THE CRITICAL GROUP OF A LINE GRAPH:
THE BIPARTITE CASE

JOHN MACHACEK

ABSTRACT. The critical group K(G) of a graph G is a finite abelian group
whose order is the number of spanning forests of the graph. Here we investigate
the relationship between the critical group of a regular bipartite graph G and
its line graph line G. The relationship between the two is known completely
for regular nonbipartite graphs.

We compute the critical group of a graph closely related to the complete
bipartite graph and the critical group of its line graph. We also discuss general
theory for the critical group of regular bipartite graphs. We close with various
examples demonstrating what we have observed through experimentation. The
problem of classifying the the relationship between K(G) and K(line G) for
regular bipartite graphs remains open.
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1. INTRODUCTION

We investigate the critical group of graph. Here we want to emphasize that
we will assume that all graphs do not have self loops, however multiple edges
are allowed. The critical group is a graph invariant that is a finite abelian group
whose order is the number of spanning trees of the graph. The critical group of
a graph is closely related to a chip-firing game played on vertices of a graph. In
physics literature the critical group is called the abelian sandpile model. Other
aliases for the critical group include the Jacobian group and the Picard group.
The critical group has been computed in certain special cases, but in general the
relationship to of the critical group the structure of the graph is unknown. Here we
are particularly interested in the relationship between the critical groups of a graph
and its associated line graph for regular bipartite graphs. Such a relationship has
been determined for regular nonbipartite graphs [3].

2. PRELIMINARIES

Here we introduce concepts and definitions necessary for our work. We will also
state existing results that our work builds upon.

2.1. The graph Laplacian. The critical group K(G) of a graph G is a finite
abelian group with order x(G), the number of spanning forests of the graph. Let
G = (V,E) be finite graph without self loops. The graph Laplacian L(G) is the
singular positive semidefinite |V| x |[V| matrix given by

L(G)ay = {degG(:zz) ifex=y

T,y — .
' —Mgy otherwise,

where m, , is the multiplicity of the edge {z,y} in E. We can equivalently define
the graph Laplacian as L(G) = D — A where D is the degree matrix and A is
the adjacency matrix. We observe that if G has ¢ connected components then
the rank of L(G) is |V| — ¢. Viewing the graph Laplacian as an abelian group
homomorphism L(G) : ZIVI — ZIVl we can define the critical group K(G) as the
unique finite abelian group such that the cokernel can be expressed as

(1) ZV1/im L(G) 2 7¢ & K(G).

A useful observation is that the critical group of a graph is the product of the
critical groups of its connected components, so we can restrict our study to con-
nected graphs without loss of generality. Assume G = (V, E) is a connected graph

without self loops. If we consider the reduced graph Laplacian L(G)%y obtained
by striking out row 2 and column y of L(G), then we can express the critical group
as

(2) K@) =zVI=/im L(G)"".
Below we present Kirchhoff’s Matrix Tree Theorem which implies the fact stated
earlier that |K(G)| = k(G).

Theorem 1 ( Kirchhoff’s Matrix Tree Theorem, [4]). If G = (V, E) is a connected
graph where [V| =n and Ay > Ag > -+ > A\y—1 > A, = 0 are the eigenvalues of
L(G), then

Atz At
N n

k(G)
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or equivalently for any choice of x and y

K(G) = (=1)"TVL(G)"”.

2.2. Theory of lattices. Here we present a brief overview of some lattices asso-
ciated with a graph. More can be found in [1]. Let G = (V, E) be a graph with
|E| = m. We consider the cycle space Z® and its orthogonal complement the bond
space BE. The cycle space and bond space give us a rational orthogonal decomposi-
tion R¥ = R™ = B® @ Z®. We define a rational orthogonal decomposition below in
Definition 2. To make the identification R” =2 R™ we must fix an arbitrary orien-
tation of the edges e € E. The basis element corresponding to {u,v} € E oriented
from u to v will denoted by e = (u,v) with the convention that —e = (v, u). Recall
the cycle space is the subspace of R¥ spanned by the cycles in G after fixing our
arbitrary orientation. Also the bond space is the subspace of R” spanned by the
bonds or cuts of G again using the fixed orientation. If G = (V, E) and V = V; UV,
is any partition of our vertex set, we denote the the sign indicent crossing the cut
(partition) by ba(Vi, V2).

