay.

Proof. Let A1,...,\, be the nonzero eigenvalues of Aj. Because w% = AO+ AO }, we have
P]ﬁ (t) = Pa_(t) - Pa_(t), where P4(t) denotes the characteristic polynomial of a matrix A.
2 A+ O
Because )] = o A _|We have PLD? (t) = Pa_(t) - Pa_(t), where Px(t) denotes the char-

acteristic polynomial of a matrix A. We know that A, and A_ have the same eigenvalues with

the same multiplicity, so the non-zero eigenvalues of lﬁ? are A\, A1, A, Ao, -, Ap, Ap. Then the
non-zero eigenvalues of ID; are +v/A1, £V A1, -, £V n, 2V .

If a is an eigenvalue of IP;, then —a is an eigenvalue of —I);. Because this is equivalent to the
Incidence Dirac for the same graph with the opposite orientations, Proposition tells us that —a
must also be an eigenvalue for I);. This means that for each pair of +/)\; eigenvalues, if one is
positive the other must be negative, and vice-versa. |

3.2. Visualization. We implemented a program in Python which computes solutions to the dif-
ferent versions of the Dirac equation over time, given a random graph and initial random quantum
state (vertex state for even Dirac operator, edge state for odd Dirac operator, vertex and edge state
for incidence Dirac operator).

We plotted average position and average angle of these solutions over time, where average position
is given as the average of real components and the average of imaginary components, and average
angle is given as the angle formed by the coordinates of the average position in the complex plane.

Figure {4]is a typical plot of average position over time for solutions to the Dirac equation for the
even, odd, and incidence Dirac operators, for a random graph with 10 vertices.

The geometric features of these plots can yield information to the behavior of the quantum
system over time. As a brief example, consider a quantum state which is constant on each connected
component of a graph. By corollary we know that such a quantum state is steady over time.
Figure [5] plots the average angle and position over time of a quantum state in the kernel of a graph.
The nonconstant behavior of the graph is due to rounding error in Python.
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3.3. Quadratic forms. We can encode information on the eigenvalues of the graph operators via
their quadratic forms, as their signatures provide invariants of the graph, which determine the
behavior of the solutions of the graph Schrédinger and Dirac equations.

Definition 3.9. For a symmetric matrix M, its associated quadratic form is defined as g/ (v) =
t
v'Mv

Using this definition we find graph theoretical expressions for the quadratic forms of our graph
operators. For instance, it is well known [10] that the quadratic form of A} is

2
aa,(0) = > (v —wv)? (3)
eiﬁleE(F)
We find similar expressions for the quadratic forms of other operators. Where the even Laplacian
sums a function on the vertices over the edges, the odd Laplacian sums a similar function on the
edges over the vertices.

Proposition 3.10. The quadratic form of the odd Laplacian is

aa ()= Y (D kij-ey)

v, eV(D) e ;€E(T)

—1 e;; leaves v;

J i
where k; ; = ’ .
J
’ 1 e;j enters v;

Proof. From the definition of the odd Laplacian, we have that
2 i=j
0 i # j,e; not incident to e;

A_(i,j) =

1 i # j,e; incident to e;, both start or end at v
—1 i # j,e; incident to e;, one starts and the other ends at v;.

For each vs € V(I'), there are w terms of the form (—1)k26i73 -ej.s, where k = 0 when e;

and e; both start or end at vs and k = 1 when one starts and the other ends at v,. The diagonal
adds the term 2622’]- to the quadratic form. Each edge is incident to exactly two vertices, thus we
assign a squared term to each of these vertices. Thus for each v,, we have

Z 612,5 + Z (—1)*2¢; - )

67;7S€E(F) ejys;ﬁei’SEE(F)

in this quadratic form. Because each e; ; which appears in the second sum will appear in our first,

this sum is equal to
2

Z ki,sei,s )
)

ei,SEE(F
where k = —1 if an edge starts at vs; and k = 1 if it ends at v,.
Adding these terms for each vertex finishes the proof. |

Proposition 3.11. The quadratic form of the incidence Dirac operator ID; is

ap, (Z):z 3 ey (v — v

emEE(F)
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Proof. Because (v! e')ID; (2) = vtIe+e'I'v, and these 1 x 1 matrices are transposes of one another,

they are equal, giving (vf e!)ID; <Z> = 2¢!I'v. Bach row of I' represents some €; j, and returns
vj—v; (Where e; j goes from v; to v;), so when we multiply this out, we get > . SJEE(T) eij-(vj—v;). N

Because the roots of the quadratic form of a non-negative definite matrix are exactly the vectors
in the kernel of the matrix, the set of roots of ga, (denoted by root(ga,)) provides important
graph-theoretical information. Specifically, ga_, (v) = 0 if and only if v is constant on connected
components, and ga_(e) = 0 if and only if e represents a cycle on the graph. Interestingly, there is
not a similar equality for IJ;, as stated in the following proposition.

Proposition 3.12.
root (qp,) 2 ker(Ay) @C|E| uchl @ker(A_).

Proof. If v € ker(A,), then we know v is constant on connected components, so v; —v; = 0 for
each e; ; € E(I'). Then for any e, we will have that gj (v@e) = 0.
For e € ker(A_), any non-zero terms of e must be a part of a cycle, so by definition of ap,, each v;
will be added and subtracted exactly once on the cycle (if an edge goes in the opposite direction
to an incident edge, the edge term must have the opposite sign to be in the kernel). From the
properties of ker(A_), the terms by which these vertex terms are multiplied will be equal, so v@ e
is a root of our quadratic for any v.

|

Because the eigenvalues of the Incidence Dirac operator come in pairs of positive and negative
values, it is not non-negative definite, so the root of the quadratic form doesn’t match with the
kernel of the matrix as it did for the Laplace operators. For this reason, it is not clear what the
entire root of qp, would look like for most graphs.

An example of a graph where we can see the entire root of ap, 18 P, for which we have

0 0 -1
lDI: 0 0 1
-1 1 0

Here, if v€D e € root(qp,), we must have that either e = 0 or v1 = va, so in this case root (gqp,) =

ker(AL) P CEIUCVT @ ker(A)

By contrast, cycle graphs will have many roots which are not a part of this union. For example,
1

=)

the vector is a root for ¢qp for the oriented graph in Figure

= NN DN

3.4. Powers of I);. An interesting property of the Laplace operators is the fact that the entries
of the powers of these matrices encode combinatorial information about superwalks on the graph,
as explained by [13].

A wvertex superwalk of length 1 starting at v; can

(1) go through an incident edge to one of it’s neighbors, in which case sgn(y) = —1, or
(2) go through an incident edge and return to v;, in which case sgn(y) = 1.

Similarly, an edge superwalk of length 1 starting at e; can
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U1

V3 e (2]

FIGURE 6. Oriented cycle graph Cs.

