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1 Abstract

The Abelian Sandpile Model and its recurrent configurations, known as the Sandpile group, are abundant in
modern mathematics and have combinatoric, algebraic, and geometric descriptions. Past work has focused on the
sandpile group of the n-dimensional hypercube. In this project, we perform a more general analysis on the Cayley
graph of the group F} and any of its generating sets. While the p-Sylow component of the sandpile group has been
classified for p # 2, significantly less is known about the 2-Sylow component. In this paper, we use ring theory to
prove a sharp upper bound for the largest 2-Sylow subgroup in the sandpile group of an arbitrary Cayley graph.
We also partially classify the number of 2-Sylow subgroups in the sandpile group and make further reductions into
determining its structure. Using these reductions, we provide a full classification of the sandpile group for the r =2
case and other enlightening results for small r cases.

2 Introduction and Notation

Let G = (V,E) be a connected graph on n vertices with no self-loops and an ordering on the vertices. We define its
Laplacian L(G) to be the n x n matrix with entries

L(G)uv =

’

{deg(u) u=v

—m(uw,v) u#v

where m(u,v) is the number of edges between uw and v. L(G) is an integer matrix, so we can study it as a linear map
of Z-modules Z™ — Z™.

Note by the definition of L(G) that the vector (1,1,...,1) € ker(L(G)). When the graph G is connected, we
have an equality ker(L(G)) = span((1,1,...,1)). Therefore, Im(L(G)) = Z™ ', a sublattice. It follows that the

cokernel can be written as
Z™/Im(L(G)) = Z & K(G)

where K(G) is a finite abelian group, known as the sandpile group of G. It follows from Kirchoff’s Matrix Theorem
that |K(G)| is the number of spanning trees of G. This group is our main object of study.

We are interested in computing the sandpile groups of Cayley graphs of the group F}. One motivation for studying
this family of graphs is that the hypercube graph Q, which has a sandpile group that is not completely determined,
is a Cayley graph of IF}.

In 2003, H. Bai determined the p-Sylow groups Qn for p # 2 [7]. Bai also derive formulae for the number of
Sylow-2 cyclic factors and the number of Z/27’s. Meanwhile, Ducey and Jalil [4] computed the Sylow-p groups for
the Cayley graphs of any finite group for p { |G| in terms of the eigenvalues of L(G). In 2015, Chandler et. al. [2]
determined the cokernel of the adjacency matriz of Qn in terms of n.

However, the 2-Sylow structure of Cayley graphs of F} is still unknown. Anzis and Prasad [3] made progress in
this direction by bounding the largest 2-Sylow cyclic factor of K(Qn).

We begin by defining a generic set of generators M for a Cayley graph of F}. In particular, hypercubes are
generic. We then have the result



Theorem 2.1. Suppose that M is in the generic case. Then the number of invariant Sylow-2 cyclic factors of K(G)
is 21 — 1.

We conjecture that this is both a lower bound and this lower bound is only achieved in the generic case. We then
use the methods of Anzis-Prasad to extend and improve their upper bound for all Cayley graphs of F}. Namely,

Corollary 2.2. The largest 2-cyclic factor, Z./2°7 has bound
e < [logo(M)] +7—1

In the case of Q, we go further to explicitly determine the top cyclic factor. We then continue to determine
the 2nd through nth cyclic factors, and conjecture a formula for the (n 4 1)st factor. We conclude by completely
determining the sandpile group for r = 2 and for the generic case of r = 3.

2.1 Background and Previous Results

We first define what a Cayley graph is in our context. Given G =} and a set of generators M

| |
M={|vi -+ vn

such that v; € F} — {0}, we form the Cayley graph, G(F}, M), with vertex set V = F} and edges w,w +v; for
w € V and vi € M. The fact that M is a generating set implies G is connected, and v; # 0 ensures there are no
self-loops. Since addition is performed in I}, note we also have w 4v; +v; =W + 2v; = w. Therefore, we can think
of this graph as undirected. If we index the matrix representation of L(G) by the binary tuples u,v € F} as opposed
to a decimal indexing, then we can say that

LGy = n u=
MY ) —(# of generators, vi, such that u4+vi =v) u#v

since G is an n-regular graph.

We are now interested in K(G) for such graphs. As mentioned in the introduction, Kirchoff’s Matrix Tree theo-
rem tells us that if Ay =0 <Ay <Az < -+ < Ayr then [K(G)| = zi Hiz [Ail, which is also the number of spanning
trees [6]. Note by the structure theorem for finite abelian groups, K(G) = @, @e>1 (Z/pZ)™P") | where m(p®) is
the power of Z/p¢Z in K(G). Thus, we can try to determine the group prime by prime.

We will now detail some basic properties about the sandpile group of an arbitrary Cayley graph with vertex set
V =T%. Much of this is easily derived from other sources such as [4] and [6], but we add in statements and proofs for
completeness of the story. In particular, we will outline the proofs required to determine the p-primary component

for p # 2.

First off, when regarding these matrices over R it turns out all there is an eigenbasis for all of these G(F}, M)
at once.

Definition 2.3. For u € [}, define

fu= ) (1)

x€F?,
where e, is the standard basis vector (0,...,0,1,0,...,0) of RZ" with the only 1 at the xth index.
These vectors have some very special properties. Namely,
Lemma 2.4. {f.} are an orthogonal 2" basis for RZ", and the standard basis {ewluery satisfies ey = % ZveJFg (=1)*wVe,.
This basis is in fact an eigenbasis, with the eigenvalues only depending on the generating set M.

Lemma 2.5. For any set of generators of F} given by M = (v1,...,vn), where the {vi} is a collection of column
vectors, the Cayley graph G = G(F}, M) and its graph Laplacian L(G) has every f as eigenvector, with eigenvalue
Aum =n— Y 1 (=1



We use this information to determine the Sylow-p structure. If we define the ring R = Z [%} =7, ={a/2% : a €
Z, k = 0,1,...,}, then the change of basis formula from Lemma 2.2 implies we can diagonalize L(G) over R to a
matrix D = diag(A,,u € F}). Using this fact we prove

Proposition 2.6.

SYLK(G) =Syl | P Z/AumZ

ueF;—{0}
forp #2
Thus, we have a nice description in terms of the eigenvalues for the Sylow-p subgroups for p # 2. One might hope
this classification to also hold for p = 2, but data shows it is in general much wilder. In order to deal with the

Sandpile group when p = 2, we first adopt the approach of Benkart et. al. |1] and induce a ring structure on K(G).
We once again include the proof for the sake of completeness.

Proposition 2.7.

cokerL(G) = K(G) D Z = Zlx1,x2, ..., x: /(3 =1, = 1n =Y %" (1)

i=1j=1
Remark 2.8. From here on out, we will also denote the ideal I(G) := (x§ —1,...,x) —=1,n—Y I, H]-T:1 x}vi)j) for
a Cayley graph G.

Remark 2.9. Note that by definition of cokernel, the order of an element w = (aj,..., azr) in the cokernel is equal
to the smallest integer C such that there exists a v € 72" such that L(G)v = Cw. This is used to find orders of
elements in the polynomial ring (which corresponds to a vector in er) for determining top cylic factors and their
2-valuations.

Remark 2.10. In the case G = Qy,, this polynomial ring is
Z[xh...,xn]/(x% —1,x3 — 1,...,)(121 —I,n—(xy+xz2+--+x+n))
This group has kernel that is symmetric under the action of S;;, which is an important fact that we will use later.

Remark 2.11. Invariance of GL, (F}) It is important to note the sandpile group K(G(F}, M)) for M an r x n set
of generators is invariant under left multiplication by elements of GL,(F}). That is, given T € GL,(F}), we have
K(G(F3,M)) = K(G(F%, T o M)). As a result, we only need to think about isomorphism classes of generators.