Definition 2. A rational orthogonal decomposition is an R-vector space decompo-
sition R™ = B® @ Z® in which BR and Z® are rational R-subspaces, meaning they
are spanned by Z™.

Given an r-dimensional lattice A® C R™, we inherit the inner product (-,-). Our
space AR contains the lattice A := AR N Z™ which is of rank 7. The dual lattice

A* = {z € AR : (z,)\) € Z for all A € AR}

is also contained in A® and has rank r. Furthermore since < A, A >C< Z™, Z™ >=
7Z, it follows that A C A#. We call their quotient the determinant group

det(A) := A#/A.

We can now define the critical group of a rational orthogonal decomposition
R™ = BR @ ZR as

(3) K:=7"/(B& Z).

Furthermore the determinant groups det(B) and det(Z) are both isomorphic to the
critical group. Taking Z® and BR to be the cycle space and bond space of our
graph, the expression in (3) gives an alternative presentation of the critical group
for a graph G.

2.3. The line graph and edge subdivision graph. In addition to studying crit-
ical groups a bipartite graph, we will examine the critical groups of the associated
line graph. Often times it is also useful to consider the edge subdivision graph. For
a graph G we denote the line graph by line G and the edge subdivision graph by
sd G. Given the graph G = (V, E), sd G is obtained by placing a new vertex at
the midpoint of every edge in G. The line graph is line G = (Viine ¢, Eline ¢) Where
Vineg = F and there is an edge in Ejjne ¢ corresponding to each pair of edges in
incident on a given vertex v € V.

We will denote Z/dZ by Z4. Assuming G is connected, 5(G) = |E|—|V|+1 is the
number of independent cycles of G. The presentation K (G) = Z# /Z easily shows
that the number of generators for K(G) is bounded by S(G). This presentation
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also gives the following simple relationship between K (G) and K(sd G) in (4) and
(5) below, due to Lorenzini [7]:

B(G)

(4) K(G) = @ L,

B(G)
(5) K(sdG) = P Za,
=1

Also under certain conditions 3(G) gives a bound on the number of generators for
K (line G).

Theorem 3 ([3]). If a simple graph G is 2-edge-connected, then the critical group
K (line G) an be generated by B(G) elements.

We also have a relationship between the number of spanning trees of G and
line G is the case of regular graphs.

Theorem 4 ([5]). If G is d-regular, then
k(line G) = d?(@ 228D (@)
=d?9D725(sd G).

Theorem 4 suggests a nice relationship between K(G) and K(lineG). In [3]
Berget, Manion, Maxwell, Potechin, and Reiner proved several useful theorems
relating K (G) and K (line G). They were able to completely classify the relationship
for simple, connected, d-regular graphs which are nonbipartite. Since the critical
group is a finite abelian group, it is completely determined if we know the p-Sylow
subgroups for each prime p.

Theorem 5 ([3]). Let G = (V,E) be a connected simple graph with at least one
cycle of even length. Let k(p) be the largest power such that p*®) divides dege (u) +
dega(v) for all {u,v} € E. Then for every prime p with k(p) > 1 we have

K (line G) /p"®) K (tine G) = Z{7) ™ & Zyeagprm v
for G bipartite and

0 if p is odd
K (line G) /p*®) K (line G) %Zi,g(C;EQ ®Z3 if p=2 and |V| is even
Zy if p=2 and |V] is odd
for G nonbipartite.

We also have the following exact sequence relating K (G) and K (line G) through
the edge subdivision graph, to be compared with Theorem 4.