(1) go through an incident vertex v to an adjacent edge e;, in which case sgn(y) =1 if e; and
e; both go into or both leave v and sgn(y) = —1 if one of e; and e; enters v and the other
exits it, or
(2) go to an incident vertex and back to e; in which case sgn(v) = 1.
Similarly, we can define a new type of walk on the graph which is encoded by the Incidence Dirac
operator.

Definition 3.13. A vertex-edge walk of length 1 moves from a vertex to an incident edge, or an
edge to an incident vertex. We can define the sign of the walk as follows: If the edge involved in
the walk originates from the vertex involved then sgn(vy) = —1 and if the edge enters the vertex
involved then sgn(v) = 1. Note for this definition we do not care whether we’re starting at a vertex
or an edge. For a graphical way of thinking about the signs of these walks see figure

A vertex-edge walk of length k is a combination of k walks of length 1, and has a sign equal to the
product of the signs of each step.

FIGURE 7. Signs of vertex-edge walks on a P graph.

By this definition, we note that vertex superwalks are vertex-edge walks with an even length,
while edge superwalks are vertex-edge walks of an odd length.

Theorem 3.14.

D)= sgn().

V,i—3,k

Proof. We will prove this theorem by induction on k.

Letting £ = 1, we know I§; = 2 é , and checking these entries we see that the theorem is true.
Let it be true for some arbitrary k — 1. There are two cases.

k/2
Case 1: Let k — 1 be odd. Then ]2]; = Ag A%Q , so we know that the entries count vertex

superwalks and edge superwalks of length k/2, which means that they count vertex-edge walks of
length k.

(k=1)/2
O AY I

k
Case 2: Let k—1 be even. Then =
i’ (M—wn 0

) . We know there cannot be vertex
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or edge superwalks, so the 0 block matrices are expected. Because the other block matrices are
(k—1)/2

transposes of one another, we will analyze A = AY I. Looking at each entry, we have
k—1)/2
aij = 7“0w@-(A(+ )/ )-col;(I)=1"- Z sgn(y)—1- Z sgn(vy),
¥,i—=n,k—1 ~¥,i—m,k—1

where e; goes from v, to v,. Then because the last step of a vertex-edge walk starting at v; and
ending at e; must include one of the vertices adjacent to e;, our sum must include a term for each
such walk, and we have that a;; = >_. ; ,;  sgn(7). [

As an example of this result we look to the third power of the incidence matrix for K3 with
clockwise orientation.

o 0 0 0 3 -3
0O 0 0 -3 0 3
p_|0 0 0 3 =30
I=fo -3 3 0 0 o0
3.0 -3 0 0 0
-3 3 0 0 0 0

Here we see that there are 3 vertex-edge walks between a vertex and and an incident edge, and
that the powers follow as expected. Looking at the entries between v; and e;, we see a value of
0, because there are two such walks of length 3 connecting these elements, but these walks have
opposite signs, cancelling one another out as seen in Figure [§

FIGURE 8. Length 3 walks from v; to e;.

The full list of vertex edge walks and their signs for K3 originating at vy, each of which is
equivalent to performing the same moves at one of the other vertices.

Y1 =1 —ep = U3 —eg sgn(m) = -1
Y2 =UV1—7 €3 V2 €1 sgn(ye) =1
Y3 =UV1—7 €2 V3 €3 sgn(ys) =1
Y4 =01 = ez = U] —> € sgn(ya) =1
Y5 =V1—7 €3 >V € sgn(ys) =1
Y6 = U1 —> €3 — U —> €3 sgn(v6) = —1
Y7 =1 — ez = Ul — €3 sgn(yr) = —1

Vg = U1 — €3 — U] — €3 sgn(vs) = —1.
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4. DIMER MODELS AND A GLUING FORMULA FOR DIRAC OPERATORS

Gluing formulae for discrete operators have been studied in mathematical physics [12], and in
the case of the discrete Laplace operator, it has some interesting connections with graph theory
[2]. On the other hand, dimer models have been studied extensively in the context of statistical
physics, dimer models, quantum mechanics and combinatorics [1,,5,/6].

In this section we describe a combinatorial interpretation of a gluing formula for the Kastelyn
matrix, which can be regarded as a discrete Dirac operator for lattice graphs.

4.1. Graph gluing. First, we define two different types of gluing of graphs, which are relevant
while discussing gluing identities for graph Dirac operators.

Definition 4.1. Let I'y and I's be two graphs. Let F‘? and 1“3 be isomorphic subgraphs of I'y and
'y respectively. Then I =T9 = I‘g is an interface of I'y and T's.

Definition 4.2. Let I'y and I'y be two graphs and I an interface. The interface gluing of the
two graphs I'; Uy I'g is defined by: V(I'; Uy I'2) = (V(I'1) \ V() U (V(T'2) \ V(1)) UV (I) and
ETy urTe) = (ET)\ V) U (ET2) \ E(I)) U E().

Definition 4.3. Let I'y and I'y be two graphs. Let {vi1,...,v11} C I't and {va1,...,v9} C Ia.
Let {e1, ..., ex } be the set of edges that connect the pairs of vertices (v1 1,v2,1), ..., (1, v2,5). Then
a bridge graph B between I'y and I'p is the graph with V(B) = {vi1,...,v1k,v21,...,v2} and
E(B) ={e,...,ex}.

Definition 4.4. Let I'; and I's be two graphs and B a bridge graph. The bridge gluing of the two
graphs I'1UpDs is defined by: V(I'1UgTy) = V(I'1)UV([e) and E(T'1UpTe) = E(I'1)UE(B)UE(T)).

A perfect matching of a graph is a set of edges such that each vertex is connected to exactly
one edge. Kasteleyn’s Theorem [4] allows us to connect the number of perfect matchings to the
Kasteleyn matrix, K, defined as the weighted adjacency matrix of a graph G, with horizontal edges
weighted 1 and vertical edges weighted i = v/—1. We are interested in this matrix because of its
connection to graph quantum mechanics: following [6], the matrix K acts like a Dirac operator
when restricted to sublattices of a lattice graph. That is, when a lattice graph’s Kastelyn matrix is

restricted to the four sublattices comprised of vertices spaced two apart in each cardinal direction,
K*K = Ay.

I
|

o o o

FIGURE 9. Visual representation of Kasteleyn operating on graph as a Laplacian.

We reinterpret Kasteleyn’s theorem by introducing explicit recurrence relations for perfect match-
ings of integer lattices. We prove gluing identities for the determinants of Kasteleyn matrices by
introducing explicit formulae for perfect matchings of integer lattices when one of the sides is 2, 3,
or 4. We denote an k by n lattice graph as Ly, and the number of ways to tile Ly, as Tj(n).
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4.2. The 2 x n case.

Theorem 4.5. The number of unique ways that dominos can tile Lo, is given by the recursive
formula To(n) = To(n — 1) + Ta(n — 2), where To(1) =1 and T»(2) = 2.

Proof. For clarity of notation, note that Lo, has 2 rows of vertices and n columns of vertices (so
here a vertical domino fills one column of the graph).