Remark 2.12. Let G = G(F5, M) be a Cayley graph of F}. Let {aj,...,azr_1} denote the multiplicites of each

non-zero generator of the Cayley graph, G, on F5. Say another matrix N has multiplicities {Aaq,...,Aazr_1} for
some k € Z. If the L(G(F5, M)) has Smith normal form [0,s1,...,s2r—7] then L(G(F%,N)) has Smith normal
form [0,As1,...,As2r_1]. Thus, inflating the multiplicities of each column of M by a common factor A inflates the

multiplicities of the edges of G by A, which has the predictable effect on the Sandpile group.

3 Number of even invariant factors depends on parity of generators

In this section we wish to compute the number of even cyclic factors appearing in the sandpile group. Given a

sandpile group
K(G) = P Pz/pez)mr)

p e>l
Tensoring with Z/27Z yields

K(G)® (z/22) = P (z/2°2)™*") © 2)2Z = (2/22) > ™*")
e>1
where we used the facts that (Z/p¢Z) ® (Z/27Z) =0 for p # 2 and (Z/2°7Z) ® (Z/27) = Z/2Z for all e > 1. We define
d(M) = > m(2°)
e>1

which is the number of even invariant factors. Now say we have a Cayley graph on F} with M = {v;}]* ; a collection
of generators with p,, for each A, € F} —{0} with n:=} ; ni. Our first result about d(M) is the following:



Proposition 3.1. d(M) is only depend on the multiplicities of the generators modulo 2.

Proof. We use the ring description of the sandpile group from equation . If we have another Cayley graph G’,
corresponding to V = F} and another set of generators with multiplicities {7\1}12:?] and {pi}f:Tl such that A\; =
mod 2 so that n’ =3 ;A = Y , iy mod 2, then

271 T

Z®K(G)] @ (Z/2Z) = Z/2Z & (K(G) ® (Z/2Z)) = Z/2ZIx1, ..., %)/ (03 =1, x2 = Tn— 3w []x"")
i=1 j=1

271 T
=7)2Z0x1,. . %) /03 =1, =1 = Y M) = z22z2.0 (K6 © (2/22)
i=1 j=1

and thus the K(G) ® Z/27Z = K(G') ® Z/27 meaning that d(M) = d(M’). O

4 Characterization of the Number of 2-Sylow Components

Our first main theorem derives a formula for the number of even invariant factors for most choices of M. First, we
make a definition:

Definition 4.1. Given M = {v1,...,vn} an v X n list of generators of F}, we say that M is generic if

n —
Zvn #0
i=1

Remark 4.2. For a fixed r and 1 < i < r, the probability that the sum of the ith coordinates is 0 is roughly 1/2.
Heuristically, each of the coordinates is about independent (not exactly since not all the coordinates can be 0, but
this is just a heuristic). Then the probability that M is not in the generic case is roughly 1/2", which exponentially
decays to 0. This is why we use the word ’generic.’

We will now prove Theorem [2.T] which we restate here:

Theorem 4.3. Suppose that M is in the generic case. Then the number of invariant Sylow-2 cyclic factors of K(G)
is 21 — 1.

Proof. The number of Sylow-2 cyclic factors will be the Z/2Z-rank of the vector space K(G) ® Z/27Z, since Z/2°7 ®
7/27 =7/27 for e > 0 and Z/mZ @ Z/27 = 0 for 21 m. Thus, we want the rank of

n T
K(G) ®Z/2Z = 7/2Zlx1,...,x:)/ [ 3 =1, x3 = 1,n = J[x™)
i=1j=1

Making the change of variables u; := x; — 1 yields
K(G)®Z/27 = 7/2Z[u1, ..., uy]/ | ud,...,u?,n— (1 — 1))

Call this last relation in the ideal p(x1,..., %) :=n—Y ", er:1 (uj + 1)) Since Y, vi # 0, there exists an

index k such that ) I ;(vi)x = 1. As a result, the coefficient of ux in p(x1,...,%) is 1. Therefore, noting this
expression has trivial constant term and that any monomial in the ring can only have degree 1 factors of w;, we can
rewrite 0 = p(uy,...,u;) = uy - f — g, where f, g are polynomials with no monomials dividing ux and f has constant

term 1. Since f has nonzero constant term and any monomial U.i2 =0, we in fact have f2 =1, so f is invertible and
uy = fg in the quotient. Relabel the variables so that k = r (alternatively use GL, invariance of the sandpile group
with the transposition (k r)). We can now construct a bijection from

T cokerL(G) ® Z/2 — Z/2[uy, ..., ur 1)/ (W3, ..., u2 ) = (2/22)*

, by mapping uy — u¢ for t < r and u, — g(uwy,...,ur—1)f(ug,...,ur—1). Note that as a vector space rank(Z/2 &
K(G) ® Z/2) < 2™, since all monomials involving 1, can be written in terms of uj,...,u,_;. Thus, the map
T is a surjective linear map from a space of dimension < 2"~! to a space of dimension 2"'. It then must be an
isomorphism. Therefore, (Z & K(G)) ® Z/27 = (Z/ZZ)ZP] so K(G) has 2" ! — 1 Sylow-2 cyclic factors. O



What about in the nongeneric cases? In that case, the final relation no longer has a degree 1 term, so we cannot
construct the isomorphism from the proof above. However, we can at least prove a basic structural result as follows:

Proposition 4.4. Let (ay,,...,a,,,_,) be the multiplicities of the generators associated to M, and assume not all
ay, have the same parity. Let M’ be the generating set with (a,, +1,...,ay,._, +1). Then d(M) = d(M').

Proof. Using the techniques from we have that d(M) is one less than the dimension of
Z)2ZIX1y ..y %) /(X3 =1, X2 = 1,9(X1, X2y« o2y Xr))

where
n o 271

g(x1,X2y 440y Xy) :n_ZHX)FVi)j =n-—- Z aiew;
i=1

i=1j=1
where ay is the multiplicity of the ith standard generator, w; € I}, which is also the binary expansion of 1, and

ey, = H;:1 ngwi)j as in As before, we make the substitution u; = x; — 1 to get

Z)2ZIx1, .. %) /(X =1, X2 = 1,9(X1, X2y e vy X)) = Z/2Z[wqy ..y up)/(Ud, L w2 plug, ug,y ..y )

where
n T

p(uhul)-"aur) :n_ZH(u -

i=1j=1
as in Note that d(M’) is one less than the dimension of
Z2ZIX1, .. %)/ (XF =1, %2 — 1,97 (X1y ..oy Xp)y SiL.

271 271

9/ (x1yee ) == 3 (@it Dew, = glxtyee oy xr) = 3 e,

i=1
note that under the substitution of w;’s, we get

2"—-1 r

9/ (X1, + oy xe) 1 D (W1, oy r) = Platry oy ty) = 3 Ty 100
i=1 j=1

having used 1 = —1 mod 2. To each wy, we define s(w;) to be the subset of components of w; which have value 1,
so that .
[Toy+n™0r=3  Jw= ) ux
j=1 KCs(wyi) keK KCs(wyi)
From this we get
271 r 271
o=y 5 w- ¥ Y
i=1 j=1 i=1 KCs(wy) KC{1,...,7}1 s.t. KCs(wy)

Now note that given a fixed binary string, v, with r components, the number of z € F} such that s(y) C s(z) is equal

to 2" 3(v) and thus
Z Z Uy = Z 2 W, = Yogr, my = ]._IU'i

KC{1,...,r} i s.t. KC{1,...,7 i=1
<1, }Kis(wi] c{1,...,1}

From this, we determine p’ =p + HL] Ui, so d(M’) is the dimension of
220, .. unl/ (U p(, Usy ey W) F U U L))

Since M does not have all even or all odd multiplicities, then p(uy,...,u;) is both nonzero and has coefficient 1 for
some monomial U = Uy, ...Up, that does contain all of the u;. Take such a monomial of minimal degree, and we

see that

u1...ur u1...ur

u U+ plug, .o y) —ul - —— =uy - Uy

u u

This is because every summand in p(uy,...,u;) —u has a generator, u;, in common with the monomial, u, and so
every summand of (p —u) - =% will have u? for some i, meaning that all summands are equivalent to 0, giving the
last equivalence. Therefore u1 U =0 1in both rings (as the same conditions and constructions could have been

done with M’); and p(u1,...,ur) +uy...u =pug,...,u;), which implies d(M) = d(M’). O

(u+Iplury...oue) —ul) -



By Proposition 5.1, for fixed r there are only finitely many possible values for what d(M) could be. We just need to
choose a representative from each sequence of evens and odds, up to the GL;(F,) action. We have compiled all the
possible d(M) for r = 2,3 in later sections.