Theorem 6 ([3]). For any connected d-regular simple graph G with d > 3 there
is a natural group homomorphism f : K(lineG) — K(sd G) whose kernel-cokernel
exact sequence takes the form

0525928 C 5 K(lineG) & K(sdG) = C =0
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in which the cokernel C'is the following cyclic d-torsion group:

0  if G non-bipartite and d is odd
C = ( 7Zy if Gnon-bipartite and d is even
Zq if G bipartite

Theorem 5 and Theorem 6 combine to completely determine K(line G) from
K(Q) if G is nonbipartite.
Corollary 7 ([3]). For G a simple, connected, d-reqular graph with d > 3 which is
nonbipartite, after uniquely expressing
B(G)

K(G) = @ Zq,
i=1
with d; dividing d;+1, one has

B(G)-2 ,
{szﬁ(c)_l ® Z2dgcy if |V] even

K(lineG) = Zyad, ® :
z‘ej Lady oy © Ldgcy  if[V] odd

The relationship between K (G) and K (line G) is not known in general for bipar-
tite graphs. However, we do know some special cases.

Example 8 (The complete bipartite graph). Let G = K, n,, then both K(G)
and K (line G) are known [7, 2]:

(6) K(G) =22 2 @ L) @ Loy,
. ~ (n1—2)(n2—2)+1 ny—2 ng—2
(7) K(hne G) = @Z(ni +ns2) ’ ® Zni(m—&-ng) Zni(m+nz)
In particular when n; = ny = n so that K, », = K, is n-regular one has:
(8) K(G) =724 ¢ Z,e
9) K(line G) = 22"+ g z2n -4

2.4. Circulant graphs. We will use Cy(a1,as,...,a,) to denote the undirected
circulant graph with the vertex set {0,1,...,n — 1} and edges given by {i,7 £ a;
mod n} for 1 < i < nand 1 < j < m. Thus we will assume without loss of
generality that a; < a;11 and 1 < a; < [§] for all 4.

First we note that the circulant graph C,, (a1, as, ..., a,) is connected if and only
if ged(aq,ag,...,am,n) = 1. If ged(a,ag, ..., am,n) = k then C,(a1,as,...,ay)
is isomorphic to k copies of the connected circulant graph C’%(‘“ B ).

REE

It is clear from the definition that the circulant graph C,(a1,as,...,a,) is a

regular graph. If we assume each qa; is distinct in Cy, (a1, ag, ..., a;,) then we have
a d-regular graph where

d— 2m — 1 ifam:%.
2m otherwise

Also given any b € ZX we have that Cy(a1,asg,...,am) = Cp(bay,bag, ..., bay).
Let G be the d-regular circulant graph C), (a1, ag, . . ., am,). Then the graph Lapla-
cian is a circulant matrix and takes the form
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d T cee Tp—2 Tp-1
Tp—1 d 1 Tp—2
L(G) = D xpy  d
T2 x1
T T2 P o | d
where z; = —1 if £j € {a1,a2,...,an} and x; = 0 otherwise. The eigenvalues of

2mi

J
L(G) are \; =d + Zz;ll ka}“ where the w; = (en) are nth roots of unity and

i2 = —1. From this along with Theorem 1 we obtain

n—1 m
(10) K(Cnla1,ag,...,am)) = % H (d _ (wj _wjai)>

i=1

as an expression for the number of spanning trees (forests) of a circulant graph.

Lastly we note that if C,,(a1,az,...,a:) is connected, then it is bipartite if and
only if n is even and ai,as,...,a,;, are all odd. This gives us a rich source of
bipartite examples to study.

2.5. Smith normal form and matrices. Here we will introduce some notational
conventions and common matrices that will be used throughout. We will use I,, to
denote the n x n identity matrix. The n x n matrices of all 1s will be denoted by
Jn. Also 0 will be used to denote both the integer constant as well as the integer
matrix consisting of all zeros.

Given a graph G = (V, E) we can obtain the critical group K(G) by computing
the Smith normal form of the graph Laplacian L(G) € ZIVI*IVI. When computing
the Smith normal form one is allowed to do the following row and column operations:

e permute rows or columns
e scale rows or columns by +1
e add an integer multiple of one row (column) to another row (column)

These operations can be performed by left (right) multiplication by an integer
matrix in the general linear group GL,(Z) for row (column) operations.

Given two matrices A, B € Z"*™ we say A and B are equivalent over Z (denoted
A ~ B) if B = PAQ for matrices P, Q € GL,(Z). Note that A ~ B implies
coker A = coker B. We will use diag(dy,da,...,d,) to denote the n x n diagonal
matrix with dy,ds, . ..,d, along the main diagonal and zeros elsewhere. The Smith
normal form of A is the diagonal matrix D = diag(ds,ds,...,d,) where A ~ D and
dildiyq1 for 1 < i < n. We also call two matrices A, B € Z"*" similar (denoted
A=~ B)if B= PAP~! for some P € GL,(Z). Note that A ~ B implies A ~ B.