We can see that when n = 1, Ta(n) = 1, as it can only be filled by placing the domino vertically, and
when n = 2, To(n) = 2, as it can be filled by placing both tiles vertically or both tiles horizontally
We will now prove that for all n > 2, Tao(n) = To(n — 1) + Ta(n — 2).

Let n > 2 be arbitrary. We can split the possible ways of filling our graph into 2 cases, depending
on the orientation of the tile(s) in the first column

Case 1: Let the first column be filled by a vertically placed domino. Then we have a Ly ,_1 graph
left to fill, so from the definition of our function we have that there are Th(n — 1) unique ways to
tile the graph.

Case 2: Let the first 2 columns be filled by 2 horizontally placed dominos. Then we have a Lo 2
graph left to fill, so there will be T5(n — 2) unique ways to tile the graph.

Now because each possible way to fill the graph is given by one of these two cases, T»(n) will be
the sum of the number of ways to fill the graph in each of these cases, so we have that Th(n) =

Tg(n—1)+Tg(n—2). [ |
n—1 n—2

F1GURE 10. Cases for end of a 2 x n graph.

We can also find the formula for the number of perfect matchings for two such graphs glued
together. In order to talk about this in more general terms, we will introduce notation for such a
formula, given by Tj(m U, g n), where we are gluing Ly, ,, and Ly, graphs such that their sides of
length k are aligned, with s indicating by how many vertices the right graph has been shifted down
relative to the left, as seen in and B being the set of bridges from the gluing included in the
perfect matching. s and B aren’t extremely impactful in the 2 X n case, but make a big difference
with bigger graphs.

Theorem 4.6. The number of perfect matchings of La,, and Lo, glued together with a shift is
given by

Ty(m)To(n) s=1or2,B=10
Ty(mUspn) =<0 s=0o0rl,B={e}
To(m)To(n) + To(m — 1)Te(n—1) s=0,B =10 or {e1,ez}.

Proof. We begin by noting that in the case of a shift 1 or 2 gluing, it is only possible to tile the
graph if we treat them separately, giving rise to the first equation. In general, for Ty (m Us g n)
where k is even and |B]| is odd, we find that there are 0 ways to tile because that would leave an
odd number of spaces to tile on either side of the gluing.

For the third case, letting m and n be arbitrary, we want to find how many ways we can tile the
2 X (m 4 n) graph formed by gluing 2 x m and 2 x n graphs together. We can split this into two
sub-cases: that where we include both bridges in the matching and that where neither are included.
Case 1: Let there be no bridges between the graphs. Then for each possible tiling of the 2 x m
graph, there are T»(n) ways to finish the tiling. Thus, in this case there are T5(m)T5(n) solutions.
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Case 2: Let there be bridges between the graphs. Then we have a 2 x (m — 1) and a 2 x (n — 1)
graph left to fill, so there will be To(m — 1)T2(n — 1) solutions. This completes the proof. [

4.3. The 3 x n case.

Theorem 4.7. The number of unique ways that dominos can tile L3z, is given by the recursive

formula T3(n) = 4T3(n — 2) — T3(n — 4), where T3(0) =1, T3(1) =0, T5(2) = 3, and T3(3) = 0.

Proof. If n is odd, then the total number of spaces is odd, so it is impossible to cover the graph
using domino tiles, each of which covers an even number of spaces. In order to have a nonzero
number of ways to tile the graph, n must be even, so n = 2k for some k € Z. Looking at one
end of the graph, and considering a vertical line that separates the first two columns from the
rest, any tiling will either have no dominoes that cross the line or it will have some dominoes
that cross the line. In the first case, there are T5(2)73(n — 2) = 3T5(n — 2) ways. In the other
case, there are some domino tiles that cross the vertical line separating the second and third
columns. Now consider a vertical line between the fourth and fifth columns. There are only two
ways to tile L34 with at least one horizontal domino on the second and third columns, adding
2T3(n — 4) ways to tile the whole graph. Similarly, pushing the vertical line further down the
graph 2m spaces to account for all the possible tilings only adds 273(n — 2m) to the total, so the
number of ways to tile L3, is equal to 3T5(n — 2) + 2(T3(n — 4) + T3(n — 6) + ... + 73(0)). Since
2(T3(n—4)+T5(n—6)+...+13(0)) = T3(n—2) —T3(n—4), we can simplify T3(n) to the recurrence
relation T3(n) = 4T5(n — 2) — T3(n — 4).

|

N S B

n—2 n—4

FIGURE 11. First 2 cases for tiling from the end of the graph.

Proposition 4.8.

ZZQ;TS(%) _ Ty(n) - gs(n - 2)'

n—4
Proof. Recall from the proof of 4.7| that T3(n) = 3T3(n —2) + 2,2, 73(2i). The result follows
from subtracting T5(n — 2) from both sides and dividing by 2. [ |

We can also find information about gluing these graphs together, first considering the case where
the lattice graphs are shifted such that there is only one bridge between the two, such as in Figure
12
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FIGURE 12. A perfect matching of L35 Uy (¢} L3 3.

Theorem 4.9. The number of perfect matchings of L3, and L3, glued together with a shift is
given by

(Tg(m)Tg(n) B= @
(T3(m+1)—T3(m—1)i(T3(n+1)—T3(n—1)) s=2B={e}
0 s=1,B={e1} or {es}
(T3(m) =T (m—2))(T5(n) —Ts(n—2)) _ _

T3(mUspn) = (T3(m+1)—T3(mf1))(T3(n+1)—T3(n—1)) s=LEB={ene)
1 s=0,B={e1} or{es}

0 s =0,B = {es} or {e1,e3}
(T3(m)*Ts(m*Q)i(Ts(”)*Ts(n*Z)) s=0,B={ey,es} or {es, 3}

(T5(m — 1)T5(n — 1) s =0,B = {e1,e,e3}.

Proof. When B = (), there are no bridges between the two lattice graphs, so the number of ways
to tile them is the number of ways to tile one of them multiplied by the number of ways to tile the
other. That is, T5(m)T5(n).