5 Bounding the Largest Cyclic Factor

In 3], Anzis and Prasad proved that for G = Qn, the largest cyclic factor must divide 2"™lem(1,...,n). As a
corollary, they derived that the largest 2-cyclic factor is bounded by 21182+ We generalize this result for all
Cayley graphs of F} and improve the bound by a factor of 2. Let G = G(F}, M) be an arbitrary Cayley graph. Let
A1 =0,A2,...,A2r be the eigenvalues of the Laplacian matrix L(G).

Theorem 5.1. Let d be the size of the largest cyclic factor in K(G). Then d |27 ?lem (A 11> 2).

We follow the exact same proof outline as in Anzis-Prasad, with minor tweaks to account for the general case.
First, using equation [T} we have the following lemmas:

Lemma 5.2. For 0 # p(X1y...,Xy) € ZX1,...,%.]/1(G) with finite additive order, let w be the vector in Z*'

corresponding to p(X1,...,Xy) under the isomorphism, Z? = Zlxty.ooyxel/(x3 = 1,.00,x2 — 1) Let [w| be the
additive order of w in coker(L(G)). Then

lw| = smallest C€Z s.t. IveZ? st L(Gv=Cw

Proof. This follows by the definition of cokernel and considering the cokernel as a Z-module. O
Lemma 5.3. The largest cyclic factor in K(G) is maxj<x<r ord(xx — 1)

Proof. We follow the same process as detail in [3]. See Lemma 2.3 in their paper. For the sake of completeness, we
write out the whole proof. [1] Proposition 5.20 implies that L(G) is the extended McKay Cartan matrix associated
to the F} faithful representation with character Y} :" ; Xy,. This representation is faithful by [1] Proposition 5.3 c).

Proposition 5.20 then tells us that, Z[x1,...,xJ/(x} = T,n — 3 ngvi)j) is isomorphic to the representation
ring of F} modulo the ideal generated by n — ) ; xv,. By the second part of the proposition, an element has finite
additive order in this ring iff it lies in the kernel of the map sending all of the x,, to 1, implying that any irreducible
character x, — 1. The element corresponding to x; — 1 in the representation ring is X — 1 for some irreducible
character X, under our isomorphism, and it follows that it has finite additive order. Furthermore, a consequence of
this proposition is that any polynomial with finite additive order is a linear combination of x; — 1, where x; denotes
a monomial free of second powers.

Now let x; — 1 be the polynomial such that xy is the monomial with largest finite order. If C(x; —1) € (x3 —

L., x2—1n—-3Y Hxivi)‘) then we wish to show that C(X; —1) = 0. Indeed suppose x;j | x;. Then we have
CXi=1)=C(x; —1) - zf—: +C (zf—]‘ — ), which we can reduce inductively to a sum of x; — 1 with degx; = 1. This
shows that the largest cyclic factor is determined by the maximal order taken over all x; — 1, the desired result. [

Remark 5.4. This lemma can actually be slightly generalized. Namely, let w1, ..., w;, be any generating set of IF}.
Then the maximal order element of the set {Hj x§w‘)‘ — 1} will have largest possible additive order.

Anzis and Prasad’s original argument shows that for the hypercube, we can take any xx — 1 for T < k < n.
The argument relies on showing that x; — 1 and x; — T have the same additive order, which follows from symmetry
under permutation. However, this is no longer the case. If we took a set of generators M fixed under the action of

permutation, then any x; — 1 would have maximal order.

Note now that our sandpile group remains the same under permutation of the variables {x1,...,x,} (this is a
transformation induced by the GL, action). Therefore, we can assume one of the maximal order elements is x; — 1.

Proof of Theorem[5.1, We once again follow the same argument as Anzis-Prasad. Namely, that we wish to find the
smallest integer C such that there is a solution w to L(G)v = Cw for w =x; — 1 — (—1,1,0,...,0).
Define wy = (0,2'"™,0,2""™,...,0,2' ™). By Lemma 3.2, we change to the eigenbasis and get

1 1
ve=xi =T o | 3 IV = (S | =5 D fu

VE]FE u;=1



Since f,, is an eigenbasis, we can take the following solution to the equation L(G)v = Cw:
1 1
V=5 D A u
uq =1

Let X, is the change-of-basis matrix from {e,} to the {f,} where we consider the index, u, as a number written
in binary. Upon changing basis, the equation L(G)v = w becomes (X;'L(G)X;)(X;'v) = X;'w. The right-hand
side is equal to wy from above, while the LHS is equal to D(X;'v) where D is the diagonalization of L(G) by the
aforementioned change-of-basis matrix. We thus have v = X, D~ 'wy. Then

1 f
—1 _ u
D WX—FZE

uq =1

Then

] 1 1 1y
Dolwy =57 2 o 2 (e =552 ) (( ;\1

u;= veF; veF) uy =1

)en

Let £(A) be the lem of the eigenvalues. Multiplying this expression by 2" 'L(A) yields

rw=3 ¥ Y (S

VEF, =1
Let p(v) =2'—" Zuﬁéo(%), and note that the coefficients q(v) = €(A)2"~" are all integers, and that q(v1) =

q(v2) mod 2, since all of the signs are equivalent modulo 2. If q(v) are all even, then 2™~ "¢(A)w € 72", which yields
the result. Otherwise, %q(\)) € Z+1/2, so that 2 "L(A)w € (Z+1/2)%". But then recall that L(G) has a 1-dimensional

kernel spanned by 1 =Y ; e;. But then 2"~ "¢(A\)(AM)w + 11 € Z?" and satisfies L(G)(2™"¢(AN)w + 1) = 2" T¢(A)v,
so the result follows. O

Corollary 5.5. The largest 2-cyclic factor, Z/2°Z has bound
e < |logo(M)] +71—1
Proof. First we note that if d is the order of the largest cyclic factor, then if we write
KG)ZZ/ZDL/Z @ D L/x2r 17

for {o;} the list of non-zero invariant factors in Smith Normal Form such that o1 | oz | -+ | aar—1, then d = oz
will contain the largest 2-sylow component under the isomorphism

Z/2*-0)Z=7/22 & Z/0Z
where 21 b. From this, given d | 2" ?lcm (A; : i > 2), the largest 2-Sylow component is v2(d) so that
vo(d) <wvolem (A :i>2)+1—2
Note that 2 < A; < 2n, so
lem (A :1>2) |lem(2,2,...,2n)

which implies that
volem (A; 11> 2) <vy[lem (2,...,2n)] =1+ |log,(n)]
giving
v2(d) < [logy(n)] +1—1
O

What is especially nice about this improvement is that it is asymptotically tight: As we will see later, this
upperbound is achieved for all hypercubes Q(2%), Q(2*% + 1). This will be an immediate consequence of the main
result of the next section, which completely determines the top cyclic factor of the hypercube.

We now start talking about results that will eventually lead to the complete determination of the top cyclic factor

of Qn.



Lemma 5.6. The order of x; — 1 in K(G) is equal to the minimum integer C, such that for any v € F3,

ZTZZA

uv]

Proof. Using the same logic as above but without looking just at a maximal element, C is equal to the minimal
integer such that there exist some k € R,

er4' Zx—+k1 _z”Z v) +kley € Z

uj=1 veFy
Denote the coordinate of e, in 21—,1 > {—“ as p(v). Finding the minimal C for some value of k is equivalent to
uj=1 ®

finding the smallest C such that Zr%oq(k) € Z for all i, which is equivalent to finding the minimal C such that
C-lpv)— p(@)} € Z for all x € {1,...,2"}. This is because if such a C is chosen, then we can choose k € R so that

C-p() +k-2"7 = C- () —p(@)] + p(0) +k-2')) €7

and there always exists a k € R so that C - [p(6) +k-2'""] € Z. Moreover if C - [p(w) +k-2'"7] € Z, then we can
take the difference to get

C-lpw)+%k-2"""1—=C-[p(0) +k-2"""T=C-[p(w) —p0)] € Z

Thus our search for the minimal C is equivalent to finding a C so that C - [p(v) — p(6)] € Z for all v, and is thus
independent of k. Unraveling this yields

C(p(\))— 21— 1 Z = zr 2 Z }\

u;=1 w-v=1
u;=1

as desired. O

Remark 5.7. Since we only care about the Sylow-2 factor in these maximal orders, it actually suffices to find the
minimal C such that for any v € F},
Z'r =2 Z )\

u-v=]1
W=

where Z ) is the localization of the integers away from the prime ideal (2). This way, we don’t actually care about
odd denominators.