3. MATRIX REDUCTIONS

In this chapter we will provide some technical lemmas which will be used later.
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Definition 9. If M and T are square matrices of the same size, H,(M,T) is the
n X n (block) matrix defined by

M-T =T =T
H )= | Mt
=T -T M-T
Lemma 10 ([6]).
M
Hn(Ma T) ~ M

M T
0 M-—-nT

Proof. We will use the two matrices

I, 0 0 —I, 0 ]
0 I ;
P = 0 -1, 0
0 0 I, -1, O
0 0 0 I, 0
-1, —I, -I, —I, —I, |
[ I, 0 0 I, 0 7
0 I :
pl=1 .0 I, 0
o ... 0 I, I, 0
0o ... 0 0 I, 0
| -1, ... —-I, —-I, —(n—-1)I, —I, |
Then H,, ~ P(H,(M,T))P~! which gives the desired result. O

We will now look at the special case H,(1,1) = I,, — J,,. Starting from Lemma 10
we can completely reduce I,, — J,, to diagonal form by performing one more column
operation.

Lemma 11.

I, — J, ~diag(1,1,...,1,n—1)
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Proof. We will slightly modify the matrices used in Lemma 10 to obtain the desired
result. We will use the n x n matrices X and Y where

1 o ... 0 -1 0
0 1
X = : . .0 -1 0
0O ... 0 1 -1 0
o ... 0 0 1 0
-1 ... -1 -1 -1 -1 |
! 0 0 1 1 ]
0 1
0o ... 0 1 1 1
o ... O 0 1 1
-1 ... -1 -1 —(n—-1) —(n—2) |
Then we have I, — J, ~ X(I, — J,)Y = diag(1,1,...,1,n —1). O
Lemma 12.
1
XY = o
1 1
0 -1
Proof. Follows from matrix multiplication of X and Y. O

Lemma 13. Letting D := diag(1,1,...,1,n— 1), one has
n(n — 2)

(n—1)XY—D)((n—1)XY +D) = - n(n—2)

nn—2) (n—1)(n—-2)
0 0

Proof. Follows from direct computation. Note that XY XY = I,, and clearly D? =
diag(1,1,...,1,(n — 1)?). We also have

1

XYD = -
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and

DXY = o

4. SOME SPECIFIC REGULAR BIPARTITE GRAPHS

Here we will look at the critical groups of some specific graphs along with their
associated line graphs. The first such graph in closely related to the complete
bipartite graph. The later graphs are some examples of circulant bipartite graphs

4.1. The almost complete bipartite graph. Here we investigate the critical
group of the complete bipartite graph minus a perfect matching. Recall the critical
of the complete bipartite graph and its line graph are known and can be found in
Equations (6) and (7).

Theorem 14. Let G = K,, ,, — M where M is a perfect matching and n > 4, then

K(G) 2 Ln—2 ® Ly, 5) ® Ln(n—1)(n-2)

: ~ n?2—4n+1 n—2
K(line G) = Zy & Ly ™ @ Lon—1)(n—2) ® Ly (0 _1)(n_2)-

We will prove Theorem 14 with the following two lemmas.

Lemma 15. If G = K, ,, — M where M is a perfect matching and n > 4, then

K(G) = Zn—? S7] ZZ(_S*Q) ©® Zn(n—l)(n—2)~
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Proof. Let G = K,, , — M, using Lemma 11, Lemma 12, and Lemma 13 we reduce
the graph Laplacian.