When s =2 and B = {e;} or when s =0 and B = {e;} or {es}, then the graphs are positioned
like in Figure If m or n is even, then there will be an odd number of vertices left on either
the 3 x m or 3 x n graph which is impossible to tile, so suppose both m and n are odd. The
method of solving will be the same for each graph in the gluing, so we will look at the 3 x n
graph. On the first row, there are 2 available vertices adjacent to one another, so we can split this
into two cases, as seen in Figure either include the vertical edge between the two, in which
case there are T3(n — 1) ways to finish the perfect matching, or we include the horizontal edges
connecting them to the adjacent row. In this case we’re forced to include the edge next to the bridge
going into the top or bottom of the third edge. This means we have a 3 x (n — 2) lattice graph
missing one vertex, so we will finish tiling it in the same way as we tiled the 3 x n graph missing a
vertex. Then we will add a T3(n — 3) term and continue until we have a 2 x 1 graph left, adding
1 =1T35(0) to the sum. Thus we get that the number of ways to tile L3, missing one corner vertex
is equal to T3(n — 1) + T5(n — 3) + ... + 73(0). By proposition this sum equals w

Similarly, the number of ways to tile the left graph is T3(m+1)gT3(m_l). Multiplying these two

values together gives us the total number of tilings for these shift and bridge gluing combinations:
(T3(m~+1)—T3(m—1))(T3(n+1)—T3(n—1))
4

When s =1 and B = {e;1} or {e2} or when s =0 and B = {ea} or {e1,e3}, then at least one of
the 3 x m or the 3 x n graph will have either only the middle tile or only the top and bottom tiles
of an end column covered, as in Figure which is impossible to tile. This is because the only
way to fill the top and bottom spaces of an end column missing its middle tile is with horizontal
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B, B

&e—a L ] L ] - - -—a il - -
L ] L ] - - -—a - - -
L ] L ] - - -—a - - -

Case 1 Case 2

F1GURE 13. Possible ways to finish a perfect matching including B;.

tiles, which then leaves the middle tile of the second column uncovered in a way that can only be
covered by a horizontal tile. However, once that space has been covered, the graph is in the same
state as it was at the beginning, though now two of its columns have been covered. This process
repeats itself, forcing the placement of horizontal tiles until there is not enough space for another
domino and either the middle vertex or the top and bottom vertices of the end column will always
be uncovered, meaning there is no way to tile the whole graph. Therefore, these combinations of
shifting and gluing contribute 0 to the total.

FIGURE 14. Impossible tiling configurations.

When s = 1 and B = {ej,ea} or when s = 0 and B = {ej, ez} or {e2, e3}, then the graphs are
positioned like in Figure If m or n is odd, then there will be an odd number of spaces left on
either the 3 x m or 3 x n graph which is impossible to tile, so suppose both m and n are even. Then
for each graph we have an odd number of rows with one extra tile, forcing us to place a domino
horizontally next to the bridges. This leaves a 3 x (m — 1) graph missing a vertex to fill. In the
proof of the s =2 and B = {e;} or when s =0 and B = {e;} or {e3} gluing cases we showed that
the number of ways to finish tiling such a graph is given by w, so in this case the total
number of ways to tile the graph is given by multiplying this result for m with the same result for

n. Adding these formulas together gives us the final result: (T3(m)_T3(m_2)Z(T3(")_T3("_2)).

FIGURE 15. Initial tiling configurations of L35 (¢, ¢,y L33 and L3 5 g (e ey} L33

When s = 0 and B = {ej,e9,e3}, then the graphs are positioned like in Figure This
configuration leaves a 3 x (m — 1) and a 3 x (n — 1) graph to be tiled, so the number of ways to
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tile them is the number of ways to tile one of them multiplied by the number of ways to tile the
other. That is, T3(m — 1)T3(n — 1).

FIGURE 16. Initial tiling configuration of L35 Uy (¢, es,e5} L3,3-

In the proof for Theorem the cases for the number of perfect matchings were split based on
the shift and bridges that defined the gluing. We can combine a number of these cases to express
T3(m + n) in terms of tilings relating to m and n (See Corollary |A.1)).

4.4. The 4 x n case.

Theorem 4.10. The number of unique ways to tile Ly, with dominoes is given by the recursive
formula Ty(n) = Ty(n — 1) + 5Tu(n — 2) + Ty(n — 3) — Tu(n — 4), where Ty(1) = 1, Tu(2) = 5,
T4(3) = 11, and Ty(4) = 36.

Proof. The initial values of the recursion can be checked by hand. As for the recursive formula,
let n be an arbitrary positive integer greater than 4. All possible tilings of L4, must begin on the
left-hand side with one of these initial configurations:

In the first case, where the first column is filled with vertical dominoes, there is a 4 x (n — 1)
graph left to tile, contributing Ty(n — 1) ways to fill the graph.

In the second case, where the first two columns are filled with horizontal dominoes, there is a
4 x (n —2) graph left to tile, contributing Ty(n — 2) ways to fill the graph.

In the third case, the two empty spaces in the second column can either be filled with a vertical tile or
two horizontal tiles. Adding a vertical tile leaves a 4 x (n—2) graph to tile and adding two horizontal
tiles gives you the same choice of filling the two empty spaces in the third column either by adding a
vertical tile or two horizontal tiles. You can continue choosing to add horizontal tiles until you run
out of space on the graph, in total adding Ty(n—2)+Ty(n—3)+Ty(n—4)+...+T4(0) = Z?:_OQ Ty (i)
ways to tile the graph. The same goes for the fourth case.

In the fifth case, the two empty spaces in the second column can either be filled with a vertical
tile or two horizontal tiles. Adding a vertical tile leaves a 4 x (n — 2) graph to tile and adding two
horizontal tiles forces you to place horizontal tiles in the top and bottom rows and then gives you
the same choice of filling the two empty spaces in the fourth column either by adding a vertical
tile or two horizontal tiles. You can continue choosing to add horizontal tiles until you run out of
space on the graph, in total adding

Ty(n—2)+Ty(n—4)+Tu(n—6)+ ...+ ((Tu(1) if n is odd) or (T4(0) if n is even)) i (n—2i)
=1

ways to tile the graph.
So far, we have

Ta(n) =Ty(n — 1)+ Ty(n — 2) +2ZT4 +ZT4n—2z
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However, we can simplify this formula further:

n—4 n;%
Ti(n—2) =Ty(n —3) + Tu(n —4) + 2> _Tu(i) + Ty(n — 2 — 2i),
=0 =1
n—2 L%J
Ty(n) — Ta(n —2) = (Tu(n = 1) + Tu(n = 2) + 2 _Ty(i) + Y _ Tu(n — 2i))
=0 =1
n—4 \.nT_QJ
— (Ty(n—3)+ Ta(n—4) +2) " Tu(i)+ > Ty(n—2—2i))
=0 =1
= T4(7”L - 1) + 4T4(n — 2) + T4(TL — 3) — T4(7”L - 4)
So Ty(n) = Ty(n — 1) + 5Ty(n — 2) + Tu(n — 3) — Ty(n — 4). [ ]

In order to prove a gluing formula for the 4 x n case, it will be helpful to derive formulae for the
sums in the proof of the recursion formula, see Propositions and in the Appendix.

We can also find information about gluing graphs together, considering different shifts and bridge
sets. If the number of bridges is odd, then what it left is impossible to tile because an odd number
of vertices will be left on each graph.