The sums ) _, )\ are in general hard to handle. In order to deal with this sum more concretely, we prove the
following very useful lemma, which lets us break down these sums into much smaller pieces.

Lemma 5.8. In Cla,, :u € F;\{0}],

spang { Z a,|v e IFE} = spang {ZS] Z a

u-v=I1 us=d

@#ng@eF?\m%-

Here, us = d means each coordinate ui for i € S matches the entries of d. For example, ugy 4.7, = [0,1,0]
u; =0,ug = 1,uy; =0.

Proof. For 1 <k <r, define

Uy = spang { Z ay

uw-v=1

veF,wy) < k} ,

where w(v) is the number of 1’s in v. And,

Vi = spany, {25|1 Z a

U.S:d

QHLSSkAEF;\w%.



We prove by induction on k that U, = Vi.. When k = 1 it is obvious since U; and V; are the same set. If for k — 1

it holds, we now prove it for k. Denote v(k) = Zli;] ei. It suffices (why?) to prove that

2T Y @+ (D) ) au e Vi =W, (+)

wp=v(k) v(k)u=1
This is because

Uy = spang {Uk1, Z a, where w(v) = k} R

u-v=1

Vi = spang Vie_q,2F 1 Z a, where [S| =k

us=v(k)
Notice that
S Y e Ya-2 Y o
v(k)u=1 v(k—1)u=1 uy =1 v(k—1)u=1

uk:1

Since Zv(kq),u:] a, and Zuk:1 a, are both in Uy_7 = Vi_1, it suffices to show that

2Ty au+ (D20 Y aw el =Vie.
upn=v(k) v(k—1)-u=1

wu=1
Now denote by, =2 a,, for any u’ € F}~ '\ {0}, where w is u/ inserting wy = 1 at the k' entry. Then by induction,

define
U, , =spang { Z by

u’-v/=1

v e wh) < k—Z} ,

Vi, =spanz {2571 Y b |0 £SC i —1]IS| <k—2,d e Fy \ {0}

e
ug=d

and U], =V/_,. Moreover, by induction on equation (*), we have

27y b (DT Y bw eV, =Uy,
ufy gy =v(k=1) v(k=1)u’=1

or
2Ty au+ (DT 2e Y awe Vi, =,
upr=v(k) v(k—1)u=1
‘Ll.k:1
Along with the fact that V|, C Vi_1, it concludes our proof. O

Example 5.9. r =2
We work with Clay 0, ao,1,a1,1], so that the left hand span, from now on labelled as L, consists of a generating set

GL={v=(1,0) = (a1,0+ar11)], =(0,1) = (ap,1 +ai;1)l, = (1,1) = (ar,0+ ao1)l}

while the span on the right, hereon denoted as R, has generating set consisting of

GR I:{
(S,d) = ({14 (1)) = (a1,0 + a,1) (S,d) = ({2}, (1)) — (a0, + ai,1)
(S,d) = ({1,2}(1,0)) — 2ai1,0 (S,d) =({1,2}(0,1)) = 2ao,1
(S,d) = ({1a2})(])1)) - 2(11,1

}

in this case, we see that two of the generators on each side are identical. Moreover, we

(130)"_(0»1)_(1»1)(_)201,1) (1,0)4‘(1,1)—(0,1)(—)2(11)0, (0,1)4-(1,1)—(1,0)(%2(10‘1



Showing us that R C L. To see the other implication, note that
(ar,0+ar,1)+ (ao,1 +ai,1) —2ar,1 =ar,0+ao,1
showing that L C R.

There is a clear motivation in lemma 7.5. If we assign a,, = 1/A, whenever u, = 1 and a,, = 0 whenever u, =0,
we can rewrite the definition of C in lemma 7.4 into the following corollary:

Corollary 5.10. The order of x; — 1 in K(G) is equal to the minimum integer C, such that for any S C [n],[S| >

2,d e FPI\ {0}, . 1
=] Zdﬂ €Z.

us=

This is equivalent to saying, for G, if we draw a r-dimensional hyper cube, and write down 1/A on each vertex
u # 0, then C will be the largest denominator of the arithmetic mean of vertices of a certain face, among all faces
that does not pass through the origin.

6 The Complete Description of the Top Cyclic Factor of Q,

In this section, we will use the techniques developed in the last section to prove the following theorems:

Theorem 6.1. Forn > 2, let ¢y, be the size of the largest cyclic factor in K(Qn). Then,
v2(en) = max{max{va (x) +x},v2(n) +n —1}.
Theorem 6.2. Forn > 3, the 2" to the (n—1) largest cyclic factor in K(Qn) all have the same size d,. Moreover,
vz(dn) = max{va(x) + x}.
x<n
Conjecture 6.3. Forn >3, let e, be the size of the n*" largest cyclic factor in X(Qn). Then,
vz (en) = max{ max {va(x) +x},va(n—1)+n—3}L
x<n—I1
Similarly, for n. > 4, let ., be the size of the (n+ 1) largest cyclic factor in K(Qn). Then,
vy (fn) = max {va(x) + x}.
x<n—I1

Lemma 6.4. c,, is the minimum integer such that for any2 < a<mand1<b <aq,

n—a (n7 (1)

Cn .
z
na ; 2611 ©

Proof. This follows from Corollary and the fact that when G = Qn, Ay = 2w(u) (recall w(u) is the number of 1s
in vector u € F%). In particular, there are (n;a) ways to choose i 1’s in a vector given at first a size a subvector. [

Theorem 6.5. (Kummer’s Theorem) For any non-negative integers a > b,
a
V2 ((b)) = number of carries when adding a —b to b in binary.

For example,

100 1T 1 1 1 0 1 317
+ 0101 1T 0 1T 1 1 183
1171 1T 10 1 0 0 500

Therefore, vz(@?g)) = 6, since there are 6 carries.

10



Lemma 6.6. For anyp > 1, q > 0, assume u is the unique element in the interval [p,p + ql that mazimizes va2(u),

then q . q
(L) - ()

Proof. First we claim that for any ¢ € [p,p + ql,

This is because the binary form of ¢ —p and u— p are the same in the last v(c) bits. Denote k := vy(u). Then
q < 21, Therefore, in the remaining k — v, (c) bits, the maximal number of carries possible is uw— p, with a carry
on every single bit and no carries from ¢ —p. By Kummer’s Theorem, this worst scenario exactly results in equality.
For example, when p = 134, q = 101, we have u = 192 and k = 6. Now we analyze the case when ¢ = 168, v, (c) = 3.
In the two vertical additions, last v(c) = 3 bits (indicated by the red box) are identical, and therefore the first 3
carries (indicated by the blue box) are identical. The number of carries differ in at most 3, which is the same as
k —wva(c).