[ (n— 1)1, 1 —Jn
L&) = | Li—J, (n-1), }
N [ L,—J, (n—1)I, }
| (n—1)I, —Jn
[ (I—J) (n— )le}
|l m-DXLY X(I, - Ja)Y
[ D (n—1)XY
Tl m-1XY D ]
[ D D+ (n—1)XY
Tl m-1XY D+(n—1)XY]
N D D+ (n—1)XY }
| (n—1)XY - D 0
[ D 0
"l m-1)XY-D ((n-1)XY —D)((n—1)XY + D) ]
[ D 0
10 ((n-1)XY -D)((n-1)XY + D) }
I 0 }
| 0 diag(n —2,n(n —2),...,n(n —2),n(n - 1)(n —2),0)

O
Lemma 16. Let G = K, ,, — M where M is a perfect matching and n > 4, then

: ~ n?—4n+1 n—2
K(lineG) = Zy ® Z2(n 1)Jr @ ZQ("*D(”*Q) ® Z2n(n71)(n*2).

Proof. Let G = K,, , for n > 4. Note that G is (n — 1)-regular and that 5(G) =
n?—3n+1. From Lemma 15 we know K (G) and hence K (sd G) by the relationship
in (4) and (5):

K(G) & Zp—2® Zn(n 2) S2) Zn(nfl)(n72)
K(Sd G) = Zg *—dn2 S¥) ZQ(n—Z) S7] 2271_5172) S ZZn(n—l)(n—?)

From Theorem 6 we know that for any prime p which does not divide the degree n—1
we must have Syl (line G) = Syl (sd G). Since n > 4 we know that ged(n,n —1) =
ged(n —2,n—1) = 1, so we need not consider any prime factors of n or n — 2. The
conditions of Theorem 5 and for a prime p we let p*) be the largest power which
divides 2(n — 1).

Let us first consider the case where n is even and our graph G has odd degree.
Recalling that |V| = 2n we observe ged(n — 1,|V|) = 1. Invoking Theorem 5
we see that K(lineG)/(n — 1)K (lineG) = Zg(ﬁ)_l. Considering the cardinality
relationship |K (line G)| = (n — 1)?(9)~2| K (sd G)| our result follows for even n.

Next let us consider the case where n is odd, and therefore our graph has even
degree. Noting that |V| = 2n and thus ged(2%,|V]) = 2 for any k, we then use
Theorem 5 to conclude that K (lineG)/2F?) K (line G) = Z, @ 72D Now let

2k(2)
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us consider the p-Sylow subgroup part of K (line G) for odd primes p which divide
n — 1. Clearly ged(p*®),|V|) = 1, so K(lineG)/p*®) K (line G) = Zﬁ,ﬁgg_l. Again
because | K (line G)| = (n — 1)#(@)=2|K(sd G)| our result follows for odd n. O

4.2. Bipartite circulant graphs. We know the circulant graph C,, (a1, as, . .., am)
is bipartite whenever n is even and all a;’s are odd. Thus circulant graphs can give
us many bipartite examples. Conjectures on two specific examples follow.

Conjecture 17. If G = Cy(g41)(1,20 + 1) where 21 4+1 = 3Fm with ged(3,m) = 1,
then we have
K(G) = Z3k D ngdl D ng+1d2
K(line G) = Z§l71 @ Zz.gk @ Z2,3k+1d1 EB ZZ~3k+1d2

where 3 does not divide dy or ds.
Conjecture 18. If G = Co.9/(1,2] — 1), then we have

K(G) = Zill S 221_4 ® Zg; if lis even
T\ 22022 e Zy iflis odd

In the case that [ is odd we have a conjecture for the line graph.
Conjecture 19. If G = Co.9/(1,21 — 1) and [ is odd, then we have
K(lineG) 27y ® 23 © 725 © 7273 @ Zw

5. A FEW GENERAL RESULTS

Here we present results for general regular bipartite graphs. We first present a
result on the quotient group K(G)/dK(G) for d-regular bipartite graphs G. Then
we give a few results on perfect matchings in regular bipartite graphs.

5.1. The quotient group. Recalling Theorem 5 and Theorem 6 we see that to
understand the relationship between K(G) and K (line G) for a d-regular bipartite
graph it is important to understand the p-Sylow subgroup of K(G) for primes p
which divide d. In this section we look at the quotient group K(G)/dK(G). In the
proposition below we show that K(G)/dK(G) is at least Z4. Recalling the exact
sequence in Theorem 6 and the relationship between K (G) and K (sd G) in (4) and
(5), we see that K(G) must surject onto Zg4 for any odd d. Below we show there
must be a surjection regardless of the parity of d.