Theorem 4.11. The number of perfect matchings of Lam and Ly, glued together with a shift
Ty(m Us g n) is given by

(Ty(m)Ti(n) B=0
(T4(m+1)_T4(m—Q;)E)(T4(n+1)—T4(n—2)) s =2,B={e,ea}
F(m) (T4(n+1)gT4('fL—2)) s=1,B = {ej,e2}
(T4(m+1)gT4(mf2))f(n) s=1,B= {62, 63}
(T4(m+1)_T4(m—Q%)E)(T4(n+1)—T4(n_2)) s = O’ B = {61, 62} or {63, 64}
0 s=0orl,B=/{e,e3} or{ez e4}
Flm+1)f(n+1) =08 ={ee1}
f(m)f(n) s=0,B= {627 63}

(T4(m — 1)Ty(n — 1) s=0.B={er, e3¢5 €4}

Where f(n) = —2T4(n) + 4Ty(n — 2) + LTy(n — 3) — Ty(n — 4).

Proof. When B = (), there are no bridges between the two lattice graphs, so the number of ways
to tile them is the number of ways to tile one of them multiplied by the number of ways to tile the
other. That is, Ty(m)Ty(n).

When s = 2 and B = {ej,e2} or when s = 0 and B = {e1,e2} or {e3,es}, then the graphs are
positioned like in Figure The method of solving will be the same for each graph in the gluing,
so we will look at the 4 x n graph. On the first row, there are 2 available vertices adjacent to
one another, so we can split this into two cases as shown in either include the vertical edge
between the two, in which case there are Ty(n—1) ways to finish the perfect matching, or we include
the horizontal edges connecting them to the adjacent row. In this case we again have the choice
between including a vertical edge, leaving us with a 4 x (n —2) graph to tile, adding Ty(n — 2) ways
to finish the perfect matching, or including two horizontal edges, again allowing for either a vertical
tile or two horizontal tiles. This will continue until we have a 2 x 1 graph left, adding 1 = T4(0)
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to the sum. Thus we get that the number of ways to tile L4, missing one corner vertex and one

vertex above or beneath it is equal to Ty(n — 1) + Ty(n — 2) + ... + T4(0). By proposition this

sum equals w. Similarly, the number of ways to tile the left graph is T“(mﬂ)gT“ m=2)

Multiplying these two values together gives us the total number of tilings for these shift and bridge
gluing combinations: (T4(m+1)_T4(m_2%)5(T4(”+1)_T4("_2)).

. . . . . . . . . —t—o . .

. . . . . . . . . o—t—o . .

. . . . —1f—o . . . . . . . . . .

FIGURE 17. Initial tiling configurations of Ly 5 Uy (¢, e,y La,3 and La 5o (e) ey} La3-

——0o . . . . ——0o
—a . . . . —a
—o

——

Case 1 Case 2
FIGURE 18. Intermediate tiling configurations of L4 5 glued with 2 bridges.

When s =1 and B = {ej,ea} or {ea, e3}, then the graphs are positioned like in Figure This
means that one of the graphs will be missing one corner vertex and another vertex above or beneath
the corner and the other graph will be missing the middle two vertices from one of the end columns.
We already have a formula from the previous paragraph for the number of perfect matchings of
the first graph, so let us focus on the second. Since the middle two vertices of the end column are
covered, we are forced to place two horizontal tiles on the corner spaces. To fill the second-to-last
column, we can either use a vertical tile or two horizontal tiles, as shown in Figure In the case
of a vertical tile, we are left with a 4 x (m — 2) graph, contributing 7, (m — 2) perfect matchings to
the total. In the case of two horizontal tiles, we are again forced to place horizontal tiles in the top
and bottom rows, now leaving the middle two vertices of the fourth column uncovered, and thus
the pattern repeats, adding Ty(m — 2k) (where 1 < k < [%]) tilings in each iteration until there
is either the middle two vertices of the last column or the entire last column and the middle two
vertices of the second-to-last column left uncovered, depending on if m is even or odd. Therefore,
in total there are

Ty(m —2) +Ty(m —4) + Ty(m — 6) + ... + (Ty(1) if m is odd) or (7y4(0) if m is even)
15]

= 3 Ti(m—2i) = —§T4(m) ATy (m —2) + gT4(m 3) = Ty(m — 4)
i=1

ways to tile Ly ,, with the middle two vertices missing from the last column. From now on, we
will abbreviate this quantity as f(m). By multiplying this value by the number of ways to tile Ly,
missing a corner vertex and a vertex directly below it, we see that there are

f(m) (T4(Tl + 1) ; T4(n — 2))
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ways to tile two lattice graphs shifted by 1 with a bridge set equal to {e1,e2} and

Ty(m—+1) —Ty(m—2
(T + 1) ~Ti(m=2)
ways to tile two lattice graphs shifted by 1 with a bridge set equal to {es,e3}.

Case 1 Case 2

FIGURE 19. Initial and intermediate tiling configurations of L5 Uy f¢, ey} La3-

ea}

When s = 0or 1 and B = {e1,e3} or {ea, e4}, then at least one of the graphs has its corner vertex
missing along with a non corner, nonadjacent vertex from the same column, which is impossible
to tile. This is because the only way to cover the vertices of an end column missing a corner and
a non corner, nonadjacent tile is with horizontal tiles, which then leaves two nonadjacent vertices
of the second column uncovered in a way that can only be covered by two more horizontal tiles.
However, once those vertices have been covered, the graph is in the same state as it was at the
beginning, though now two of its columns have been covered. This process repeats itself, forcing
the placement of horizontal tiles until there is no more space on the graph and either the middle
vertex or the top and bottom vertices of the end column will always be uncovered, meaning there
is no way to tile the whole graph. Therefore, these combinations of shifting and gluing contribute
0 to the total.

When s = 0 and B = {ej,e4}, then we have two graphs next to each other, each missing
two corner vertices from an end column, as shown in Figure We will look at just the right
graph, since the possible ways to tile each graph are the same. We can either use one vertical
tile or two horizontal tiles to cover the vertices in the column missing its corners. If we use a
vertical tile, there are Ty(n — 1) ways to tile the 4 x (n — 1) graph that remains. If we use two
horizontal tiles, we are forced to place two more horizontal tiles in the top and bottom rows, so
what’s left is a 4 x (n — 2) graph with two of the corners missing from the left-most column. As
we have seen before, we can keep reducing the length of the graph like this, adding Ty(n — 2k + 1)
(where 1 < k < [5]) perfect matchings to the total with each iteration until there is either the
middle two vertices of the last column or the entire last column and the middle two vertices of the
second-to-last column left uncovered, depending on if n is even or odd. Therefore, 12 total there are
Ty(n—1)+Ty(n—3)+T4(n—5)+...+ (T4(1) if n is even) or (T3(0) if n is odd) = Y2121 Ty(n—2i+1),
which, by Propositionequals f(n+1) ways to tile L4, with the two corner vertices missing from
the last column. The number of ways to tile the left graph is the same except for replacing every
instance of n with m. By multiplying these values together, we see that there are f(n+1)f(m+1)
ways to tile two lattice graphs shifted by 0 with a bridge set equal to {e1,e4}.
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FIGURE 20. Initial tiling configuration of Ly 5 Uy (e, eq} La,3-

When s = 0 and B = {eg, e3}, then we have two graphs next to each other, each missing the two
middle vertices from their end columns. From a previous paragraph, we know there are

—§T4(m) + 4T4(m — 2) + gT4(m — 3) — T4(m — 4)

ways to tile such graphs. By multiplying these values together, we see that there are

f(m)f(n)
ways to tile two lattice graphs shifted by 0 with a bridge set equal to {es, es3}.