01T 1T 1.0 1 0ju—p=>58 01000 1 0jc—p=34
+ 01 0 1!0 11 43 + 10000 11 67
110 011 01! g=101 11001 01 q=101

Now we proceed to show that equality will be achieved an odd numbers of times. According to the above analysis,
equality occurs when ¢ —p does not carry in the highest k —v,(c) bits. However, we can negate the top bit of ¢ —p.
We reconsider the example above where ¢ = 168. In such case, we can switch the top bit (indicated by the orange
box) of ¢ = 168 to get ¢’ = ¢ + 2 = 232, such that vz((13041)) =v2(('%))-

1 1

017000 10 c—p=34 1717000 10 c¢c—p=98
+. 170000 11 67 +,000 000 11 3
11001 01 g=101 11T001 01 g=101
Therefore, there is a pairing of ¢ + 2% —p and ¢ —p when ¢ # u. This ends the proof. O

Now we have all the tools we need to calculate ¢,,. Assume u = 2* is the largest power of 2 smaller or equal to
n. We have

n—a (nfa)
_ _ 1 _ ®)
vl(cn)zglfi(n{ v (Z b+i> a—i—n—i—]} from Lemma [6.4]
1<b<a i=0
n—a (“f‘l) n—2 (an)
— . 1 _ _ 1 _ : :
= max vz(cnq),ztgnf%(n Vo 2 i a+n+13,—v é T +n—1 by induction
n—a (nfa)
— . 1 _
—max{vz(cnﬂ,zrgnaaécu{ vy <‘_o a+i> a+n+1}} (%)
n—a
= max {vz(cn1 ), max {—vz <(”a)> —a+n+1 }} from Lemma [6.6]
2<a<u u

. n—a
ZmaX{Vz(Cn_1),Tl+k+] —Zénllllglu{a-FvZ ((u_a>)}}

The justification of the (x) comes from the following 2 facts:

11



n—a ("% n—u (")

* V2 (Zio it ) >va | 2iso Ui

This inequality is true since the right side of the equation equals —k according to Lemma and each term
in the sum on the left side has v, > —k. This helps rule out all cases in (*) where a > u.

n—2 n—2
oV (Z?oz (1:%)) > v (Z?OZ (zii)) When n = u, the right side of the inequality equals —k and is

u—1
and the right side is vz((ﬁii)) —k. Since (2:12) == (2:5), we have the inequality is true, and thus it helps
ruling out the last term in (x).

definitely no larger than the left side. When n > u, according to Lemma the left side is vz((“fz)) —k,

Claim 6.7.

2<a<u u—a 2<a<u

min {a+vz (<n—a>)} = min {a+k—vo2(n—a+1),24+k—vy(n)h

Assume the binary expansion of n is m = 2P" +2P2 ... 4 2Pd for 0 < p; < py < -+ < pq. Denote ny =
2P1 4 2P2 ... 4 2Pt fori=1,2,...,d—1 and ng = u = 2P4. We only need to prove the following two subclaims:

1. For anyi=1,2,...,d— 1, we have

min {(1+V2<<z_;l>>}—ni+1+kpi+1— min {a+k—vay(n—a+ 1)}

ni<asniii ni<asniii

The second equation comes from the fact that vo(n—a+1) < piyq for a € (ni,ni1] and minimum is reached
when a =n; + 1. The first equation comes from the fact that when subtracting u— a from n — a, since n —a
and n —u are the same in all but the last p;;1 + 1 bits, and u— a have all T except in the last pir1 + 1 bits,
there is always k — pi41 carries in the first k — pi1 bits. By Kummer’s Theorem, v, ((2:2)) > k—pit1, and
equality is achieved when a =n; + 1.

2. When n is even, we have

min {a+vz<<n_a>)}—2+kp1_ min {a+k—vo(n—a+1),24+k—va(n)h
2<a<2r1 u—a 2

<a<2v

The second equation comes from the fact that vo(n—a+1) < p; for a € [2,2P'] and the minimum is reached
when a = 2. For the first equation with the same argument as in case 1, we have v; ((3:2)) > k—7p1, and
equality is achieved when a = 2.

By combining the two cases, we have the claim, and using the formula from before:

va(cn) = zgnfgn{Vz (x) +x,v2(n) +n—1}

Corollary 6.8. For n =25 —1, the top n — 1 Sylow-2 cyclic factors have exponent 2% — 1

For n = 2%, the top Sylow-2 cyclic is 2% +k — 1. The 2nd through n — 1st Sylow-2 cyclic factors are 2 — 1. For
n =2¥41, the top n—1 Sylow-2 cyclic factors are 2*+k. These last two statements imply the bound of T+ |log, n|—1
is asymptotically sharp over all Cayley graphs.

We would now like to work towards the proof of We already have a strategy for finding the top cyclic factor
of K(G), but now we would like to find a strategy for finding the 2nd largest cyclic factor of K(G). Let G be any
Cayley graph of F3. Note that we are try to find the maximal additive order in Z[x1,...,x;J/(x3 = 1,...,x2 —=T,n—
> xy,)/(x1 —1). The elements of finite order will still be elements that are in the kernel of the map x; — 1, and
we will be able to write any element as a sum of the elements of the form x; — 1 for 2 < i < r. Thus, the second
largest cyclic factor will correspond again to the maximal order element of the for x; — 1 in the new quotient group.
In general, knowing which 1 to choose is very hard, but for the hypercube symmetry implies that we can just choose
X2 — 1.

To find the order of the 2nd largest cyclic factor, we solve the equation L(G)v =C(x; —1)+ D(x2 —1) be C,D € Z
and D as small as possible. So we have this strange new parameter C. However, the symmetry of the hypercube can
yield the following nice result

Lemma 6.9. For 2 <k <n—1, the kth largest cyclic factor will correspond to the largest D such that there exists
an integer vector v with L(G)v = D(xx — x1). In the notation above, this means we can choose C = —D.

12



Proof. First we will deal with the case k = 2. The second largest cyclic is the smallest positive integer C such
that k(x7 — 1) + C(x2 — 1) € Im(L(G)). Note, however, by symmetry that if k(x; — 1) + C(x2 — 1) € Im(L(G))
then k(x; — 1) + C(x3 — 1) € Im(L(G)). Therefore, C(x2 — x1) € Im(L(G)). Conversely, if C(x; — x1) =
—C(x1 = 1)+ C(x2 — 1) € Im(L(G)) then we can take k = C and so the second largest factor must be the or-
der of xp —x7.

For general k, We wish to solve for the minimal Cy such that there exists costants rq,...,Tx_1 such that r1(x; —
N+ +reg(xke1 — 1)+ Cx(xe — 1) € Im(L(G)). Since k < n — 1, x, is not amongst x1,...,Xxx, and so by
symmetry we have that r1(xpn — 1) + 12(x2 — 1) +13(x3 — 1)+ - + 1e_1(xk—1 — 1) + Cx(xx — 1) € Im(L(G))
and T1(xn — 1) +1m2x2 — 1) +7r3(x3 — 1)+ - +1_1(xk—1 — 1) + Cx(x7 — 1) € Im(L(G)). subtracting yields
Cix(xx —x1) € Im(L(G)), which implies that Cy must just be the order of xi — x1, as desired.

O

Note that the order of x, — x; is just the order of xx; — 1, since X% = 1. By symmetry, all these elements have
the same additive order, so this lemma implies that the 2nd through (n — 1)st largest cyclic factors are all the same.
It would thus suffice to compute the 2nd largest cyclic factor.