Proposition 20. If G = (V, E) is a connected simple d-reqular bipartite graph,
then there exists a surjective homomorphism f : K(G)/dK(G) — Zq.

Proof. We will use the cycle and bond lattice presentation of the critical group
given in Equation (3), that is K(G) = Z¥ /(B @ Z). We then see that
K(GQ)/dK(G)= Z¥ /(B & Z + dZ7).

First we choose an orientation of G. Let V' = V] LIV5 be our bipartition. We orient
each edge in FE as e = (z,y) for z € V] and y € V5. Next we define the surjective
homomorphism g : Z¥ — Z4 such that g(e) = 1 for all e € E. Now we claim that
(B® Z + dZF) C ker(g). Clearly dZ¥ C ker(g). Since G is bipartite each cycle



12 JOHN MACHACEK

will be of even length, and with our chosen orientation of edges the sign of the
edges in any cycle will alternate. Thus we have Z C ker(g). Since G is d regular
any element of B must map to a multiple of d, so Z C ker(g). From knowing
(B® Z+dZF) C ker(g) and that g is surjective we get a surjective homomorphism
f:Z%)/(B® Z +dZF) — Z4. O
Remark 21. The behavior in Proposition 20 is unique to bipartite graphs. A simple
counterexample for nonbipartite graphs is the 3-regular graph G = C10(2,5) where
K(G) 2 Z19 ® Zys and thus K(G)/3K(G) = 0.

5.2. Perfect matchings. To understand the relationship between K (G) and K (line G)
in d-regular bipartite graph G it is important to understand the parts of K(G)
which have d-torsion. In this section we will attempt to further this understanding

by showing that in K(G) the perfect matchings of the vertices in G generate a
cyclic subgroup with d-torsion.

Proposition 22. If G = (V, E) is bipartite, then in K(G)

Ze:O.

ecl

Proof. Recall the presentation K (G) = Z¥ /(B @ Z) in Equation (3). If G = (V, E)
is bipartite summing over all edges in G is equivalent to summing over all edges
adjacent to each vertex x € Vi where V = V; U V5 is a bipartition of the vertices in

G. Thus we see
Z e € B.
ecE
O

Proposition 23. If G = (V,E) a connected bipartite graph and My and My are
two perfect matchings, then in K(G)

Se=Y e

ec My ec Mo

Proof. Recall the presentation K(G) = Z¥ /(B & Z) in Equation (3). We observe

Ze— ZeEZ.

ec M, e€ Mo
O

Proposition 24. Let G = (V, E) be a connected d-regular bipartite graph and M
be a perfect matching of the vertices in G, then in K(Q)

dZe:O.

ecM

Proof. It G = (V, E) is a d-regular bipartite graph then we can express the edge
set £ = M; UMy ---U My as the disjoint union of d prefect matchings. Usings
Propositions 22 and 23 we see

O:Ze:izezdzey

ecE i=1 ecM; eeM
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where M is any arbitrarily chosen perfect matching. O

6. LOOKING FORWARD

Here we discuss the various behaviors we have observed. We present some ex-
amples exhibiting these behaviors. We discuss trends we observed in the data, and
attempt to present counterexamples to any trends we found misleading.

First we point out, as a result of Theorem 6, if we have a d-regular bipartite
graph, then for each prime p which does not divide d we know Syl ,(K (lineG)) =
Syl,(K(sdG)). So when analyzing data it is only necessary to look at primes p
which divide the degree d.

6.1. Odd primes. We will first consider only odd primes. Odds primes generally
exhibit simpler behavior.

Question 25. What is the simplest behavior observed?

Given a d-regular bipartite graph G, the simplest behavior we observed was when
the exact sequence in Theorem 6 can be broken into two short exact sequences. That
is let p¥(®) be the largest power that divides d for a prime p where k(p) > 1, then
we have

G)-1 G-1  f
0 — Zilg(pz — Zi,g(pg — Zpk(l’) — Zpk(p) — 0.
This behavior is present in the following example.

Example 26 (Simple Behavior). Consider the graph G = Cg(1,3). We note that
this graph is 3-regular and §(G) = 6.