When s = 0 and B = {e1,es,e3,e4}, then the graphs are positioned like in Figure This
configuration leaves a 4 x (m — 1) and a 4 x (n — 1) graph to be tiled, so the number of ways to
tile them is the number of ways to tile one of them multiplied by the number of ways to tile the
other. That is, Ty(m — 1)Ty(n — 1).

FIGURE 21. Initial tiling configuration of Ly 5 Uy (e, Ly3.

€2,€3,e4}

5. SPINORS, CLIFFORD ALGEBRAS ON GRAPHS AND GLUING

Spinors can be examined as elements of linear representation of Clifford Algebras. For example,
the space of Pauli spinors can be approached as the space C1~(0,3) and the space of Dirac spinors
as Cl7(1,3) [11]. The relations between the generators of the algebra parallel the rules governing
interactions between spinors in a quantum system. While there are a number of candidate Clifford
algebras that have been explored as representations of the space of spinors [11], we focus on a
special type of Clifford algebra associated to a graph, introduced by Khovanova [7].

Definition 5.1. Let I" be a graph with n vertices. Its associated Clifford algebra Ar has n
generators eq, ..., e, corresponding to each vertex. For each i, €2 = —1 and

{eiej = —eje; ¢ and j are adjacent in I'

€;ej = eje; i and j not adjacent in I'’
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The center of a Clifford graph algebra characterizes the structure of the whole algebra. Each
central monomial of a Clifford graph algebra gives a decomposition as a direct sum of two algebras.
As a result, the structure of a Clifford graph algebra can be identified solely by the number of
vertices and the dimension of its center [7].

The center of a Clifford graph algebra is spanned by its monomials. They are determined by the
structure of the graph [7], as stated in the following

Lemma 5.2. A monomial e, is central if and only if for each vertex ¢ € I', there are an even
number of edges connecting ¢ to «.

5.1. Examples. We give some examples of Clifford graph algebras and their centers.

Proposition 5.3. Let P, be a path graph. Then

Z(Ap.) = C if n is even
Bl 2 if n is odd

To be precise, for odd n, Z(Ap,) is spanned by the central monomial ejes - - - e, and 1.
Consider the path graph Ps, labeled as follows:

)
)

[ XS
[ IS

-
o5

U1 U3
® @

The center of Py is Z(Ap,) = {aejezes + 0| o, B € C}.

ereses is a central monomial in Ap, because we can check that each vertex is connected to
a = {1,3,5} by an even number of edges.

All edges in P5 connect an even vertex to an odd vertex. This means for odd 4, there are no
edges connecting it to a. For even i, the only incident edges are (i,7 — 1) and (i,7+1). Both i —1
and ¢ + 1 are in «, so there are two edges connecting it to a.

5.2. Graph gluing and Clifford algebras.

Definition 5.4. Let V, W be two C-algebras with bases {v;};; and {w;}7_;. The tensor product
V @ W has basis {v; ® w;} such that

(1) (n+m)w=vQw+uvw

(2) v® (w1 +w2) =v@w; +v®ws

(3) Mvew)= (M) =v® (\w), € C.

In the case of Clifford graph algebras: V and W are C-algebras spanned by monomials. Assume
the generators {e} for V are distinct from the generators {e;} for W. Each element v € V and
w € W is a polynomial:

n
(1) v="> oy
i=1

(2) w= Zl%‘wj,
J:

where o;, A\; € C. Following the normal rules of multiplying two monomials, we define the tensor
product v; ® w; = v;w;. Because the monomial v; is defined in different generators from w;, v;w;
is a monomial of degree 1.

Under the normal polynomial multiplication, we have:

n m
v®w:vw:§ E QA VW5 .

i=1 j=1
Every element v ® w € V ® W is a linear combination of the monomials v; ® w; = v;w;.
In addition, polynomial multiplication satisfies the following properties:
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(1) (v1 +v)w=vw+ W < (V1 +v2) QW =v] QW+ V2 W
(2) v(wy +wa) =vwy +vwe <= VR (w1 + w2) = v W + v we
(3) Mww = (A)w =v(dw) <= A(vew)=(\)® =v® (Aw).

Theorem 5.5. Let I'y and I'y be graphs and Ar, and Ar, be their associated Clifford algebras.
Then Z(Apl) ® Z(Al"z) = Z(AFluF2)~

Proof. (=) First, we need to show Z(Ar,) ® Z(Ar,) C Z(Ar,ur,)-

Let {eq} be the basis of central monomials for Z(Ar,) and {eg} be the basis of central monomials
for Z(Ar,).

Then {eqep} is a basis for Z(Ar,r,). We want to show it is contained in Z(Ar, U Ar,).

Let eqeg be fixed. Observe eqeg is a monomial associated with the vertex set a Ll 8, so we can
denote e,g = eqe3.

Recall a monomial e, is central in Ar if and only if for all v € V(I'), the number of edges
connecting it to « is even.

In order to show en3 € Z(Ar,ur,), we need to show for every v € V(I'y UT'), there are an even
number of edges connecting it to a L 3.

Case 1: v € V(I'1). Because e, is a central monomial of Ar,, there are an even number of edges
connected v to a. I'1 and I'y are disconnected in I'y LI Ty, so there are no edges between v and S.
Together, there are an even number of edges connecting v to a U 3.

Case 2: v € V(I'z). Because eg is a central monomial of Ar,, there are an even number of edges
connected v to .
I'y and I'y are disconnected in I'y LI I', so there are no edges between v and .

Together, there are an even number of edges connecting v to a U .
We thus conclude that eq,eg = e is a central monomial of Ar, r,. It follows that Z(Ar,) ®
Z(AFQ) - Z(AF1UF2)'

(<) Next, we need to show Z(Ar,ur,) € Z(Ar,) ® Z(Ar,).

Let {eq} be the basis of monomials for Z(Ar, r,). We want to show it is contained in Z(Ar,) ®
Z(Ar,).

Let eq be a central monomial of Ar, r,. Because I'y and I'y are disconnected components of
I'y U Ty, we can separate the vertex set o = a3 U g, where a1 and ap are the subsets of vertices
from I'; and I'9, respectively.

We want to show ey = €q,€q, € Z(Ar,) ® Z(Ar,), or eq, € Z(Ar,) and e, € Z(Ar,).

Start with eq,. Let v € V(I'y).

Because e, is a central monomial of 'y UT's, we know there are an even number of edges between v
and agUag. In particular, there are no edges between v and a9 because I'; and I'y are disconnected.
Then the number of edges connecting v to <y is the same for a; U as, which is even. We have
shown for any v € V(G1), there are an even number of edges connecting it to aj, so e, is a
central monomial of Ar,. Similarly, we can find that e, is a central monomial of Ar,. Then
€a = €ny€a, € Z(Ar,) ® Z(Ar,). We conclude Z(Ar,ur,) € Z(Ar,) ® Z(Ar,), as desired. [ |

The centers of Clifford graph algebras from bridge gluings are more challenging to identify, but
we can start with some simple examples.