Proof of Theorem[6.3 Using we want to find the minimal C such that

C 1
21172 Z E
uw-v=1 -
u-(ej+ex

. We will be once again using Lemma [5.8] which tells us we need to find minimal C such that zr\%\S\ > us—d % S
w(erter)
Z(z). We now want to find an analogue of [6.4] We can rewrite this relation as

C 1 C 1 C 1
DM Wl e TP Wt B M
ng:d uS:d us:d

u-(ey+ey)=1 we;=1 u-e; =0
u-er=0 wer=1

Then note that when choosing a specific fixed subvector, the conditions w-e; =0,u-ex =T and u-e; =1,u-ex =0
cannot both happen at the same time, so one of the sums will be empty. For the other sum if we let our fixed
subvector have size a with b 1’s, then the number of vectors corresponding to eigenvalue 2(b + 1) is the number of
ways to choose i 1’s from n — a slots. This calculation yields the same sum as in [6.4}

—a—1 _
v (Y

on—a ; 2(b+1)

However, in this case we must restrict to the case where either a > 2 and b > 1, ora =2 and b = 1. A fixed
subvector with a = b = 2 is impossible because we need to either specify u-e; =1,u-ex =0oru-e; =0,u-ex =1,
both of which only have a single 1. Then following the calculation for Theorem [5.10] we include all cases except
a = b = 2, which yields the number v, (n) +n —1. Therefore, our factor is just equal to the max over the cases when
a>2and b =1, which is

max{vz(x) + x}

x<n

as desired. O

7 Determination of the Sandpile group for r =2

In this section we will classify all sandpile groups for r = 2 and n arbitrary. In the case that r = 2, we have the
following generating matrix:

o1 ... 1 1 0 1

11 1) T\ o e

1T ... 10
M(O . 001
Set n = a+ b+ c. The eigenvalues are

Aiogm =(a+b+c)—(—a+b—c)=2(a+c)
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Aoym = (a+b+c)—[a—b—c]l=2(b+c)
Aa,m =(a+b+c)—[-a—b+cl=2(a+Db)
So that by the matrix tree theorem

detT(G)" = 1(G) = 7\2277\2
G 1o (6 = Lo [T A
- 3 = 5~ 2 = 35 2 u,M
[uery @ rum 27 z e (0)

The 2-Sylow structure is then given by a partition of the log, |Syla(K(G))| where the length of the partition is
bounded but undetermined.

Restricting to when M is generic, the length of the partition is 1, so Syl,(K(G)) = Z/2¢Z for 2¢ = |Syl,(K(G))| =
2Powz[(a+ b)(a+¢)(b + c¢)]. The corresponding values of (a,b,c) are

(a)b)c) = (E)B)E) mOd 2 e {(1)0)0))(0)170))(0)0)1)7 (1)0)])) (0)1)]))(1)1)0)}

noting that when r = 2, we can permute all of the generators via GL,(IF,)-action, we have only two generic cases:
(1,0,0) and (1,1,0), i.e. a odd, c even, and b is either.

(a,b,¢) = (1,0,0)
In this case, the only even factor is b + ¢ so that

2 2. zvz((a+b)(a+c)(b+c)) _ sz(b+c)+1
(a,b,c) =(1,1,0)
In this case, we have that the only even factor is a + b, so

o€ — zvz(a+b)+1

For non-generic matroid, (a,b,c) = (0,0,0) can be reduced by [2.12] so it suffices to handle the case (a,b,c) = (1,1,1)
which is not generic. In this case, we can explicitly determine the top cyclic factor using the method in [5.3] By

GL-action, we can assume that the maximum order is achieved by x; — 1 < (—1,0,1,0), and so we want to find the
smallest C such that

1 {X(on X(1 1)}
_ |2 + phd Nt A c Z
2 A,y Aagn
but we have that
X =D (DO =1[f0,0) = fio1) +F1,0) — Fa,1)]
VE(Z/27)2
X(1,1) = Z (=) BUYE, = [f0.0) — fo.1) — f1,0) + Fi,1)]
ve(z/27)?

Moreover, from the previous calculations, we have that Ao 1) = 2(b+c) and A¢y 1) = 2(a + b), so that

1 [X0,1) X(n)] 1 ( 1 1 > < 1 1 )
LXen o xan b~ Ly —f
2 {7\(0‘1) X 2[ Co\2b+e T 2@re)) O 2o T 2arb)

1 1 1 1
f — f — f f f f
+10,0) <2(b+c) 2(a+b)) +1a,n ( 2b+0) +2(a+b)>} € spang{f 0,0y, f(1,0), fr0,1), f1,1)}

from this, it suffices to take the least common multiple of the four such C,, which guarantee that each coefficient,
Ty, of fy, lies in Z, in particular

. _ a+b+b+c _ a+2b+c _
00 = 2a+b)(btc) 2a+b)btec O

T =T *—a_c
Ho = T 2la+b) (b + o)
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Instead of taking the least common multiple of this opaque formula, we note that the order of the cyclic factor, C,
is invariant under which solution we choose, as ker(L(G)) = Zvg, but

VAeZ, L(G)(v+Avy)=L(G)(v)=w

using the notation of Anzis and Prasad [3|, where vo = (1,...,1) in the f,, basis. In particular, we choose
_ 1 1
A= 570 T 2tage) SO that
1
1 {X(o,n N X(1,1)]
2 [ Aoy Aayn

i 1
bro) | (a+b)) ~fa0(0)

1 1
MRICAS ((b+c)> +fan <Z(a+b)>}

for which C = 2lem((b + c), (a + ¢)) is the minimal such C so that

1
— v+vp :z{f(o,o) <(

L(G)v = L(G)(v + Avg) = Cw € spany{f(0,0), f(1,0)> f(0,1)> F(1,1)}

this same technique of adding an element of the kernel to get a more transparent expression for C is used in the
general proof of the largest 2-Sylow. WLOG v;(b+c¢) > va(a+c), so that v2(C) =v2(b+c¢) + 1 and the first factor
is Z/2¢7 with e = v,(b + ¢) + 1, meaning that the other factor has size f = vz((a + ¢)(a + b)). Note that given 3
odd numbers, at least 2 of them must be sum to be 2 mod 4. In particular, taking the 3 cases of

(a,b,¢) €{(1,1,1),(3,1,1),(3,3,1)} mod 4

which occur up to permutation equivalence and ged(a, b, c) =1 reduction, we see that v2(b+c¢) > v2(a+ ¢) means
that equality implies that v,(a+b) =1, so that f =vz2(a+c¢)+ 1 and

SyL(K(G)) =2/2°Z 3 7./2'Z

8 1 =3 determination of 2-Sylow structure

We now turn our attention to the case of r = 3. Say that our matroid M has multiplicities as follows:

1 0 0 1 1 0 1
M= |ax |0|,bx |1|,c* |0O]|,dx [T|,ex |Of,fx[T],gx*|]
0 0 1 0 1 1 1

Then the 7 nonzero eigenvalues are
20a+b+e+f),2(b+c+d+f),2(a+c+d+e),2(b+d+e+g),2(c+e+f+g),2(a+d+f+g),2(a+b+c+q)

One way to think of this is via the Fano plane description of F3 —{0}. See figure 1.

Figure 1: In this diagram, the circle and each straight line represents a line in IF% not passing through the origin.
Note that each eigenvalue is 2 times the sum of complements of a line.

Recall from before that the number of Sylow-2 generators, d(M), is only dependent on the parity of the numbers of
each generator. We can think of all these cases thus in terms of how many odd multiplicities and how many even
multiplicities there are. The cases are

1. all odd: d(M) =6
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2. 1 odd, 6 even: d(M) =3

3. 2 0dd, 6 even: d(M) =3

4. 3 odd, 4 even, the odd lies on a line: d(M) =5

5. 3 odd, 4 even, the odd multiplicity vectors span the space: d(M) =3

And the mirror images where we switch the number of evens with the number of odds. Note that cases 2, 4, 5 and
the switched parity analogues are in the generic case, while 3 and its mirror case are not.

For v = 3 and an arbitrary set of generators, we can apply the methodology from Section [j] to get the following
result:

Proposition 8.1. Forr =3, letd; < d; <--- < dy be all the powers of 2 in the nonzero eigenvalues of L(G(F%, M)
for M with reduced multiplicity (gcd of the multiplicities is 1). Let ciop be the top Sylow-2 cyclic factor. Then

S 24741 ot all Ay equal
top = 9 »d; di =dj for alli,j €{1,...,7}

Proof. WLOG say that the eigenvalue A; with v2(A7) = d; corresponds to an element uw € IF% with u3 = 1. Then
we claim that x3 — 1 has maximal additive order. In particular, we will minimize C over all v such that

1 1

C5 Y —ei
2 2y, ST
u-v=|1
u;:]

First, note Pow;(C) is bounded from above by 247+ since we are taking % times a sum of reciprocals of eigenvalues.

The conditions u-v = 1,u3 = 1 for a fixed v # 0, e3 are satisfied by 2 vectors in F3. Assume that A, is an eigenvalue
with uz = 1 and d,, < d7. Then there exists a unique vector v such that uw-v =1, uz = 1 is only satisfied by the
vector corresponding to A7 and u. Our sum then becomes

c 1 1

S (—+_Ne7Z

2 Ta ) c ke
Since v2(A) > v2(Ay), we must have C = 0 mod 297 for this equation to hold. Therefore, we achieve our upper-
bound, and have the desired top cyclic factor.