K(G) = Z11 © Zaes
K(3dG) & Zj ® Zos ® Z330
K(line G) = Zy & Z¢ ® 725 @ Zsso

Here the only prime diving the degree is 3, and below we give the exact sequence
from Theorem 6 for the prime 3.

0 = 23 > 28 b 23 > Zzy > 0
Question 27. Are there any sufficient conditions which imply this simple behavior?

Using Theorems 4, 5, and 6 we can conclude this simple behavior must occur
when K(G) restricted to the primes dividing d is simply the cyclic group Z4. From
the data it appears that this hold when ged(|V],d) = 1, however considering the
following example we see this is not true.

Example 28. Consider the graph G. With the graph Laplacian matrix
9 -3 0 -6

-3 9 —6 0
L&=1 49 5 o -3
6 0 -3 9

This is a 9-regular bipartite graph on 4 vertices, and K(G) & Zs ® Z3 @ Zsg.

We see in the graph Laplacian matrix in Example 28 that each entry is divisible
by 3, so all invariant factors will also be divisible by 3. For any composite degree
d we can construct a graph with similar properties using multiple edges. However
if our degree is prime there is no such construction.
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Question 29. What other behavior is observed with odd primes?

We were not able to cleanly formulate other classes of behaviors, but they cer-
tainly do exist. Here is one such example.

Example 30 (Other behavior). Consider the graph G = Cg(1,3). We note that
this graph is 3-regular and 8(G) = 4.

K(G) =25 Ly
K(sdG)2Zy ® 73 @ Zns
K(line G) = 72 © 734

Here the only prime diving the degree is 3, and below we consider the exact sequence
from Theorem 6 for the prime 3.

0 —» 73 - 22072 b 72eZy — Zy — 0
6.2. The prime 2. The behavior becomes more complex when we look at graphs
with even degree. In the following example the odd prime portion of the degree
exhibits the simple behavior seen previously, while the prime 2 exhibits different
behavior.

Question 31. Is there an analogous simple behavior for the prime 27

There is nothing as simple as what was observed in the odd prime case. The
nicest pattern found was the mirror pattern of

0 - ZZO o 2,079 L 290200 5 Zy o 0

where G is a d-regular bipartite graph and 2¥ is the largest power of 2 dividing d.
Below are some examples.

Example 32 (Mirror pattern). Consider the graph G = C1(1,3). We note that
this graph is 4-regular and §(G) = 11. Here the only prime diving the degree is 2.
Below we consider the exact sequence from Theorem 6 for the prime 2.

0 — Z) — Zy,oZl EN 0 oZs — Zy — 0O
Example 33 (Simple behavior and mirror pattern). Consider the graph G =
C14(1,3,5). We note that this graph is 6-regular and 5(G) = 29. Here the only
prime diving the degree are 2 and 3. Below we consider the exact sequences from
Theorem 6 for the primes 2 and 3.

0 — 73 — 738 EN Zs - Zs — 0
0 = 72 o Z,oz® L 1Pez, > 2, — 0
Question 34. What else can happen with the prime 29

The prime 2 by far exhibits the most exotic behavior. Consider the following
example of exponent permutation.

Example 35 (Exponent permutation). Consider the graph G = C12(1,3). We
note that this graph is 4-regular and 3(G) = 13. Here the only prime diving the
degree is 2. Below we consider the exact sequence from Theorem 6 for the primes
2.

0 = Z o Zyezlez?, L V6726 Zi — Z, — 0
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As demonstrated by the following examples behavior can get even less pre-
dictable.

Example 36. Consider the graph G = Ci2(1,5). We note that this graph is 4-
regular and 5(G) = 13. Here the only prime diving the degree is 2. Below we
consider the exact sequence from Theorem 6 for the primes 2.

0 = ZP & Z,ezler%e7d, L 2en2e7ly - Z, — 0

Below is an example where both the prime 2 and the odd primes dividing the
degree exhibit behavior which appears unpredictable.