There are two ways to glue the path graphs P, and Ps with one bridge:

By Proposition the bases for Z(Ap, and Z(Ap,) are {1} and {1, eje3}, respectively. In the
left gluing, P> Up, P3 = Ps, which has a center spanned by ejeges and 1. The right gluing also has
basis {ejeses, 1}. With the same number of vertices and dimension of their centers, the Clifford
algebras associated to the two bridge gluings are isomorphic.
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U1 V2 U3 U1 V2 U3

F1GURE 22. Two different bridge gluings between P3 and P;.

This is not always the case though. Take the following gluing of two copies of Pj:

U1 &

Q
o3

U1 & U3

& &
L4 -

O -----------9
rd

L & <

V6 Us

<
iy

Vg (] (]
FiGure 23. Two different bridge gluings between two copies of Ps.

The Clifford algebra of the left gluing has a center of dimension one, while the center for the
right gluing has dimension four with central monomials ejes, e1eseq, and egeqeg.

We can characterize the dimension of the Clifford algebras of glued path graph. The case of
bridge gluing the endpoints of two path graphs is simple: by Proposition P, Up, Py, has a
center of dimension 1 if n and m have the same parity and 0 if they have opposite parity.

Theorem 5.6. Let I' = P, Up, P, be two path graphs glued by a bridge between an interior vertex
and endpoint.

(1) If n and m are both even, then Z(Ar) has dimension 1.

(2) If n is even and m is odd, then Z(Ar) has dimension 2.

(3) If n and m are both odd, then Z(Ar) has dimension 4.

We prove the following lemma to identify central monomials of the glued graph Clifford algebra:

Lemma 5.7. Let ' be a tree. Suppose e, is a central monomial of Ap. Then

(1) there are at least one vertex of degree one in a,
(2) for every vertex v € «, there exists u € « such that d(u,v) = 2, and
(3) no pair of vertices u,v € «a are adjacent.

This will help us to prove Theorem because we only need to check the vertex sets that start
at a leaf and skip every other vertex.

Proof. Let e, be a central monomial of Ar.

(1) Suppose for the sake of contradiction, there is no vertex of degree one in «.

Pick any interior vertex of I' as the root r. This gives I' a partial ordering relation <,
where x <, y if x lies in the r — y path. Pick any maximal element z € «, that is, there is
no y € « such that z <, y. By assumption, x is not a leaf, so there is some vertex v that is
adjacent to x away from the root . Then v is connected to « by a single edge (v, z). There
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are no other edges between v and « because for any other neighbor u, x <, u, so u ¢ « by
the maximality of . We conclude e, is not a central monomial, in contradiction.

(2) Let v € a. Suppose for the sake of contraction, there is no vertex u € a such that d(u,v) = 2.
Pick any vertex z adjacent to v. Then x is connected to « by a single edge (v, z). There are
no other edges between = and « because for any other neighbor y, d(y,v) = 2. We conclude
eq is not a central monomial, in contradiction.

(3) Let v € a. Suppose for sake of contradiction, u,v € « that are adjacent.

Case 1: uw or v is a leaf. Assume WLOG v is a leaf. Then v is connected to « by a single
edge (u,v), since v has no other neighbors.

Case 2: u and v are both interior vertices. At least one neighbor of v, say z, is in «,
otherwise v only has one edge connecting it to a. We can show the same for z, at least one
of its neighbors is in a. We repeat until we have found some leaf z in «, which is connected
to o by a single edge. In contradiction, e, is not a central monomial.

One corollary of this proof is that if a central vertex set starts at one leaf, then branches out,
skipping every other vertex, then it must contain a leaf at the end of the branch. Otherwise, like
in part 1, the “next” vertex in the branch connects to the vertex set by one edge. As a result, the
vertex set corresponding to a central monomial must contain at least two leaves that are an even
distance apart.

Now we are able to prove Theorem

Proof. Let P, and P,, be two path graphs. Label the vertices of P, v1,...,v,, and similarly for
P,,. Let T" be P, and P, glued by bridge (v, u1), where vy is an internal vertex of P, and wu; is
an endpoint of P,,.

Case 1: n and m are both even.

Because n is even, we know vy, is an even distance from some endpoint of P, and an odd distance
from the other. Assume WLOG vy, is an even distance from v;. The only pair of leaves that are an
even apart is v; and up, so any central vertex set must contain vy,...,vg, ug, ..., Uy,. We note vy_1
connects to the set by a single edge (vk_1,vg), so its associated monomial is not central. However,
if it branches towards vi_s from vy, it will not contain leaf v1 because they are odd distances apart.

'y

..
=]

K
¢
K
L
#
o . O ]
ty tha (! iy

FIGURE 24. A candidate vertex set

Case 2: n is even and m is odd.

Let’s assume without loss of generality that v is at an even distance from v;. We observe
Vly..., Vg, U2, ..., Uy, corresponds to a central monomial. Moreover, this is the only central mono-
mial because the other pairs of leaves are an odd distance apart.
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U1 V2 U3 V4
O O O
1

¢ O °
(5] U9 us

FIGURE 25. The vertex set associated to the unique central monomial of Ap

Case 3: n is odd and m is even.

Because n is odd, v, is either an odd distance from both endpoints or an even distance from
both endpoints of P,.

Suppose vy, is an even distance from both v,,; and vy,,. Then v,1, ... Vnks -+« Vnn, Um2s « « + 5 Upnim -

If v, is an odd distance from both v,; and v,,, then it is equivalent to Case 2. I' is also two
paths, v1,..., Vg, Ul ..., Uy and Vgi1, ..., Vs, glued by bridge (vg,vky1). The former has an even
number of vertices while the latter has an odd number, like in Case 2.

Case 4: n and m both odd.

Assume k is even. Otherwise, if k is odd, I' can also be seen as two paths, vp1, ..., Upk, Umi, - - - » Umm
and Uy (k41)s - - - » Unn glued by bridge (Vnk, Un(k4+1))- Both path graphs have even length, as in Case
1.

The vertex sets associated to central monomials are:

® VUly.--yVk—1,Vk+15---,Un
® VUly...,Vk—1,Uly---,Um
® Upny.owoyUpt1,ULy- s Um-

6. FUTURE DIRECTIONS

Currently, our program to compute and create visualizations of solutions to the Dirac equation
over time has been used to numerically verify our results. Future directions include investigating
whether this process can be carried out in reverse, i.e. can information about the underlying graph
or initial quantum state be extracted given these graphs and data of solutions to the Dirac equation
over time.