In the case that all the d; are equal, every choice of v # v/, yields a sum %Zu-v:],uv’:] 7\% = i()\]—1 + )\17)
1 1

will always have order 29t since vz(ﬁ + E) :vz()\]—z) +1=—(d;+1). O

In this generic case, using the method in Section 10 for trying to determine the 2nd largest cyclic factor, we are
able to show

Theorem 8.2. Let G = G(F3, M) be in the generic case, and let dy < --- < d7 be the powers of 2 in the eigenvalues
of L(G). Then

7)29 717 x (2/297+17)? d¢=d

Sylz(K(G)):{ / x (z/ ) 6=d

7)2%97 x 7./296 7 x 7./297 V7 d¢ < dy
First, we prove the following lemma:
Lemma 8.3. If M be generic, then dy = dy = d3z = dg =1 and all the other eigenvalues have larger powers of 2.

Proof. From above we know that the generic case is when there is either 1 odd and 6 even, 2 odd and 5 even, 3 odd
and 4 even with the 3 odd being a basis, and their mirrors. In each, in the first case, if we assume a is odd, then there
are four eigenvalues that have a as a summand. With all the other multiplicities being even, these eigenvalues are 2
mod 4. For the second case, say a,b are odd. Then 2(b+c+d+f),2(a+c+d+e),2(b+d+e+g),2(a+d+f+g)
are four eigenvalues containing one of a,b as summand, and must be 2-mod 4. For the third case, since the odds are
a basis we can assume a, b, c are odd. Then 2(b+d+e+g),2(c+e+f+g),2(a+d+f+g),2(a+b+c+g) are 4
eigenvalues that sum an odd number of odd values, so these eigenvalues are 2 mod 4. These calculations also imply
that the other eigenvalues are 0 mod 4, since they are two times an even number. The case of the mirrors follows
from adding 1 to each multiplicity, and noting the the eigenvalues remain invariant modulo 2(14+1+1+4+1)=8. O
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9 Data for d(M) for r =4

For the r = 4 case, we perform some reductions in terms of the number of even multiplicities. Let the number of even
multiplicities be denoted by w, so that w € {0,2,...,14} as there are 2* — 1 = 15 non-trivial generators in the r =4
case, and the case in which all of the generator multiplicities are even is reduced by section 4. Let the generators be
given by

a az as ag as ag ay asg ag alo ai a2 ars arqg ars
o 0 0 0 o0 o0 0 1 1 1 1 1 1 1 1
v| T v| _ o o o0 1 1 1 1 0 0 O 0 1 1 1 1
L o1 1 0 0 1 1.0 0 1 1 0 o0 1 1
| T | 10 1 0 1T 0 1T 0 1 O 1 0 1 0 1

91 w<?2

For w = 0, we have the complete graph with
{oi} ={1,16,16,16,16,16,16,16,16,16,16,16,16,16,16} |d(My) =15

In this case, we can assume by GL4 action that vi has even multiplicity so that for our matroid of generators, M,
with generator multiplicities satisfying

a; =2, an =1, ¥V2<n<15

— {o}={1,1,1,1,1,1,1,9, 36, 288, 288, 288, 283, 288, 288}, dM;) =7

For w = 2, again GL action reduces it to the case when vi,v, have odd multiplicity, so a; = a =2 and a, =1 for
3 <n <15, with

{oq}={1,1,1,1,1,1,1,9,36,36,36, 180,720, 2880, 2880} = |d(M,) =7

9.2 w=34

When w > 2, we have to worry about whether or not the generators which have even multiplicity span a space of
dimension 2, 3, 4, or more.

w=3

In the w = 3 case, the vectors either span 2 dimensions or 3, and so it suffices to consider the casesof a; = a> = a4 =2
and a1 = ay = a3 = 2 with all other a; = 1. The former case yields

a =2 = {a}={1,1,1,1,1,1,1,1,2,90, 360, 360, 360, 3960, 31680}, d(Ms3) =7

a3 =2 = {o}={1,1,1,5,20,20,20, 20, 20,20, 20, 20, 80,320,320} | d(M3 ) =11

In the w = 4 case, the vectors with even multiplicity can either span a space of dimension 3 or 4. If they span 4
dimensions, then WLOG, we can assume that they are the standard basis vectors so

G == =a=2 = {a}={1,1,1,1,1,1,1,1,2,10,120,3960, 3960, 3960, 15840}  [d(M44) =7

when they span 3 dimensions, then by GL equivalence they lie in the space spanned by vi,v2,v4, so assume a; =
a; = ag4 = 2. This yields at most 4 cases in which we choose one of a3, as, ag, or ay to be equal to 2. The first
three choices are equivalent, as v3,vs, Vg all represent vectors that are sums of two of the standard basis vectors, and
hence are GL equivalent, thus we consider

ag=ay=as=a3 =2 = {a}={1,1,1,1,1,1,1,1,2,110, 440, 440, 440, 3960, 31680]} dMs31)=7

as well as

G =a=a=ar=2 = {u)={1,1,1,5,20,20,20,20,20,20,20,20,80,240,960}  |[d(Ms3) =11
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9.3 w=5

The 5 generators in question could span either 3 or 4 dimensions.
dim = 3
We assume that a1 = a; = a4 = 2, leaving <2> = 6 choices to make as to which of the other generator multiplicities

from the set {as, as, ag, ay} should be 2. Clearly
{az=a5 =2} ={a3 =as =2} ={a5s = as =2}

for we can act by the permutations (3,4) and (2, 3,4) realized as matrices in GL4(FF2) to get equivalence. Similarly
{az=a7=2}={as =a7 =2} ={ag = a7 =2}

by permutations (2,3) and (3,4). Note that the first above cases are equivalent under multiplication by

00

«
Il
co o=

10
0 1
00

so there’s actually only one case:

{ai=a=as=a3 =a5 =2} = {o}={1,1,1,1,1,1,1,11,44,44,44 /220, 880, 2640, 10560} dMs31) =7
dim =4
In this case, we can assume that a; = a; = a4 = ag = 2, so it suffices to consider the 11 cases in which we choose
any of the remaining generators to be 2. Again from GL action we see that the choice of a; = 2 is equivalent to

aj; = 2 if v; and v; are both sums of k standard basis vectors for the same number k. Thus (suppressing the notation
that {a1 = a; = a4 = ag = 2})7 we have

{az =2} ={as =2} ={as =2} ={ay =2} ={ajo =2} ={a12 =2}

and separately
{az =2} ={an =2} ={ai3 =2} ={an =2}

and the case of {a15 = 2} is isolated. With this, we have

{a3 =2} = {o}={1,1,1,1,1,1,1,1,2,22,132, 660,5280, 15840, 15840} | d(Ms,4.1) =7

{a7 =2} = {ai}={1,1,1,1,1,1,1,1,2,110,440, 440,440, 1320,205920} | d(Ms,4.) =7

{ars =2} = {o} ={1,1,1,1,1,5,20, 20,20, 20, 120,480,480, 480,480} |d(Ms4.3) =9

94 w==6

dim = 3
We assume a1 = az = a4 = 2, and it remains to choose 3 generators from the set {v3,vs,ve,v7}. Note that by a
permutation of coordinates (2,3,4) via GL action, we can assume that az = 2, leaving only 3 cases.