Example 37. Consider the graph G = C5(1,3,5). We note that this graph is
6-regular and B(G) = 41. Here the only primes diving the degree are 2 and 3.
Below we consider the exact sequences from Theorem 6 for the primes 2 and 3.

f

0 — 73 — z3 = Z¥®Zs — Zys — 0O
0 - 7 - zBezz L 7 S Zy > 0

6.3. Example exact sequences. We will close by looking at some potential sce-
narios for the exact sequence given in Theorem 6. The first two examples come
from graphs where we know both K(G) and K (line G).

Example 38. Let G = K, ,,, then from (8) and (9) we have:

K(G) 272" 37,
K(sdG) 2 Z8"™ D" @ 2274 @ Zypo
K(line G) = 2§20+ g z2n 4

2n?

Note that G is n-regular and B(G) = n? —2n + 1. We speculate the exact sequence
splits:

2

0 — zZr—m — K(lineG)

n

K(sdG) — Z, — 0

R d=

0 - z¢Y o z(Y YT 5 0 o0

%
D

0 — 7z — ozt - 73t = 0 = 0
S5

0 — 0 — Lo, — Ligp2 - Z, — 0

Example 39. Let G = K,, , — M, then from Theorem 14 we have:

K(G) 2 Zn—2 ® Ly} 5 ® Lnn—1)(n—2)
K(sdG) 2 Zy ~"*2 @ Lo(n—9) © Ly ® Lon(n—1)(n-2)

: ~ n?—4an+1 n—2
K(line G) = Zo © 2y, "7 @ Zan-1)(n-2) ® L _1)(n-2)
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Note that G is (n — 1)-regular and 3(G) = n? — 3n + 1. We speculate the exact
sequence splits:

0 - zZ"P 5 K(ineG) 5 K(sdG) = Zng — 0

0 — Zm A Z;L(QJ_“{‘)“ ozt 0 50
)

0 — 0 — Zs — Zs - 0 =0
S

0 — Y/ — Z2(n_1)(n_2) — Zg(n_g) — 0 — 0
D

0 — zZr 3 = Zg’r:(zjz—l)(n—2) — Z;Ln_(?;_g) - 0 = 0
)

0 = Zp = Zontm-1)(n—2) — ZLon(-1)(n-2) — ZLpn-1 — 0

We now consider potential exact sequences assuming some conjectures hold true.

Example 40. Let G = Cs.(241)(1,2] — 1), assuming truth of Conjecture 17 we
have:

K(G) "ﬁ’ ng @ Z3kd1 EB Z3k+1d2
K(Sd G) g Zgl_1Z2,3k @ Z2_3kd1 @ Z2_3k+1d2
K(line G) = Zgl71Z2,3k D Z2,3k+1d1 ) ZQ,3k+1d2

Note that G is 3-regular and 3(G) = 2l + 2. We speculate the exact sequence splits
in one of the two following ways:

(1)
0 — 7' & K(lineG) ER K(sdG) — Zz3 — 0
0 — z37' - 7! /< S | |
&5
0 — 0 — AR — AR - 0 = 0
©®
0 — Zs — ZQ_3k+1d1 — Z2,3kd1 - 0 —= 0
&5
0 — Zg — ZQ,3k+1d2 — ZQ,3k+1d2 — Zg — 0
(2)

0 — 7' & K(lineG) K(sdG) — Zs — 0
0 — ZS — Zzgk

0 =  Zs = Zogktrg, Zo.grg, — 0 — 0

Jedlaelael R~
5
1
&
1
o

0 — 0 — ZQ,3k+ld2 Z2,3k+1d2 - 0 = 0
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Example 41. Let G = C5.9/(1,20 — 1) for [ odd. Assuming truth of Conjectures 18
and 19 we have:

K(G) 272072320 Zy
K(sdG) =72 ¢ 72 © 7252 @ Zig
K(lineG) = 7y ® Z8 @ 224 © 2273 © Zu

Note that G is 4-regular and B(G) = 41+ 1. We speculate the exact sequence splits

as follows:

0 - zZ¥# 5 K(ineG) b K(dG) — Zs — 0

0 — z¥ - 72 — 73 - 0 = 0
(&)

0 — 77 - 73, — 73 - 0 — 0
D

R R S/ /- S S ( N |
(&)

0 — 0 — Ly — AT — Zsy — 0
&)

0 — ym — ZG4l — ZlGl — 0 — 0
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