Our gluing formulae help us to understand the behavior of spinors and Dirac operators on graphs
as they become more complex. A formula that generalizes the results in Section [4]is still open, and
its complexity is expected to increase with the size of the lattice graphs. We also hope to generate
gluing formulae for other types of graphs, e.g. honeycomb graphs, and planar graphs in general.

We have discovered explicit formulae for the quadratic forms of the odd Laplacian and the
incidence Dirac operator. Future work could be carried out to determine explicit formulae for the
quadratic forms of the even and odd Dirac operators.

The case of Clifford graph algebras for disjoint gluings and bridge gluings of path graphs help
to understand the space of spinors in higher dimensions. Further research in generalizing bridge
gluings will be foundational in understanding the Clifford algebras of more complex graphs.

While our results on gluing formalae focus on the Clifford graph algebras defined by Khovanova
[7], the Clifford algebras that represent spaces of spinors extend beyond those introduced. For
example, C1(1,3)", the even part of the Clifford algebra Ci(1,3) is suitable for describing Dirac
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spinors.[11] CI(1,3) has four generators: one of which squares to +1, while the remaining three
square to —1. In order to allow for such a distinction under Khovanov’s framework of Clifford
graph algebras, we propose an additional graph coloring. We propose a form of Clifford graph
algebra where vertices ¢ are given a color based on their associated generator e;, for example, red,
if €2 = +1, or blue, if e = —1. Because the generators of Clifford algebras anticommute, their
colored graphs are complete.

APPENDIX: ALGEBRAIC COMPUTATIONS FOR THE GLUING OF LATTICE GRAPHS
Corollary A.1. The number of perfect matchings of L3 pim 15 given by
Tg(m + n) = Tg(m)Tg(n) + Tg(m — 1)T3(TL — 1)

(T3(m + 1) — Tg(m — 1))(T3(n + 1) — Tg(m — 1))
2

_l’_

n (T5(m) — T5(m — 2))(T5(n) — T3(n — 2))
5 .

Proof.
T3(m + n) = ZT;;(m UO,B n)

B
= T3(m)T3(n) + 2(T3(m +1) —T3(m — 1)21(T3(n +1) — T3(m — 1))

(Ta(m) = T3(m — 2))(T3(n) — Ts(n — 2))
4

+2(0)+ 2
+ T5(m — 1)T3(n — 1).
|
Proposition A.2. The number of ways to tile L3z, with dominoes is given by the explicit formula
(1= (D™ @™ + ()™
2V/6 ’

Vot
2

=

6

where o =

Proof. We can represent the recursion equation using matrices:

n

Tsn+3)] [0 4 0 —11" [T5(3)
Tg(n) 0 0 1 0 T3(0)

By diagonalizing the recursion matrix and performing matrix multiplication, we find that

i) = 2l Sy BB 4 BB Ry 3 VEy

By rearranging, the formula becomes:

n+l _ (;1)n+1 (l)n+1 _ (_a)n+1

Ty(n) = T e e = (1 (1))

+1 1\yn+1

26
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Proposition A.3. The following identity holds:

ZT4 DR UED)

Proof. Ty(n) = Ty(n — 1) + Ty(n — 2) + 232 Tu(i) + Tu(n — 2) + Ta(n — 4) + Tu(n — 6) + ... +
(Ty(1) if n is odd) or (T4( ) if n is even). By substituting n—1 for n, we see that Ty(n—1) = Ty(n—

2)+Tu(n—3)+2> "5 Ta(i)+Tu(n—3) +Tu(n—>5)+Ta(n—7)+...4+ (T4(0) if n is odd) or (Ty(1)+
T4(—1) if n is even). Slnce T4(—1) = 0, we can ignore that term. By adding these two equations
together, we find that

n—2
Ty(n) + Tu(n — 1) = (Ty(n — 1) + Ty(n — 2) + 2> Ty(i)

=0
+ Ty(n —2)+Ty(n —4) + Ty 6) +

(n —
+ (Tx(1) if n is odd) or (74(0) if n is even))

n—3

+ (Tu(n—2)+Ty(n—3)+2 )Y Ty(i)
=0

+T4(n—3)—|—T4(n— )+T4n )

+ (T4(0) if n is odd) or (Ty(1) 4+ T4(—1 ) if n is even))
n—2

=Ty(n—1)+Ty(n—3 +5ZT4

From this equality, we can deduce that

ZT4 (n) — §4(n—3)‘

Proposition A.4. The following identity holds:
, 2 7
> Tu(n —2i) = == Ta(n) +4T4(n = 2) + =Ta(n = 3) = Ty(n — 4).

Proof. Again, we start with Ty(n) = Ty(n—1)+Ty(n—2)+2 Z?:_OQ Ta(i +Z T4(n 2i). From the
previous proposition, we can rewrite this formula as Ty(n) = Ty(n—1)+Ty(n—2) —1—2% +
520 7 (n — 2i) We also know that Ty(n) = Ta(n — 1) + 5T4(n — 2) + Ty(n — 3) — Ta(n — 4). The

result follows from equating these two versions of Ty(n) and solving for fo Ta(n — 2i). [

Corollary A.5. The number of perfect matchings of L4 nim 15 given by
Ta(m +n) = Ty(m)Ty(n) + Ty(m — 1)Ty(n — 1)

2ATy(m + 1) — Ty(m — 2))(Tu(n + 1) — Tu(n — 2))
25

+ fim+1)f(n+1)
+ f(m)f(n).
Where f(n) = —2Ty(n) + 4Ty(n — 2) + ITy(n — 3) — Tu(n — 4).



LAPLACE AND DIRAC OPERATORS ON GRAPHS 35

Proof.

Ty(m+n) = ZT4(m Uo,B 1)
B

= T4(TTL)T4(TL) + 4(0) + 2
+fim+1)f(n+1)

+ f(m)f(n)
+4(0) + Ty(m — 1)Ty(n —1).

(Ty(m 4+ 1) = Ty(m — 2))(Ty(n + 1) — Ty(n — 2))
25

Proposition A.6. The number of ways to tile Ly, with dominoes is given by the explicit formula

b5 5 0 _ Gh+5-b 1,
(1-2)(1 -2 —ab)  (1-F)(1-2)1—ab)d
24_5_@% n 6a+5—a® 1.,
* 1 a a = 1 a (7) ’
(1-2)A=§—ab)  (1-L)1-F)(1—ab)a
where a = 1+@+\{m and b = 1—@—@_
Proof. Use the same method as for the proof of Proposition m

We conjecture that for every positive integer k, there exists a real number x € R such that

: : 2o+1 P41
the solutions to the equation 2Ei) = Pyt
1

denoted y1, ;- Y2, 5,7 allow us to define functions fi,1(y1,y2), fr2(y1,92), fr3(y1, ¥2), fra(y1,y2) such

that T(n) = fra1(yn,u2)u7 + fra(i,92) 5" + fra(iv2)ys + fralyi,y2)y; " where Ty(n) is an
explicit formula for the number of ways to tile Ly, .

L which are at most two pairs of reciprocal numbers,
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