{as = ag =2}, {as = a7 =2}, {ag = a7y =2}

Note that the latter two cases are equivalent by nature of the permutation (3,4), and the first and last case are
equivalent by action by

100 0
o100
951001 0

01 01

so the only case is

{as = ag =2} = {o}={1,1,1,1,1,1,1,11,44,132,528,528,528,528,2112}, d(Me 1) =7
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dim =4
WLOG, a; = a2 = a4 = ag = 2, leaving (]2]) =55 cases to reduce. From here on we abbreviate the set

{ai, =+ = ai, = 2} by the indices {i1,..., ltand just list groups of indices as opposed to writing the = sign. We
find all collections of generators whose multiplicities are equivalent under GL action by explicit computation. There
are 24 equivalent cases as such

{3,5},{3, 9}, {6, 10}, {5, 12}, {3, 6}, {9, 10}, {3, 10}, {6, 12}, {9, 12}, {5, 6},{10, 12}, {5, 9}
{3,713, 11}, {6, 14}, {12, 13}, {11, 14}, {6, 14}, {9, 11}, {10, 11},{12, 14}, {5, 13}, {5, 7}, {2, 13}
3,5) = {o}=1{1,1,1,1,1,1,1,1,2,66,264,528,528,5280,205920}  |d(Mg41) =7

and a separate 3 equivalent cases here

{3,12},{6,9},{5,10}
3,12} = {o}={1,1,1,1,1,1,24,24,24, 120,120, 480, 480,480,480} d(Mg42) =9
and another 22-equivalent cases
{3,14},{6,13},{11,12},{10,13},{7, 9}, {7, 12}, {5, 11},{9, 14}, {3, 13}, {6, 11}, {5, 14}
{3,15},{5,15},{6, 15},{9, 15}, {10, 15},{12, 15}
{7,15},{11,15},{13,15},{14, 15}, {6, 10}
3,14} = {oi} ={1,1,1,1,1,1,1,1,2,22,44,220,5280, 68640, 68640} dMga3)=7

And finally 6 equivalent cases
{7, {7, 131,{7,131,{7,14},{11,13},{13, 14}

7,11} = {ou} ={1,1,1,1,1,1,1,11,44, 44, 44, 44,1320, 5280, 36960}  |d(Mgas5) =7

9.5 w=7

dim = 3
Again, assume a; = a; = ag = 2 by GL action, then we must have in fact that a; =2 for 1 <1 <7, yielding

{oi} ={1,3,24,24,24,24,24,24,24,24, 24, 24,24, 24,192} dM731)=13

dim =4
WLOG, a; = a» = a4 = ag = 2, so we have (131) = 165 cases to reduce. The following 16 cases are equivalent

{6’ 10) 12}) {5) 9) 12}’ {3) 5) 6}3 {3) 9) 10}) {10? 12) 14})
{9,12,13},{5,6,7},{3,10,11},{6, 12,14}, {5, 9, 13},{5,12, 13},
{3,6,7},{3,9,11},{6,10,14},{3,5,7},{9,10, 11}

{6,10,12} = {o}={1,1,1,1,1,1,1,3,6,48,48,528, 6864, 6864, 20592}, dM741)=7
The following 72 cases are equivalent

{7,10,13},{7,9,14},{5,11,14},{6, 11,13}, {7, 11,12},{3,13, 14}
{6,11,12},{5,11,12},{3,6,13},{3,9, 14}, {3, 5, 14}, {6, 10, 13},
{7,9,12},{5,9,14},{3,10,13},{7,9,10},{7,10,12},{5, 6, 11}
{6,10,15},{5,9,15},{3,5,15},{9,10, 15},{3, 6, 15},{10, 12, 15},{5, 12, 15},
{9,12,15},{5, 6,15},{3, 9,15}, {6, 12,15},{3, 10, 15}, {7, 10, 14},
{7,9,13}4,{5,7,11},{10,11,13},{6,7, 11}, {11,12,14},{5, 13, 14},{11,12, 13},
{6,7,13},{9,11,14},{3, 11,13}, {6, 13, 14},{3, 11, 14}, {5, 7, 14},{9, 13, 14},{7, 12,13},
{7,10,11},{6,11,14},{10,13,14},{3,7,14},{7,12,14},{5,11,13},{7, 9, 11},{3, 7,13}
{13,14,15},{7,14,15},{7,11,15},{7, 13,15}, {11, 13,15}, {11, 14,15}
{6,13,15},{5,14,15},{3,14,15},{7,9,15},{3,13,15},{7, 10, 15}, {11, 12, 15},
{5,11,15},{9, 14,15},{10,13,15},{6, 11,15},{7, 12, 15}
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{7,10,13} = {4} ={1,1,1,1,1,1,1,1,2,22,264,528,528,13728,480480} |d(M74.2) =7
A separate 63 cases occur:

{6,9,15},{5,10,15},{3,12,15410, 14, 15},
{9,13,15},{5,7,15},{10,11,15},{6,7, 15},{12, 14,15},
{5,13,15},{12,13,15},{9,11,15},{3, 11, 15}, {6, 14, 15},{3, 7, 15}
{3,5,11}{3,6,11},{9,10,13},{5,12,14},{9, 10, 14}, {3, 2, 13}, {6, 7, 10}, {3, 10, 14}, {9, 12, 14},
{6,12,13},{5,7,12},{5,7,9},{6,7,12},{10,12,13},{6,10, 11},
{3,6,14},{5,6,14},{3,7,9},{5,9,11},{10,11,12},{3,5,13},{3, 7,10}, {5, 6, 13}, {2, 11, 12}
{6,7,9},{5,7,10} {3, 11,12},{6,9,13},{5,10, 11}, {3, 12, 14},
{6,9,11},{5,10,13},{5,10, 14}, {3, 12,13}, {6, 9, 14},{3, 7,12}
{5,10,12},{6,9,12},{5,6,10},{3, 5,10}, {5, 6, 9}, {3, 6, 12},
{5,9,10},{3,5,12},{3,6,9},{3,10,12},{6,9,10},{3, 9,12}

(6,9,15) = {ou} ={1,1,1,1,1,1,1,1,2,2, 24, 6864, 6864, 68640, 68640} |d(M74.3) =7

And a separate 4 cases
{11,13,14},{7,13,14},{7, 11,14}, {7, 11,13}

{11,13,14} = {ou}=1{1,1,1,1,1,1,1,3,66,528,528,528,528,528,2640} |d(M743)=7
And a separate 10 cases

{3,7,11},{9,11,13},{12,13,14},{10,11,14},{6,7, 14},
15,7,13},{9,10,12},{5,6,12},13,6, 10}, {3,5, 9}

3,7, 11} = {4} ={1,1,1,1,6,24,24,24,24,24,24,48,240,480,3360} |d(M745) =11

This accounts for all 165 cases.

96 w>38

The same process can be repeated to collect further data. There is a symmetry that should be noted: it suffices to
use to above equivalences and check the above cases when 1 and 2 are switched in the multiplicities, so all of the
case work and equivalence groupings has been done, and we present the few cases of interest. Via proposition 7.4,
we immediately learn the value of d(M) for w > 8, and in the case that w = 15, we apply lemma 5.1 to get that
d(M) = 15. As an example, here is w = 8 with the odd vectors spanning a space of dimension 3. The lemma dictates
that d(M) = 3 and indeed

(@i =1V1 <i<7) = {oq} =1{1,3,24,24,24,24,24, 24, 24, 24, 24, 24, 24, 24, 384} ]d(M3,3,1) =13

The proposition is used to complete the rest of the data, indicating the following conjectures

Conjecture 9.1. For a matroid, M, yielding a connected Cayley graph on F}, d(M) > 271 — 1 with equality
occurring iff 3 i vi # 0.

Conjecture 9.2. d(M) is odd unless all of the eigenvalues have the same power of 2, in which case d(M) = 2™ —2.

10 Remaining Conjectures

We list remaining conjectures we’ve gathered based on data

Conjecture 10.1. When the greatest common divisor of all generator multiplicities is 1, the sandpile group depends
only on the collection of eigenvalues, not their labellings.

Conjecture 10.2. Two Cayley graphs have the same sandpile group if and only if their generator multiplicities are
the same up to GL-equivalence.
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Conjecture 10.3. The 2-Sylow component of the sandpile group for Qan_1 and Qan differs as follows: Syl,(K(Qan))
equals a top cyclic factor as determined in section 11 and then the remaining factors come from taking Syla(K(Qan—_1))
and doubling the multiplicity of each factor. That is, we have

Syly (K(Qx)) = Syl (K(Qzr_1))? x Z/(22k+k*1Z)
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